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A B S T R A C T   

Wind energy, as a widely distributed and renewable energy resource, plays a crucial role in promoting self- 
powered wireless sensor networks and wind speed sensing. However, current research predominantly focuses 
on specific application purposes, lacking comprehensive investigations into integrated solutions. In this paper, a 
metasurface-enhanced multifunctional flag-type triboelectric nanogenerator (FTENG) is introduced, which en
ables efficient wind energy harvesting as well as accurate wind speed sensing over a wide range of wind speeds 
via the synergistic effect of metasurface treatment on the flagpole and flexible flag fixation approach. The flexible 
fixation maximally utilizes the upstream wake of metasurface configurations, boosting the energy harvesting 
power density by up to 23 times. The metasurface-enhanced FTENG with careful optimization, striking a balance 
between energy harvesting and sensing capabilities, achieves a linearity of 0.992 over a wind speed range of 
2.3–14.4 m/s and a peak power density of 250 mW/m2. Finally, the FTENG demonstrates its excellent abilities to 
light LEDs, power the wireless sensor node (WSN), and serve as a self-powered environmental sensor. This work 
opens up an impactful possibility for developing versatile self-powered electronics by employing metasurface- 
enhanced wind energy harvesting techniques.   

1. Introduction 

The rapid evolution and widespread expansion of the Internet of 
Things (IoTs) have led to an unprecedented surge in the demand for 
sensors. In light of extensive sensor deployment, conventional battery- 
powered solutions not only confront the necessity of periodic manual 
maintenance but also engender a proliferation of hazardous wastes, 
thereby constituting a substantial environmental issue. Fortunately, 
over the past decade, we have witnessed the development of energy 
harvesting technologies, encompassing wind [1], mechanical [2], ther
mal [3] and solar energy harvesting [4], and they have achieved 
tremendous success in the fields of ocean engineering [5,6], road engi
neering [7–9], aerospace engineering [10], and smart wearables [11, 

12]. Given that wind energy is a widely available and abundant 
renewable energy source, wind energy harvesting remains an enduring 
area of research interest for scholars. 

Electromagnetic and piezoelectric mechanisms have traditionally 
served as primary means for wind energy harvesters (WEHs) in their 
initial designs [13]. Since the concept of triboelectric nanogenerators 
(TENGs) was proposed in 2012 [14], their diverse working modes offer 
more possibilities for the miniaturization and diversification of WEHs. 
From the perspective of dynamics, the principles for WEHs can be 
classified as rotation [15–17] and flow-induced vibration (FIV) [18]. 
Rotary wind energy harvesters (RWEHs) typically leverage components 
such as wind cups or wheels to convert wind flow into rotational me
chanical energy, which is subsequently transformed into electricity by 

* Corresponding authors. 
E-mail addresses: cywyang@ntu.edu.sg (Y. Yang), yf12498@sjtu.edu.cn (F. Yang).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2024.109508 
Received 19 January 2024; Received in revised form 1 March 2024; Accepted 14 March 2024   

mailto:cywyang@ntu.edu.sg
mailto:yf12498@sjtu.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2024.109508
https://doi.org/10.1016/j.nanoen.2024.109508
https://doi.org/10.1016/j.nanoen.2024.109508
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2024.109508&domain=pdf


Nano Energy 124 (2024) 109508

2

harnessing various energy harvesting mechanisms. For instance, Tairab 
et al. [19] integrated solar panels into an electromagnetic rotary RWEH, 
achieving an average electric output of 3.2 W and 20.5 mW for solar and 
electromagnetic parts respectively. Cao et al. [20] successfully 
employed piezoelectric cantilevers in an RWEH with the magnetic 
coupling, and the resistance torque can be reduced by 33% as well as a 
peak power of 22.2 mW can be realized with optimal magnet arrange
ment. Zhao et al. [21] proposed another magnet coupling approach with 
a force amplification mechanism to enable a higher equivalent piezo
electric performance. This design demonstrated an effective operational 
range of 3–10 m/s and superior durability. TENGs have emerged as 
reliable candidates for wind energy harvesting, due to their 
cost-effectiveness, flexibility, simple structure, and diverse working 
modes. Most TENG-based RWEHs operate under the lateral-sliding 
mode, and researchers consistently enhance their charge density with 
advanced approaches including microstructures [22], charge pumps 
[23], environmental control [24], and air breakdown effect [25]. 
Non-contact designs have also been proposed for TENG-based RWEHs to 
mitigate interface heat and wear [26]. Additionally, the hybridization of 
two or three energy conversion mechanisms has been validated as an 
effective approach to enhance their robustness and power density 
[27–29]. The innate advantage of rotary structures is their capacity for 
omnidirectional wind energy harvesting, while, higher driven wind 
speeds over 3–4 m/s are accompanied owing to their inertia and static 
friction of moving components [30]. 

FIV stands as a prevalent physical phenomenon in engineering, 
arising from aerodynamic instability or vortex shedding when a fluid 
interacts with a slender structure. The use of FIV structures has become a 
promising approach for small or micro-scale WEHs to harness energy 
from wind/ liquid flows [31]. In contrast to rotary structures, FIV-based 
WEHs exhibit the potential to attain smaller cut-in wind speeds, thanks 
to their more flexible and adaptable configurations [32]. Diverse FIV 
mechanisms exist, categorized as vortex-induced vibration (VIV) [33], 
waking galloping [34], galloping [35], and fluttering [36]. The first two 
are characterized as forced vibrations typically induced by the wakes 
generated by a bluff body located at the front end or arranged in front of 
harvesters [37,38]. In the lock-in zone, the structure vibrates with the 
vortex shedding frequency, resulting in significant energy output, but is 
limited by a narrow operating bandwidth. The latter two phenomena 
can be characterized as limit cycle oscillations, typically triggered at 
higher wind speeds, concurrently offering a broader operational wind 
speed range. The cross sections of bluff bodies have a remarkable impact 
on overall efficiency and energy output, even altering the forms of FIV 
[39]. Liu et al. [40] proposed a double-airfoil bluff body that can 
passively adjust VIV and galloping when subject to time-varying envi
ronmental wind. Fluttering WEHs, often taking the extrinsic form of 
flags, present a compact, flexible, and easily deployable approach to 
wind energy harvesting. These devices are typically fabricated using 
triboelectric or flexible piezoelectric materials. In the case of triboelec
tric flag-type WEHs, two triboelectric materials with opposing electron 
affinities are interwoven or glued together to form the flag body [41,42]. 
In addition, the flapping behavior between two flags [43], as well as the 
flapping of the flag with one or two lateral baffles [44], create contact 
and separation opportunities for triboelectric energy harvesting. Typi
cally, a bluff body configured in front of flag-type WEHs can enhance 
their performance and extend their operational range [45]. For instance, 
Latif et al. [46] demonstrated the bluff body with 120-degree concave 
can maximize the wind energy harvesting efficiency of piezoelectric 
flags. Dong et al. [47] innovatively integrated the flapping piezoelectric 
flag as a distinctive bluff body with a fluttering triboelectric flag, and 
utilized the flag flapping wake to boost the performance of the tribo
electric flag. Han et al. [48] proposed a lateral oscillation bluff body 
with, doubling the generated electric power of the triboelectric flag. 

WEHs with broad operational wind speed ranges hold the potential 
to function as wind speed sensors [49,50]. Wang et al. [51] developed a 
flag-type nanogenerator for wind speed sensing, achieving an 

operational range of 3–7.5 m/s. Yao et al. [52] conceived an innova
tively TENG-based wind speed sensor with an arc-shaped structure, 
which realizes a striking fitness R2 of 0.998 between the flutter fre
quency and wind speed over a range of 6–20 m/s. Xu et al. [53] com
bined an angle-sharped TENG with a wind vane and photoelectric 
technology for concurrently monitoring wind speed and direction. The 
proposed TENG can detect the wind speed in eight directions, while also 
possesses a maximum output of 2.06 μW for self-powered applications. 
Ko et al. [54] devised a TENG with a curved flap array, enabling 
omnidirectional wind speed sensing across the range of 1.5–10 m/s. 
Furthermore, Yu et al. [55] utilized the charge-excitation strategy and a 
novel elastic mechanism weakening the impacts of humidity and other 
environmental factors on voltage output. 

FIV-based WEHs have demonstrated substantial promise in both 
wind energy harvesting and speed sensing domains. However, TENGs 
employed for wind speed sensing often exhibit moderate performance, 
limiting their potential as a sustainable power supply. The integration of 
dual functionalities within a single TENG could dramatically enhance 
the practicality: the wind speed sensing module would accurately 
measure wind velocity, while the energy harvesting component could 
capture wind energy to power wireless communication modules and 
environmental sensors (e.g., for temperature and humidity), thereby 
creating a self-powered multifunctional environmental sensing system. 
Yet, advancing FIV-based TENGs towards this goal faces several signif
icant obstacles: (1) a deficiency in the development of mechanisms or 
configurations tailored for multifunctional applications, crucial for the 
efficacy of integrated systems; (2) a lack of thorough investigation into 
aerodynamics and metasurface designs, which are essential for opti
mizing wind energy harvesting capabilities; (3) the absence of a 
comprehensive design framework for multifunctional TENGs, informed 
by systematic analysis of parameters, which is vital for guiding the 
development and enhancing the functionality of these systems. 
Addressing these challenges is essential for the progression of wind 
energy harvesting technology and the realization of autonomous envi
ronmental monitoring systems. 

Thus, this paper introduces a novel approach to address the limited 
output of TENGs, aiming to achieve high-performance multifunctional 
TENGs. A wind-driven flag-type TENG (FTENG) is developed, and 
innovative metasurface designs on the flagpole, along with a flexible 
fixing approach, are proposed to simultaneously enhance wind energy 
harvesting and guarantee high-linearity wind speed sensing. A total of 
12 metasurface designs incorporating both convex and concave surface 
designs are comprehensively compared in wind energy harvesting and 
speed sensing, and corresponding optimization strategies are proposed 
with the consideration of metasurface parameters and FTENG structural 
parameters. In addition, the vorticities generated by the metasurface 
flagpole are simulated to visually reveal the impact of the metasurface 
on the surrounding flow field. Among various candidates, an optimized 
FTENG attains a linearity of 0.992 with a wind speed sensing range of 
2.3–14.4 m/s, and achieves a peak power density of over 250 mW/m2 in 
wind energy harvesting. In demonstration tests, the FTENG exhibits the 
capacity of lighting 100 LEDs in series, and powers a WSN implementing 
mobile temperature monitoring. It also showcases its rapid response and 
prediction accuracy as a wind speed sensor. These results collectively 
highlight the promising potential of metasurface designs in advancing 
the practicality and functionality of TENGs in the domains of energy 
harvesting and smart sensing. 

2. Results and discussion 

2.1. Structure and working principle of FTENG 

The FTENG comprises a flag body and baffles on both sides, as 
illustrated in Fig. 1a. The flag body incorporates a PTFE membrane and a 
flagpole featuring the metasurface design. When the wind flows from the 
leading end of the flag to its rear end, the flag made of the PTFE 
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membrane undergoes fluttering, and will contact or separate from the 
conductive textile with nickel coating attached on the inner side of the 
baffles. The metasurface design on the flagpole can generate stronger 
wake effects at the rear end of the flagpole, intensifying the flag flut
tering. Meanwhile, to leverage the upstream wake, the flag is connected 
to the flagpole with nylon ropes. The wake region of a metasurface 
flagpole is illustrated in Fig. 1b. The dynamic behavior of nylon rope and 
flag will be dominated by the wakes behind the flagpole, which can be 
categorized as the wake galloping effect. The flag leading edge fixed 
with the nylon rope will oscillate laterally at a certain angle under the 
upstream wakes, thus increasing the contact area with the conductive 
textile. The microstructures of two materials for triboelectrification are 
captured by the scanning electron microscope (SEM) in Fig. 1c. The 
FTENG operates in the freestanding working mode for wind energy 
harvesting, as depicted in Fig. 1d. At the beginning, the PTFE membrane 
hangs slightly due to gravity, and keeps out of contact with the 
conductive textile on both sides (see Fig. 1d-i). As the wind flows across 
the PTFE membrane, it will be excited to flutter and come into contact 
with the lower electrode. Then, positive charges will transfer from the 
lower electrode to the upper one, along with a transient current gener
ated (see Fig. 1d-ii). Conversely, when the PTFE membrane comes into 
contact with the upper electrode, the transfer direction of positive 
charges and accompanying transient current will be reversed (see 
Fig. 1d-iii). To deal with wind direction changes in the natural envi
ronment, FTENG can be integrated with a wind vane to achieve auto
matic alignment with the wind direction. As shown in Fig. S1, a wind 
vane is rigidly connected to the flagpole, with the flagpole’s end 
embedded into a stationary base equipped with a bearing mounting. 
When the FTENG is confronted with substantial variations in wind di
rection, the wind vane will automatically align with the wind direction 
and simultaneously drive the flagpole and FTENG to move synchro
nously with it, ensuring continuous and effective operation of the 
FTENG. 

In the freestanding working mode, the generated voltage of FTENG 
can be governed as [56] 

V = −
1
C

Q+Voc = −
T0 + D0

εS
+

2σx
ε (1)  

where C denotes the capacitance of the FTENG; Q is the total transferred 
charge; Voc is the open-circuit voltage; T0 and D0 represent the PTFE 
membrane thickness and the distance between two baffles; ε is the 
dielectric constant in a vacuum; S refers to the effective electrode area 
involved in contact; x represents the relative displacement between the 
PTFE membrane and the baffle; and σ denotes the charge density. Eq. (1) 
indicates the performance of FTENG in the freestanding working mode is 
relevant to the PTFE membrane thickness, the distance between two 
baffles, the effective electrode area and the relative displacement. The 
effective electrode area is determined by the flag motion state. The 
relative displacement x depends on the wind speed, the distance be
tween two baffles, flag geometric parameters and material characteris
tics. Relevant variables will be considered for the performance 
optimization of FTENGs in subsequent sections. 

2.2. Influence of flexible fixing on flag characteristics 

The PTFE flag is connected to the flagpole with a nylon rope, as 
illustrated in Fig. 2a. This flexible fixing design offers two main ad
vantages: (1) the nylon rope maintains a certain distance between the 
flag and the flagpole, facilitating the utilization of upstream wakes; (2) 
the leading edge of the flag will undergo periodic lateral vibration 
driven by upstream wakes, increasing the contact area with conductive 
textiles and improving the generated voltage. In this section, the supe
riority of flexible fixing is demonstrated through a series of wind tunnel 
tests. The test setup is provided in Fig. S2, and the results are illustrated 
in Fig. 2. As the fluttering frequency depicted in Fig. 2b and c, the first 
advantage of the flexible fixing is the cut-in speed of FTENG declining 

Fig. 1. Structure and working principle of FTENG: (a) overall configuration of FTENG; (b) wake region generated by the flagpole with a metasurface design in one 
period of vortex shedding; (c) materials of FTENG and their photographs in SEM; (d) free-standing working mode of FTENG. 
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from 3.67 to 2.27 m/s, which is a benefit to improve the low-speed wind 
energy harvesting and a broader operational range for wind speed 
sensing. Herein, the lateral distance D is considered as a variable 
because it is a key factor that affects the airflow flowing to the inner 
sides of baffles as well as the contact behavior between the PTFE 
membrane and electrodes. The variation in the lateral distance D under 
rigid fixing hardly has an impact on the fluttering frequency at the 
corresponding wind speed, while the fluttering frequency at high wind 
speeds over 10 m/s declines with an increased lateral distance D under 
flexible fixing. Nevertheless, a common feature is that the flutter fre
quency is generally positively correlated with the wind speed. Fig. 2d 
and e compared the voltage performances of the two configurations. The 
high-performance region for rigid fixing is located in a high wind speed 
range of 10–14 m/s and a lateral distance D of 45–65 mm. For flexible 
fixing, the high-performance region shifts upwards, and the lateral dis
tance D of 50–70 mm is more conducive for power generation. It is noted 
that the overall voltage performance with flexible fixing is better than 
that with rigid fixing, with the maximum root mean square (RMS) 
voltage reaching 180 V, about 70% increase compared to 106 V. This is 
attributed to the lateral swing of the leading edge of the PTFE mem
brane. The swing angle is illustrated in Fig. 2f, and the power density 
improvement is demonstrated in Fig. 2g. A larger swing angle occurs in 
the wind interval of 6–8 m/s, gradually decreasing when deviating from 
this range. At low wind speeds, the PTFE membrane flutter slightly, 
resulting in a minor swing angle. Due to the high fluttering frequency of 
the PEFE membrane at high wind speeds and the hysteresis of nylon rope 
swinging, the swing direction will be quickly switched, also leading to a 

minor swing angle. The maximum swing angle is maximum at 60 mm 
with the variation in the lateral distance. Correspondingly, the most 
substantial boost in power density occurs at 6–8 m/s and the lateral 
distance around 60 mm, achieving a maximum improvement of up to 23 
times. This demonstrates the significant enhancement in energy har
vesting capacity at low and moderate wind speeds with the proposed 
flexible fixing approach. 

2.3. Metasurface designs on the flagpole 

To offer a straightforward and implementable approach to enhance 
the performance of FTENG, this section explores and compares various 
metasurface designs on a cylinder flagpole. The flagpole diameter and 
metasurface parameters including characteristic diameter, depth/ 
height, and density have been optimized based on the test results in 
Figs. S3 and S4, and relevant discussions are supplemented in Note S1. 
In Fig. 3a, 12 types of metasurfaces are designed, and 6 of them feature 
convex surface designs and the other 6 are characterized by concave 
surface designs. The electrical output of FTENG with different meta
surfaces is illustrated in Fig. 3b, and the corresponding instantaneous 
voltage curves versus wind speed are provided in Fig. S5. Most convex 
metasurfaces hardly improve the power generation performance of 
FTENG, except that Configurations B1 achieves a maximum RMS 
voltage of 145.9 V and showcases the most remarkable overall perfor
mance improvement. The instantaneous voltage comparison between 
Configurations B1 and X is illustrated in Fig. 3d. On the contrary, most 
concave metasurfaces contribute to varying degrees of improvement in 

Fig. 2. Comparison of two types of connection approaches for FTENG: (a) schematic of two connection approaches; (b) fluttering frequency of FTENG with rigid 
fixing and (c) flexible fixing versus lateral distance and wind speed; (d) RMS voltage of FTENG with rigid fixing and (e) flexible fixing; (f) swing angle of rope and (g) 
power density improvement (the flag length is 100 mm). 
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the generated RMS voltage values. Thus, from the perspective of energy 
harvesting, the concave metasurface designs emerge as the preferred 
choice. 

Given the susceptibility of FTENG voltage performance to environ
mental humidity, a more reliable method for monitoring wind speed 
involves analyzing the flag fluttering frequency. This frequency corre
sponds to the dominant frequency of the voltage signal under Fast 
Fourier Transform (FFT). The linearity of the wind speed sensor is 
evaluated by calculating the fitness of the first-order function between 
the dominant frequency and wind speed. The linearity rankings for 
diverse configurations are depicted in Fig. 3c. Notably, Configuration D1 
attains the highest linearity of 0.992, while Configuration C2 exhibits a 
linearity of 0.87, even inferior to Configuration X. The flag fluttering 
frequency with Configurations C2 and X is intuitively compared in 
Fig. 3e. An interesting phenomenon is that the configurations with the 
highest linearity rankings predominantly feature convex metasurface 
designs, whereas concave metasurface designs excel in enhancing power 

generation capability. This indicates the necessity of metasurface de
signs in alignment with the primary function and purpose of FTENGs. 

2.4. Metasurfaces for wind speed sensing 

To harness the functional advantages of metasurfaces in improving 
the linearity of wind speed sensing, parametric analysis is imperative to 
explore optimal parameters for various metasurface configurations.  
Fig. 4a outlines a proposed parametric optimization process. The first 
step is the selection of the metasurfaces conducive to wind speed 
sensing. Based on the linearity ranking in Fig. 3, Configurations D1, B1 
and F2 showcase great potential in wind speed sensing, and are thus 
chosen as candidates. Subsequently, an expansive operational wind 
speed range of FTENG is beneficial for a broader spectrum of wind speed 
sensing. Flags in ambient wind can be simplified as thin plates in uni
form flow during dynamic investigations. The softness of flags is char
acterized by low bending rigidity, and the main restoring force arises 

Fig. 3. Comparison of different metasurfaces for the perspective of wind energy harvesting and speed sensing: (a) 12 types of metasurfaces on the flagpole including 
convex and concave surface designs; (b) RMS voltage with different metasurface designs;(c) linearity of the flag fluttering frequency versus wind speed characterized 
by fitness R2; (d) instantaneous voltage of Configurations B and X; (e) flag fluttering frequency curve of Configurations D1 and X (the flag length is 100 mm, and the 
lateral distance is 50 mm). 
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from the flow-induced tension [57]. Their fluttering patterns are 
inherently associated with mass ratio M*, aspect ratio H*, 
non-dimensional bending Stiffness Kb, Reynolds number Re, and gravity 
[58]: 

M∗ =
ρsT
ρf L

(2)  

Kb =
ET3

12(1 − v2)ρf U2L3 (3)  

Re =
ρfUL

μ (4)  

H∗ =
H
L

(5)  

where ρf and ρs denote the air and solid densities; T and L are the flag 
thickness and length; E represents Young’s modulus; v refers to the 
Poisson’s ratio; U represents the wind speed; μ is the air viscosity; H 
refers to the flag height. 

Therefore, the investigation of flag fluttering characteristics neces
sitates consideration of factors such as flag thickness, flag length, and 
wind speed. Taking Configuration D1 as an example, the influence of 
different lengths (60–140 mm) and wind speeds (0–15 m/s), while 
maintaining a constant flag thickness of 0.05 mm, on the fluttering 
frequency is depicted in Fig. 4b. The fluttering frequency rises with an 
increased wind speed and a declined flag length, and achieves a 
maximum value of 50 Hz with a flag length of 60 mm at 14.4 m/s. This 
trend is attributed to the decrease in flag length leading to an increase in 
the mass ratio, consequently resulting in a higher fluttering frequency 
[58]. In Fig. 4c, with a constant flag thickness of 0.1 mm, the fluttering 

Fig. 4. Metasurfaces on the flagpole for wind speed sensing: (a) optimization process for FTENGs with metasurfaces towards high-linearity wind speed sensing, (b) 
fluttering frequency versus wind speed and flag length with 50 μm and (c) 100 μm thickness; (d) operational wind speed range and (e) fitness R2 versus flag length 
and thickness (Configuration D1); (f) fluttering frequency of Configurations B1, D1 and F2 versus lateral distance; (g) fitness R2 versus lateral distance and optimal 
fluttering frequency-wind speed curves for three configurations (the flag height is constant 70 mm). 
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frequency is observed to be lower than that with a thickness of 0.05 mm 
under equivalent flag length and wind speed conditions, which is 
attributed to a higher mass ratio associated with an increased flag 
thickness. Fig. 4d and e summarizes the effective operational wind speed 
range and fitness R2 versus the flag length (mass ratio). Herein, the 
effective upper critical speed accounts for the criticality at which the 
flutter frequency begins to decrease with an increased wind speed. Due 
to the intensification of chaotic phenomena in the flag fluttering at high 
Reynolds numbers Re, as well as the impact of metasurfaces on the flow 
field around the flag, the flag fluttering frequency may not increase 
monotonically when the wind speed exceeds a critical point, which is 
unfavorable for FTENGs towards a broadband wind speed sensing. When 
the flag thickness is 0.05 mm, a softer flag body tends to flutter chaot
ically at lower wind speeds, resulting in generally lower effective upper 
critical speeds compared to a flag thickness of 0.1 mm. Meanwhile, a 
smaller cut-in speed of 1.97 m/s is realized as a result of the reduced 
gravity that the lift needs to overcome, and it hardly changes with the 
flag length until the length decreases to 60 mm. For flags with a thick
ness of 0.1 mm, the cut-in speed gradually decreases to 2.27 m/s with 
the flag length reducing from 140 to 100 mm, as a result of the atten
uation of gravity. When the length ≤ 100 mm, they generally achieve a 
favorable operational wind speed range. The fitness R2 denotes the 
linearity of the fluttering frequency with the wind speed, where a higher 

linearity corresponds to a broader effective operational range in most 
conditions. The highest linearity of 0.992 over an operational range of 
2.27–14.4 m/s is attained in Fig. 4e when the flag length is 100 mm and 
the thickness is 0.1 mm. 

Further optimization of the three metasurface designs with this flag 
parameter configuration is conducted, and the flag fluttering frequency 
versus wind speed and lateral distance D is illustrated in Fig. 4f. It is 
noted that a smaller lateral distance has the potential to render the flag 
unresponsive at low wind speeds, leading to an increased cut-in speed. 
By comparing the three metasurface configurations, it can be found that 
the flutter frequency increases sequentially from left to right, which also 
demonstrates the intuitive impact of metasurface configurations on the 
flow field around the flag and the flag dynamic response. As depicted in 
Fig. 4g, except the Configuration D1 with a lateral distance of 40 mm, 
most conditions achieve a good fitness over 0.95. Even with an optimal 
lateral distance, the fitness for three configurations all exceeds 0.99, as 
illustrated in Fig. 4g-ii to iv, respectively. Additionally, the average 
power densities for three configurations versus lateral distance are 
presented in Fig. S6. 

2.5. Metasurfaces for wind energy harvesting 

The results presented in Fig. 3 underscore the significant potential of 

Fig. 5. Metasurfaces on the flagpole for wind energy harvesting: (a) optimization process for FTENGs with metasurfaces towards high-performance wind energy 
harvesting, (b) fluttering frequency versus wind speed and flag length with 50 μm and (c) 100 μm thickness (Configuration D2); (d) average power density versus 
wind speed and flag length with 50 μm and (e) 100 μm thickness; (f) average power density of Configurations A2, D2 and E2 versus lateral distance. 
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metasurface designs on the flagpole in enhancing the wind energy har
vesting capacity for FTENGs. Configurations A2, D2 and E2 are chosen 
for further optimization with the process illustrated in Fig. 5a. Taking 
Configuration D2 as an example, the effects of different lengths 
(60–140 mm) and wind speeds (0–15 m/s), with constant thicknesses of 
0.05 mm and 0.1 mm, on the fluttering frequency are depicted in Fig. 5b 
and c. It is observed that the fluttering frequency does not change 
regularly with the decrease of the flag length (the increase of mass ratio), 
especially at high-speed winds. This is attributed to the fact that the 
metasurface and high wind speeds exacerbate the chaotic behavior of 
the soft flag. The fluttering frequency spectrums of flags with different 
lengths at 14.4 m/s are illustrated in Fig. S7. When the flag lengths are 
140 and 120 mm, the dominant frequency components of flag flutter are 
relatively concentrated. However, when the flag length is shortened to 
or below 100 mm, the flutter frequency components are dispersed in the 
spectrum, which indicates the dominant role of the chaotic behavior. 

The thickness of 0.1 mm increases the stiffness of the flag, mitigating 
this chaotic phenomenon. Meanwhile, the higher mass ratio contributes 
to lower fluttering frequencies in most conditions compared to a thick
ness of 0.05 mm. The corresponding power density performance is 
illustrated in Fig. 5d and e. An optimal flag length of 120 mm, with a 
thickness of 0.05 mm, yields an average power density of 18.45 mW/ 
m2. Meanwhile, for a thickness of 0.1 mm, an optimal average power 
density of 25.16 mW/m2 can be achieved with an optimal length of 
100 mm. Therefore, the flag length of 100 mm and the flag thickness of 
0.1 mm emerge as the optimal parameters for wind energy harvesting. 
Importantly, these parameters align with those conducive to high- 
linearity wind speed sensing, implying that the possibility of FTENG 
with both high-performance wind energy harvesting and high-linearity 
speed sensing capabilities. With optimized flag geometric parameters, 
the power densities of three metasurface configurations are further 
optimized considering the influence of the lateral distance, as illustrated 

Fig. 6. Vorticity simulation for the flagpoles with the metasurface design at the wind speed of 10 m/s: (a) 3D vorticity simulation for Configuration X, (b) 
Configuration A2, (c) Configuration D2 and (d) Configuration E2; (e) maximum vorticity values and (f) maximum relative pressure values of characteristic cross- 
sections of flagpoles in one vortex shedding period (the results are obtained based on the data in a 150 mm × 100 mm flow field region near the metasurface). 
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in Fig. 5f. They yield an optimal power density of 32.31, 45, and 
37.39 mW/m2 at the same optimal lateral distance of 60 mm, respec
tively. Additionally, their corresponding fitness values for wind speed 
sensing are also presented in Fig. S8. 

To comprehensively explore and visually depict the effects of met
asurface designs on flagpoles on the surrounding flow field, 3D simu
lations for flagpoles are conducted using the commercial software 
XFlow. Fig. 6a–d present the 3D vorticity contours of metasurface de
signs during the one period of vortex shedding at the wind speed of 
10 m/s. To quantify the vortex strength, characteristic cross-sections on 
four flagpoles are selected (their vorticity contours are illustrated in 
Fig. S9), and the vorticity and relative pressure data in a flow field re
gion (150 mm × 100 mm) near the metasurface are statistically 
analyzed and depicted in Fig. 6e and f. Configuration A2 generates more 
intense vortexes as well as a more pronounced chaos phenomenon in the 
whole domain (see Figs. 6b and S9b). The vortex strength of Configu
ration D2 (see Figs. 6c and S9c) is not significantly different from Con
figurations E2 (see Figs. 6d and S9d) and X (see Figs. 6a and S9a) near 
the flagpole, but the vortexes in the distance exhibit slower attenuation. 
From the perspective of the maximum vorticity value in Fig. 6e, the 
rankings are Configurations E2, D2, and A2, aligning with the optimal 
power density performance in Fig. 5f(i)-(iii). The vorticities of Config
urations D2 and E2 are comparable but higher than that of Configuration 
X. All three configurations demonstrate at least 30% improvement in the 
maximum vorticity compared to Configuration X, indicating the meta
surface’s role in enhancing vorticity. Fig. 6f reflects the vortex strength 
with the relative pressure. Configuration D2 still gains a maximum 
pressure, but the difference is the pressure value of Configuration A2 
slightly surpasses that of Configuration E2. While the intensified vor
texes generated by metasurface designs usually imply a more vigorous 
influence on the nearby flow fields as well as flow-induced vibrations, 
this does not entirely determine the energy harvesting performance. The 
actual performance of FTENG also heavily depends on material prop
erties, geometric parameters, and contact status under the current flow 
field. The corresponding lift coefficient CL and drag coefficient CD are 
also recorded during the simulation process and presented in Fig. S10. 

Based on the above numerous investigation and analysis regarding 
flagpole diameter, metasurface parameters (diameter, depth/height, 
and density), metasurface shape designs, flag geometry parameters 
(thickness and length), and the baffle lateral distance on FTENG per
formance. A general design guideline is proposed in Fig. S11 to provide 
some experience for similar designs towards single or multiple appli
cation purposes, and general optimization steps are supplemented in 
Note S2. 

2.6. Power optimization for FTENG 

Fig. 7a provides a comprehensive evaluation of FTENGs from per
spectives of linearity, operational range, power density and its corre
sponding wind speed, and device volume, to seek a candidate capable of 
both high-performance wind energy harvesting and high-linearity wind 
speed sensing. All candidates are optimized and configured with corre
sponding parameters for achieving maximum power density. Among the 
optimized candidates, Configuration D1 exhibits the best linearity of 
0.999 and the broadest operational bandwidth spanning a wind speed 
range of 12.37 m/s, while the average power density is limited to 
30.16 mW/m2. On the other hand, Configuration D2 achieves the 
highest power density of 45.26 mW/m2 and maintains a good linearity 
of 0.992 for wind speed sensing. Considering a tiny difference in the 
linearity and operational range, Configuration D2 is considered as the 
most optimal choice for balancing wind energy harvesting and speed 
sensing, and its open-circuit voltage and short-circuit current after 
parameter optimization are presented in Figs. S12 and S13. To further 
explore the potential of Configuration D2, impedance matching tests are 
conducted. In Figs. 7b and S14, the FTENG achieves an average/peak 
power density of 11.5/22.3 and 34.31/89.41 mW/m2 with an optimal 
resistance of 45 MΩ at wind speeds of 6.7 and 10 m/s. At a wind speed of 
13.3 m/s, the average/peak power density reaches 52.95/218.9 mW/ 
m2 along with a slightly increased resistance of 50 MΩ. As illustrated in 
Fig. 7c, the optimized Configuration D2 significantly enhances the 
performance of breeze energy harvesting, achieving up to a 10 times 
improvement compared to the original Configuration X. Even under 

Fig. 7. Performance evaluation and optimization for the FTENG: (a) Comprehensive comparison of optimized FTENGs with different metasurface designs from the 
perspectives of linearity, operational range, power density its corresponding wind speed, and device volume; (b) average power density of the optimized Config
uration D2 versus external resistance; (c) comparison of the peak power density between Configuration D2 and original Configuration X; (d) comparison of the power 
density of multifunctional FIV-based TENGs; (e) capacitor charging tests for optimized Configuration D2. 
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high-speed wind conditions, the boost can be maintained at 3.4–5.2 
times. Notably, a peak power density of 250 mW/m2 is achieved at 
14.4 m/s, which is a remarkable performance compared to similar 
multifunctional FIV-based TENGs in Fig. 7d. In addition, the wind speed 
sensing capacity of proposed FTENG is outstanding in TENG-based wind 

speed sensors, as shown in Fig. S15. Fig. 7e presents the performance of 
FTENG with Configuration D2 for charging a capacitor. A faster charging 
speed, compared to that at low and middle wind speeds, is attained at 
13.3 m/s, only taking 75 seconds for the 47 μF capacitor charged to 5 V. 
Fig. S16 illustrates the surface charge test result for PTFE membrane. At 

Fig. 8. Demonstrations for FTENG in self-powered systems and environmental signal sensing: (a) LED lighting test; (b) demonstration of FTENG powering a WSN and 
(c) scheme of the mobile temperature monitoring; (d) demonstration of FTENG as a wind speed sensor and (e) wind speed sensing interface; (f) voltage curve of the 
interface circuit when powering the temperature sensor; (g) measured voltage, calculated flag fluttering frequency and corresponding wind speed during the wind 
speed sensing; (h) comparison of the FTENG and a commercial anemometer in wind speed sensing; (i) scheme of self-powered multifunctional environmental sensing 
system based on the FTENG with a metasurface design. 
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the wind speed of 10 m/s, the uncharged PTFE film reaches a stable state 
with 96 seconds. Durability is a key indicator determining the reliability 
of TENG in practical applications. As shown in Fig. S17, there is no 
significantly decrease in the FTENG output after 300,000 cycles in the 
durability test. 

2.7. Demonstration of FTENG as a self-powered WSN and wind speed 
sensor 

In this section, the FTENG will demonstrate its applications in self- 
powered systems and wind speed sensing. As shown in Fig. 8a, the 
FTENG operates at a wind speed of 10 m/s lighting 100 LEDs in series, 
demonstrating its potential in powering electronics that require 
instantaneous high power. Fig. 8b presents a photograph of the FTENG 
powering a WSN implementing temperature monitoring on mobile de
vices via Bluetooth technology. The integrated energy harvesting circuit 
with WSN is detailed in Fig. S18, and the detailed self-powered scheme 
is illustrated in Fig. 8c. The energy harvesting circuit incorporates a 
rectifier unit, a filter capacitor, a power management unit, and a signal 
transmission unit. The alternating voltage generated by the FTENG is 
first input to the rectifier unit and stabilized as a direct voltage with the 
filter capacitor. Then, the power management unit designed based on a 
commercial chip LTC-3588–1 will govern the input electricity and 
guarantee low-power operation. The available electrical energy will be 
finally exploited to power the signal transmission unit including the 
CPU, signal transmitter, and temperature sensor. In Fig. 8f, the voltage 
of the interface circuit when powering the signal transmission unit and 
temperature sensor is charged to 5 V first during the FTENG operation. 
Subsequently, with the switch turned on, the electrical energy is trans
ferred to the signal transmission unit. The power interval, varying with 
wind speed, can be maintained at 20–40 s. A visual demonstration of the 
self-powered WSN is provided in Video S1. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2024.109508. 

The photograph of the FTENG employed as a high-linearity wind 
speed sensor is depicted in Fig. 8d, along with a detailed view of the 
developed wind speed sensing interface based on LabVIEW presented in 
Fig. 8e (its internal operation logic is shown in Fig. S19). The mea
surement accuracy and response speed of FTENG are compared with a 
commercial anemometer in Video S2. In the video, the wind speed 
sensed by the FTENG closely follows the changes in actual wind speed 
and exhibits high consistency with the anemometer in measured values. 
Fig. 8g illustrates the sensing range of the TENG-based wind speed 
sensor and its corresponding measured voltage signal, indicating an 
effective range of 2.3–14.4 m/s. In addition, Fig. 8h compares the 
FTENG and a commercial anemometer at multiple wind speeds, indi
cating the superior measurement accuracy of the FTENG. Based on 
various demonstration tests, Fig. 8i envisions a battery-free sensing 
system monitoring wind speed and other ambient signals. The elec
trodes, fixed on the inner side of the baffles, are divided into two parts 
for energy harvesting and speed sensing, respectively. The large part is 
exploited for energy harvesting, and the harnessed energy is processed 
by the power management unit to power the temperature/humidity 
sensors and the microcontroller. Simultaneously, the voltage signal 
generated by the small part is employed for wind speed sensing, pro
cessed by an amplifier, and low-pass filter, and transmitted to the 
analog-to-digital converter (ADC). The microcontroller accounts for the 
wind speed calculation with the CPU, and the transmission of the wind 
speed, temperature, and humidity signals with the Bluetooth unit, thus 
implementing mobile monitoring based on the battery-free sensing 
system. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2024.109508. 

3. Conclusions 

In summary, this study aims to simultaneously enhance the wind 
energy harvesting and wind speed sensing capabilities of the FTENG by 
utilizing a metasurface design, thereby achieving the abilities to power 
WSNs and function as a self-powered wind speed sensor. By employing a 
flexible fixing approach and metasurface design to maximize the har
nessing of upstream wakes, a significant power density enhancement of 
up to 23 times was achieved. A total of 12 metasurface designs were 
developed and compared. Among them, the device parameters of Con
figurations B1, D1 and F2 were further optimized for the application of 
sensing, and the fluttering frequency of the optimized Configuration D1 
versus wind speed demonstrated an outstanding fitness of 0.999, indi
cating a high-linearity wind speed sensing capacity. In addition, Con
figurations A2, D2 and E2 were further optimized for wind energy 
harvesting, with Configuration D2 emerging as the most promising 
candidate, achieving the highest average power density of 45 mW/m2 

and a peak power of 250 mW/m2. Notably, Configuration D2 also 
exhibited a considerable fitness of 0.992 across a wind speed range of 
2.3–14.4 m/s, positioning it as a favorable choice for multifunctional 
FTENGs. A series of tests showcased the versatile capabilities of the 
FTENG, demonstrating the abilities to instantaneously light 100 LEDs, 
power a WSN with a power interval of 20–40 s at variable wind speeds, 
and serve effectively as an environmental sensor. The FTENG-based 
wind speed sensor possesses a superior response and measurement ac
curacy highly consistent with a commercial anemometer. Furthermore, 
through optimized FTENG electrode design and the integration of 
electronic sensing components, it is possible to achieve precise and 
multifunctional self-powered monitoring of environmental parameters, 
including wind speed, temperature, humidity, and others. The meta
surface design on the flagpole offers an effective and easily imple
mentable approach to modulate the performance of FTENGs, enabling 
versatile applications of self-powered electronics. 

4. Experimental section 

4.1. Fabrication of FTENG 

The flag body in the FTENG was made of the PTFE membrane. The 
baffles were manufactured with acrylic material, and the Nickel-coated 
conductive textile was fixed on their inside. The flagpole consisting of 
two cylinders was made of polylactide material by 3D printing tech
nology. The upper part with a metasurface design possessed a diameter 
of 30 mm and a height of 150 mm. The concave depth or convex height 
of metasurface characteristics was 5 mm, and the characteristic length 
or diameter of metasurface design was 6 mm. The diameter and height 
of the below part of the flagpole were 15 and 50 mm. The composition 
and assembly of FTENG is presented in Video S3. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2024.109508. 

4.2. Characterization and signal measurement of FTENG 

The performance validation for the FTENG was conducted with a 
wind tunnel (FM670 from EdLabQUIP) in the CEE Protective Engi
neering Lab of Nanyang Technological University. The maximum wind 
speed of the wind tunnel is 15 m/s and the cross section is 300 ×
300 mm2. An oscilloscope with a model of Tektronix MSO44 was 
employed to measure the generated voltage signal of FTENG. To ensure 
the consistency of surface charge densities of FTENGs to the greatest 
extent possible, the PTFE flag and conductive textiles remained un
changed during the testing of all metasurface configurations illustrated 
in Fig. 3. Additionally, the operator wore rubber gloves throughout the 
testing process. As depicted in Fig. S2, we utilized separated baffles 
internally lined with conductive textiles to maintain consistency in the 
triboelectric surfaces during each test. Furthermore, after the 
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completion of testing for each metasurface configuration, the PTFE flag 
was replaced with another metasurface flagpole. Following replace
ment, the PTFE flag was subjected to a speed of 10 m/s for a few minutes 
to ensure full charging. Subsequently, the output voltage of the FTENG 
with the newly configured metasurface was tested and recorded. The 
voltage performances of different metasurface configurations were then 
compared with the average values obtained from three tests. A resis
tance substitute (IET RS-200 W) and a capacitance substitute (IET RCS- 
500) were exploited to find the optimal resistance and validate the 
capacitor charging performance of FTENG. The NI USB-9229 acquisition 
card was used for capturing voltage signals in the wind speed sensing 
demonstration, and the wind speed sensing interface was developed 
based on the commercial software LabVIEW. 
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