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An Underwater Cylinder-Enhanced Flag-Shaped Triboelectric
Nanogenerator by Vortex-Induced Vibration for Low-Velocity

Ocean Current Monitoring

Zhenhan Zhuo, Peishuo Li, Shuang Li, Jicang Si,* Hengxu Du, Anglong Liu, Yu Zhang,

Yongjiu Zou,* and Minyi Xu*

Accurate ocean flow velocity monitoring is crucial for marine engineering and
environmental sensing but faces challenges under low-flow conditions due to
limited energy, power integration difficulties, and reduced sensor sensitivity. To
overcome these, this work introduces a novel underwater cylinder-enhanced
flag-shaped triboelectric nanogenerator (UCF-TENG). It utilizes vortex-induced
vibrations (VIV) from an upstream bluff body for efficient flow detection.
Based on a quantified Strouhal number relationship, the UCF-TENG provides
a direct, linear mapping between flow velocity and output signal frequency.
Experimental results demonstrate that the UCF-TENG achieves a startup flow
velocity as low as 0.211 m-s~! and a peak output voltage of 1.81 V. Across the
tested velocity range, the output signal frequency maintains a strong linear
correlation with flow velocity (R? = 0.9893), indicating excellent sensitivity
under low-flow conditions. Furthermore, fluid-structure interaction (FSI)
simulations conducted in ANSYS Fluent validate the underlying VIV-driven
signal generation mechanism and provide theoretical support consistent

with experimental observations. This work offers a compelling solution for
real-time, energy-autonomous flow sensing in resource-constrained marine
environments and holds application prospects in intelligent marine systems.

1. Introduction

Ocean flow field monitoring serves as a fundamental technol-
ogy for ensuring marine ecological security, facilitating sustain-
able resource development, and advancing intelligent underwa-
ter operations.['*] Among the key hydrodynamic parameters,
flow velocity serves as a critical indicator.l*] Therefore, it is neces-
sary to investigate the development of highly sensitive, durable,
and long-term stable flow velocity sensors, particularly those
suited for low-velocity marine environments.
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Typical ocean currents are character-
ized by relatively low and stable flow
velocities often below 0.5 m-s™1* ac-
companied by complex fluctuations.
Such characteristics impose stringent
performance requirements on sens-
ing systems, particularly in terms of
sensitivity, resolution, and operational
stability. At present, the primary sensing
mechanisms for ocean current veloc-
ity monitoring include mechanical,l>*
electromagnetic,”8]  acoustic,”1)  and
optical.*1"l  However, these sensing
technologies face inherent limitations in
marine environments. Specifically, me-
chanical sensors are prone to corrosion
and require frequent maintenance,*?!
electromagnetic sensors suffer from
electromagnetic interference and rely on
continuous external power,!!3] acoustic
sensors, though widely used, are costly
and sensitive to turbidity.’) Similarly,
optical sensors are affected by complex
underwater topography and typically
require complicated system integration to ensure measurement
accuracy.l'+15]

Triboelectric nanogenerators (TENGs) have emerged as a
promising technology for intelligent sensing since their intro-
duction in 2012, owing to their high sensitivity, self-powered
operation, simple structure, low cost, and broad material
compatibility.123] Their excellent signal-to-noise ratio and re-
sponsiveness to weak mechanical stimuli make them particu-
larly well-suited for sensing applications in low-velocity under-
water environments. Recent studies have demonstrated the ca-
pability of TENGs to directly convert physical stimuli, such as
fluid kinetic energy and structural deformation, into electrical
signals.[?=!l However, underwater low-speed flows differ signif-
icantly from atmospheric flows: they generate weaker excitation,
are subject to multi-source disturbances, and have lower energy
density, all of which place stringent demands on a lower activa-
tion threshold, higher interference resistance, and long-term sta-
bility.

To address these challenges, researchers have developed
a variety of Dbio-inspired or structurally optimized TENG
architectures—including spherical rotors,32! turbine blades,3334]
seal-whisker analogues,**3¢  fish-tail cantilevers,’”] and
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fluttering flagsi®**!l—that enhance responsiveness to subtle

hydrodynamic perturbations. For example, Cheng et al.[??] de-
signed a fully enclosed self-powered active spherical triboelectric
velocity sensor (SASTS) capable of high-precision, high-stability
velocity detection across 0.5-500 rpm (2 to 16 m-s™') with long-
term stability (%6 months). Zhang et al.33] proposed a hybrid
triboelectric-electromagnetic sensor that converts fluid-driven
rotor motion into reciprocating movement of an internal spring-
magnet assembly, enabling both energy harvesting and velocity
sensing in the range of 0.5-3 m-s~!. To eliminate reliance on ex-
ternal power, Wang et al.?*l introduced vertical-axis turbine-type
hybrid sensor that operates entirely self-powered and exhibits
a strong linear relationship between output frequency and flow
velocity (R? = 0.98). These advances underscore the promise of
TENG-based architectures for reliable, long-term monitoring of
low-velocity ocean currents.

Although the aforementioned devices perform well under
medium-to-high flow velocities, they typically exhibit high start-
up thresholds and slow dynamic responses at low speeds, lim-
iting their applicability for background ocean currents. In this
context, flexible biomimetic TENGs have emerged as a promis-
ing alternative due to their mechanical compliance and ability
to capture weak hydrodynamic perturbations. Wang et al.*®! de-
veloped an underwater biomimetic seal-whisker (UBWS) TENG
that detects vortex shedding through passive structural vibration,
and achieved a linear coefficient of 0.9946 between output voltage
and the dimensionless parameter D-L~! (where D is the distance
from a vibrating fish-tail and L is the whisker length). Liu et al.3¢!
Further developed a triboelectric whisker sensor array (TWSA)
combined with deep-learning algorithms for 3D flow percep-
tion and unmanned-underwater-vehicle (UUV) motion tracking.
The system demonstrated a response time of 19 ms, sensitivity
0.2 V m-s7!, and signal-to-noise ratio of 58 dB. Moreover, the
deep-learning model identified wake frequencies with at least
81.2% accuracy, and achieved a root-mean-square error (RMSE)
of ~0.02. To mitigate the limited contact area and low output typ-
ical of whisker structures, Zhang et al.l*’] proposed a soft fish-tail
TENG (TE-SFT) driven by vortex-induced vibration (VIV), capa-
ble of simultaneous energy harvesting and velocity sensing in
flows ranging from 0.24 to 0.89 m-s™'. The device achieved a
power density of 5.56 W-m~3 and maintained stable performance
after 30 days of immersion.

Despite the favorable disturbance-response characteristics of
flexible biomimetic TENGs, their practical deployment remains
constrained by several factors, including limited effective con-
tact area, signal instability caused by complex structural deforma-
tions, and incomplete mapping between flow velocity and electri-
cal output. Recently, VIV generated by upstream bluff bodies has
attracted attention as a more controllable excitation mechanism.
When integrated with flag-shaped TENGs, VIV can significantly
enhance sensing performance and energy output, reduce start-
up flow velocity, simplify structural design, and improve toler-
ance to turbulent flow disturbances.[***!] Optimizing bluff-body
geometry has been shown to increase output by up to 170% and
reduce the start-up velocity to below 0.5 m-s~'. Building on this,
Han et al.®® proposed refined geometric design strategies for
bluff bodies to reduce the cut-in wind speed and expand the en-
ergy harvesting range, while Huang et al.?? employed composite
film materials to improve the compliance and charge retention of
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the triboelectric layers, further enhancing energy conversion ef-
ficiency and operational stability. These advancements highlight
the potential of VIV-coupled, flag-shaped TENGs as a promising
solution for self-powered, ultra-low-velocity flow monitoring.

Moreover, the vortex-shedding frequency produced by an up-
stream bluff body follows the classical Strouhal relation, show-
ing an approximately linear dependence on flow velocity across a
wide Reynolds number range.[*?] This intrinsic linearity offers a
robust theoretical basis for mapping output frequency to ambient
flow speed and helps mitigate signal crosstalk in noisy underwa-
ter environments. However, while bluff-body-driven flag-shaped
TENGs have been studied for energy harvesting, their quantita-
tive sensing applications remain underexplored. Two main re-
search gaps persist: i) the lack of a well-defined transfer function
linking electrical output to true flow velocity, and ii) insufficient
theoretical and numerical validation of the sensing mechanism.

To address these challenges, the present work proposes an un-
derwater cylinder-enhanced flag-shaped triboelectric nanogen-
erator (UCF-TENG) that integrates VIV excitation with a flag-
shaped TENG, aiming to overcome both the high start-up thresh-
old and the lack of a clear sensing model in conventional devices.
The research integrates theoretical analysis, experiments, and
numerical simulation to validate its strong physical interpretabil-
ity. First, charge-transfer and vibration-response models are de-
veloped to examine how key structural parameters-such as the
bluft-body diameter and its spacing from the triboelectric flag-
affect output performance and sensing sensitivity, thereby iden-
tifying an optimal configuration. Second, fluid-structure interac-
tion (FSI) simulations in ANSYS Fluent are performed to com-
pare VIV excitation efficiency across different bluff-body geome-
tries, verify the experimentally observed velocity—frequency rela-
tionship, and construct a complete hydrodynamic sensing model.
Finally, a wireless prototype system incorporating a signal acqui-
sition and transmission module is implemented and tested, in
order to demonstrate the UCF-TENG’s real-time flow sensing ca-
pability and integration potential under representative underwa-
ter conditions.

2. Model and Mechanism

2.1. Design and Working Mechanism of UCF-TENG

To address the challenges of ultra-low-velocity flow sensing
in marine environments, this work proposes an underwa-
ter cylinder-enhanced flag-shaped triboelectric nanogenerator
(UCF-TENG) by vortex-induced vibration (VIV). When periodic
vortices are shed from an upstream bluff body, a Kirman vor-
tex street forms in the wake, inducing lateral oscillations of the
sensing unit. These oscillations generate cyclic contact and sep-
aration between internal triboelectric layers, converting mechan-
ical energy into electrical output. The conceptual schematic is
shown in Figure 1a. The UCF-TENG consists of two compo-
nents: i) a sensing unit, and ii) an upstream-mounted cylindri-
cal bluff body. As depicted in Figure 1b-i, the fundamental sens-
ing unit comprises a central polytetrafluoroethylene (PTFE) film
and two graphite-printed polyethylene terephthalate (PET) elec-
trode layers, as shown in Figure Sla (Supporting Information).
These flexible, conductive layers are chosen for their suitability in
underwater triboelectric applications. To enhance surface charge
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Figure 1. Application scenario and structure of UCF-TENG. a) Application scenario of the UCF-TENG. b) Schematic diagram of the Sensing Unit of the

UCF-TENG.

density and contact efficiency, the films are mechanically pol-
ished with 10000-grit sandpaper. The resulting microstructures
lated in Ecoflex 00-20 silicone, ensuring waterproofing, mechan-
ical flexibility, and long-term stability in submerged conditions,
as shown in Figure S1b (Supporting Information). Distinct from
the optimization of similar thin-film TENGs for high-power en-
ergy harvesting, as in the notable work by Tao et al.,[**} the mono-
lithic silicone encapsulation strategy proposed herein is tailored
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for sensing applications, as it ensures not only the device’s un-
derwater robustness but also the highly predictable mechanical
response required for signal fidelity, thereby broadening the ap-
plication scope of such TENGs into in-situ environmental moni-
toring.

The bluff body plays a critical role in generating peri-
odic hydrodynamic excitation. As fluid flows past the bluff
body, alternating vortex shedding produces dynamic wake
forces that drive the flag to oscillate. To determine the
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Figure 2. Numerical simulation of front-mounted bluff body configuration and operational principle in UCF-TENG power generation. a) Numerical
simulations of flow around cylindrical bluff bodies with elliptical, square, and circular cross-sections conducted under identical conditions. b) Working
mechanism of the Sensing Unit the UCF-TENG. c) COMSOL simulation of the periodic potential change between the two electrodes of the Sensing Unit

the UCF-TENG.

optimal geometry, fluid-structure interaction (FSI) simula-
tions were conducted using ANSYS Fluent, evaluating three
typical cross-sectional shapes: circular, elliptical (two place-
ment methods), and rectangular. As shown in Figure 2a, the
circular section demonstrated the most stable vortex street
and highest excitation efficiency and was selected for final
implementation.

The operating cycle for the sensing unit the UCF-TENG is
illustrated in Figure 2b. Initially, as shown Figure 2b-i, the
PTFE film is suspended between the two electrodes without con-
tact, maintaining electrostatic balance via triboelectric induction.
When the sensing unit oscillates laterally, the PTFE film first
contacts the lower electrode, as shown in Figure 2b-ii, generat-
ing a potential difference that drives electron flow through the
external circuit. As the sensing unit responds to periodic vor-
tex shedding and oscillates in the opposite direction, the PTFE
film subsequently contacts the upper electrode as shown in
Figure 2b-iv, completing one full alternating current (AC) cy-
cle. This contact—separation mechanism was further validated us-
ing electrostatic field simulations performed in COMSOL Multi-
physics (Figure 2c¢).
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Based on the contact-mode independent-layer TENG theory,
the output voltage, the output voltage V can be expressed as

follows:*4!
1 dy+g 20x
V,=—=+V, = Lox 1
oc C + oc 605 + go ( )

where C s the total output charge, V,. is the open-circuit voltage,
and C is the capacitance of the TENG. Specifically, d, denotes
the thickness of the PTFE layer, g is the distance between two
electrodes, ¢, is the permittivity of free space, S is the electrode
area, x is the displacement between the PTFE membrane and
electrode, and o is the charge density.

2.2. Theoretical Model of UCF-TENG
2.2.1. Kinematic Characteristics of VIV
According to Kirman vortex street theory, when fluid flows past

a bluff body, periodic vortex shedding occurs, generating an un-
steady pressure field in the wake region.[*?! Placing a flexible
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structure in this wake leads to amplified oscillations due to flow-
structure resonance, significantly enhancing the energy harvest-
ing efficiency of the UCF-TENG, especially in ultra-low-velocity
flow conditions. In the UCF-TENG, the oscillation of the flag is
not a simple flutter phenomenon but results from the combined
action of steady fluid forces and vortex-shedding-induced excita-
tions, forming a composite flow-induced vibration. Furthermore,
the use of flexible silicone encapsulation, introduced in this work
for the first time, intentionally increases the overall structural
stiffness and damping. This design choice serves to suppress un-
predictable, high-order flutter and promotes a dominant, first-
order oscillation, thereby aligning the sensor’s physical behavior
more closely with the assumptions of the elastic beam vibration
model used for analysis.

To capture these dynamics, a fluid-structure interaction (FSI)
model of the UCF-TENG is developed using ANSYS Fluent,
as shown in Figure 3a,b. As illustrated in Figure 3c-i,ii, high-
velocity flow regions beneath the cylinder and low-velocity re-
gions above it generates downward-directed lift forces during this
phase, inducing downward vibration of the sensing unit. Con-
versely, when the high- and low-velocity regions exchange posi-
tions in the subsequent phase (Figure 3c-iii,iv), upward lift forces
emerge, driving upward vibration. Movie S1 (Supporting Infor-
mation) demonstrates the concrete vibration dynamics of the
system. Simultaneously, simulation results (Figure 3c) indicate
that the system predominantly operates in its first-order vibra-
tion mode under stable marine flow conditions, allowing for a
simplified linear modal analysis in subsequent modeling.

Drawing inspiration from the vibration model developed by
Allen and Smits,*! the UCF-TENG'’s oscillation is described as
the superposition of wake-induced vibration (f;) and self-excited
vibration (f,). Therefore, the governing equation for this compos-
ite flow-induced vibration can be expressed as:

my (t,x) + H(pyxt) =fi +f (2)

where y(t, x) is the structural displacement in the wave direction,
m is the structural mass, and H is the internal restoring force re-
lated to the object stiffness and damping characteristics. f; repre-
sents excitation due to vortex shedding, and f, represents force
induced by steady water flow. This composite vibration model
provides a theoretical basis for analyzing the dynamic coupling
between hydrodynamic excitation and the mechanical-electrical
response of the UCF-TENG. It also supports the subsequent de-
velopment of velocity-frequency mapping strategies essential for
sensing calibration.

2.2.2. Vortex Shedding Mechanism

When uniform flow encounters a bluff body and the veloc-
ity exceeds a critical threshold, periodic vortex shedding oc-
curs in the wake region. This phenomenon induces oscillatory
forces on downstream structures, leading to regular mechanical
vibrations.[*?] The vortex shedding frequency ffollows the classi-
cal Strouhal relation:(“®!

U

f=St><—

. §)
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where S, is the Strouhal number, U is the free-stream flow ve-
locity, and L is the characteristic length of the bluff body. The
Strouhal number S, is primarily a function of the Reynolds num-
ber Re which Re is defined as:

_pUL
T

Re 4)
where p is the fluid density, U is the free-stream flow velocity, L
is the characteristic length of the bluff body; v is the dynamic vis-
cosity of water. In the subcritical flow regime (Re < 3 x 10°), the
S, number remains nearly constant, ranging from 0.18 to 0.21.[47]
This approximately linear relationship between vortex shedding
frequency and ambient flow velocity is critically important for
establishing an interpretable and physically grounded sensing
mechanism in flow velocity measurement systems.

3. Results and Discussion

3.1. Electrical Output Performance of the UCF-TENG

Figure 4a illustrates the experimental setup of the UCF-TENG
in a circulating flume. A honeycomb flow straightener is used
to maintain uniform and low-turbulence inflow. The UCF-TENG
device is fixed on a rigid support, and its open-circuit voltage and
short-circuit current are measured using an electrometer over a
flow velocity range of 0.211-0.499 m-s~!. The detailed descrip-
tions of these devices will be presented in the Experimental Sec-
tion.

Figure 4b illustrates key understudied parameters influencing
the electrical output performance of the UCF-TENG. Figure 4c,d
shows the output voltage and current of the UCF-TENG under
different flow velocities. Both signals increase with velocity, re-
flecting stronger vortex-induced excitations at higher speeds. The
electrical output is also affected by the cylinder diameter, which
modulates the strength and structure of the wake, thereby influ-
encing the oscillation amplitude of the sensing unit. Since the
sensing unit s structural parameters remain constant, optimiz-
ing the cylinder size and spacing is critical for tuning its dynamic
response.

Figure 4e—j presents the influence of cylinder diameter and
spacing on electrical performance. The results show a non-
monotonic relationship: neither voltage nor current increases
uniformly with size. At the maximum tested velocity (0.499
m-s~1), the 50 mm bluff body achieves the highest output, gener-
ating 1.39 V and 18.41nA. The 75 mm configuration produces
moderate output (0.86 V, 13.97 nA), while the 25 mm diame-
ter yields the lowest (0.78 V, 11.02 nA), as further demonstrated
in Figure S2 (Supporting Information). This nonlinear behavior
arises from the interaction between vortex shedding frequency
and pressure gradient effects. Larger bluff bodies reduce shed-
ding frequency due to increased flow separation, but amplify
downstream pressure differences. Although higher pressure gra-
dients can enhance oscillation amplitude, they also increase com-
pressive forces on the triboelectric layers, reducing the effective
contact-separation cycles and limiting charge generation. Con-
versely, too small a bluff body produces insufficient wake excita-
tion to effectively drive the TENG. These findings highlight the
need to select an optimal bluff body diameter that balances wake
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Figure 3. Schematic diagram of ANSYS simulation. a,b) The fluid-structure interaction (FSI) model of the UCF-TENG is developed using ANSYS Fluent.
c) Numerical simulation of underwater kinematic states for UCF-TENG in ANSYS Fluent.
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Figure 4. Output characteristics of the UCF-TENG under different flow velocity. a) Underwater experimental platform. b) Parameters that need to be
explored for the device. ¢,d) The initial voltage and current signals of the proposed sensor under specific conditions. e) The output voltages of sensors
for different cylinder diameters and S = 3D. f) The output voltages of sensors from S = 1-3D and D = 50 mm. g) The overall average voltage. h) The
output current of sensors for different cylinder diameters and S = 3D. i) The output current of sensors from S = 1-3D and D = 50 mm. j) The overall

average current.

excitation with mechanical compliance to maximize energy con-
version under low-speed flow conditions.

To ensure statistical reliability, outputs were averaged across
all spacing conditions. The 50 mm cylinder diameter consistently
exhibited superior performance in both voltage and current com-
pared to the other diameters tested. Figure 4f,i further analyze the
effect of streamwise spacing between the cylinder and the sens-
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ing unit under the 50 mm diameter configuration. Both voltage
and current outputs decrease as spacing increases, mainly due to
the gradual decay of the Kirman vortex street downstream. Re-
duced vortex strength weakens flag oscillation, leading to fewer
contact—separation cycles and diminished triboelectric output.
In addition to signal amplitude, the frequency character-
istics of the UCF-TENG output are crucial for flow velocity

© 2025 Wiley-VCH GmbH
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Figure 5. The flow velocity sensing performance and simulation results of the optimized sensor structure (with D =50 mm and S = 1D). a) The amplitude
plots at different cylinder diameters, v = 0.413 m-s~', S = 3D. b) Flow velocity-frequency relationship of different cylinder diameters and S = 3D. c) Flow
velocity-frequency relationship from 0.211 to 0.499 m-s~. d) The amplitude plots at different flow velocities. €) The Strouhal number distribution range
and mean from 0.211 to 0.499 m-s~". f) The lift curve at different flow velocities. g) Frequency domain representation of lift curve derived from FFT. h)
Comparison of the theoretical, experimental, and simulation frequency at flow velocities for the UCF-TENG. i) Durability test result of the UCF-TENG

within two weeks.

sensing, as they directly determine velocity resolution. Figure 5a
shows the FFT spectra of the output signals under different
cylinder diameters and S = 3D, as further demonstrated in
Figures S3-S5 (Supporting Information). Figure 5b shows the
flow velocity-frequency relationship of different the cylinder di-
ameter and S = 3D. Across the full velocity range, a strong
linear correlation is observed between flow velocity and sig-
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nal frequency, with correlation coefficients (R?) consistently ex-
ceeding 0.95. Among all tested configurations, the 50 mm
cylinder not only delivers the highest signal amplitude but
also provides the most distinct spectral peaks and the best
frequency—velocity resolution, reaffirming its optimal perfor-
mance for both energy harvesting and ultra-low-velocity flow
sensing.

© 2025 Wiley-VCH GmbH
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3.2. Flow Velocity Sensing Performance of UCF-TENG

Based on the optimized configuration identified in Section 3.1,
a 50 mm-diameter cylindrical bluff body placed at a stream-
wise distance of 1D from the flag—the flow velocity sens-
ing performance of the UCF-TENG was systematically evalu-
ated. Figure 5c presents the relationship between the domi-
nant output frequency of the UCF-TENG voltage signal and
the flow velocity over the range of 0.211-0.499 m-s~!. The
results fit the linear model v = 0.27f + 0.01 with a corre-
lation coefficient of R?> = 0.9893, confirming a stable and
precise linear correlation between output frequency and flow
velocity. The FFT spectra in Figure 5d display clear single-
frequency peaks at each velocity, demonstrating high sig-
nal integrity and minimal spectral noise under submerged
conditions. Further validation is provided by calculating the
Strouhal number from the measured frequencies (Figure 5e).
The results are tightly clustered around S, ~ 0.18, in good
agreement with the classical sub-critical regime of S, €(0.18,
0.21) for Re < 3 x 10°.#] This agreement reinforces the
physical validity of the UCF-TENG’s frequency-based sensing
mode.

To exclude experimental artefacts and verify the sensing
mechanism, a FSI simulation was performed in ANSYS Flu-
ent (Figure 3a,b). The simulation employed no-slip boundary
conditions on the bluff body, symmetry planes at the lateral
walls, and a uniform inlet velocity matching experimental con-
ditions (0.269, 0.384, and 0.470 m-s~'). The SST k—w model
was used to capture near-wall flow effects. The simulated time-
resolved lift force on the bluff body (Figure 5f) exhibited a clear
periodic signature corresponding to vortex shedding. The FFT
analysis of this lift force (Figure 5g) identified a dominant fre-
quency that matches the primary spectral component of the
electrical output. Comparative results from simulation, Strouhal
theory, and experimental measurements (Figure 5h) show ex-
cellent consistency, confirming the robustness of the sensing
mechanism across theoretical, numerical, and experimental do-
mains.

In addition to accuracy, the long-term operational stability
of the UCF-TENG was evaluated through one-week and two-
weeks immersion tests. As shown in Figure 5i, the domi-
nant output frequency remained stable throughout the test-
ing period, demonstrating excellent durability and reliability
in underwater environments. Collectively, these results estab-
lish the UCF-TENG as a reliable, linear, and stable platform
for continuous monitoring of ultra-low-velocity marine currents,
with strong potential for integration into autonomous oceano-
graphic instrumentation and long-term marine observation net-
works.

3.3. UCF-TENG for Practical Flow Velocity Monitoring
Applications

To verify the system-level applicability of the UCF-TENG in real-
time underwater flow sensing, a wireless flow velocity monitor-
ing system was developed and tested. The system architecture is
shown in Figure S6 (Supporting Information). The UCF-TENG,
operating based on VIV, generates periodic voltage signals cor-
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responding to ambient hydrodynamic excitations. These signals
are processed in real time using the frequency—velocity calibra-
tion model established in Section 3.2.

The voltage output is first acquired by an Arduino Nano micro-
controller, which performs digital filtering to suppress underwa-
ter noise. An onboard FFT then extracts the dominant frequency
of signal. Using the pre-determined calibration equation v = 0.27f
+0.01, the system calculates the corresponding flow velocity. The
processed data is wirelessly transmitted via a LoRa 1276X mod-
ule to a remote receiver, where real-time velocity readings are dis-
played on a host computer. The hardware integration of signal ac-
quisition, processing, and transmission components is detailed
in Figure 6a,b.

To evaluate system performance, the UCF-TENG wireless
monitoring module was tested in a circulating water flume and
benchmarked against a commercial flow meter. Upon flow ini-
tiation, the UCF-TENG produced stable oscillations, and the
system successfully captured, processed, and transmitted the
corresponding signals via the Arduino—LoRa communication
pipeline. At a test condition where the UCF-TENG reported a ve-
locity of 0.40 m-s~!, the commercial flow meter recorded 0.413
m-s~!, corresponding to a relative error of 3.15%. This result con-
firms the accuracy, feasibility, and stability of the UCF-TENG-
based wireless sensing system for real-time, self-powered under-
water flow monitoring (Figure 6¢,d; see also Videos S2 and S3,
Supporting Information).

This proof-of-concept demonstration highlights the potential
of UCF-TENG technology for deployment in distributed, au-
tonomous marine sensing networks. Its self-powered operation
and robust frequency-resolved sensing capability make it partic-
ularly suitable for long-term monitoring in low-energy, ultra-low-
velocity marine environments, where traditional flow sensors of-
ten face limitations related to sensitivity, power consumption,
and deployment complexity.

4. Conclusion

In conclusion, this study successfully develops and validates
an underwater cylinder-enhanced flag-shaped triboelectric nano-
generator (UCF-TENG), establishing a robust framework for
quantitative, self-powered sensing in ultra-low-velocity marine
environments. Through systematic optimization, the device
achieves an exceptionally low startup velocity of 0.211 m-s~!. Crit-
ically, the novelty of this work is distinguished by three core
contributions: i) the establishment of a direct and highly linear
(R? = 0.9893) mapping between flow velocity and output sig-
nal frequency, providing a clear, physically-grounded sensing
model; ii) a pioneering triangulation methodology that integrates
numerical simulations, experimental validation, and theoretical
modeling to rigorously confirm the VIV-driven mechanism; and
iii) the successful demonstration of a complete wireless moni-
toring system, validating its practical potential for long-term, au-
tonomous ocean current monitoring. By isolating the core sens-
ing unit with a waterproof flexible silicone encapsulation, the
UCF-TENG also ensures environmental robustness for marine
applications. Collectively, this work presents a compelling and vi-
able strategy for persistent, real-time monitoring of low-velocity
ocean current fields.

© 2025 Wiley-VCH GmbH
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Figure 6. The practical application performance of the UCF-TENG. a,b) Workflow of the underwater flow monitoring system. c) Output signal collected
by the Arduino Nano. d) Flow velocity output by the Arduino Nano and comparison of UCF-TENG and commercial velocity meter.

5. Experimental Section

Fabrication of UCF-TENG:  The flow velocity sensor (UCF-TENG) pro-
posed herein features a simple structure primarily comprising a cylindrical
bluff body and a sensing unit. The cylindrical bluff body was constructed in
two parts: a cylindrical main body and a base. Both components were de-
signed and modeled using SolidWorks software and fabricated using 3D
printing technology with polylactic acid (PLA) material. For the fabrication
of the sensing unit, the procedure is illustrated in Figure 1b-i. The thick-
nesses of the polytetrafluoroethylene (PTFE) film, polyethylene terephtha-
late (PET) film, and adhesive tape employed were 30, 25, and 30 pm, re-
spectively. First, conductive ink was screen-printed onto the PET film and
dried at room temperature for 24 h to form a flexible electrode. Subse-
quently, both sides of the PTFE film were carefully abraded using 10000-grit
Thereafter, two flexible electrodes and one PTFE film were assembled into
the fundamental power generation unit by bonding with adhesive tape, as
depicted in Figure S1a (Supporting Information). Finally, since this power
generation unit operates in an underwater environment, it was subjected
to waterproof encapsulation using an Ecoflex 00-20 silicone gel to ensure
environmental protection, illustrated in Figure S1b (Supporting Informa-
tion).

Circulating Flume: The experimental characterization of the UCF-
TENG was conducted in a circulating flume with a test section measuring
0.25 m (width) x 0.25 m (height) x 0.90 m (length). Water flow velocities
encompassed a range of 0.133-0.499 m-s~' and were generated using a
propeller-driven system, wherein rotational speed was precisely regulated
by an inverter-based controller. To ensure measurement accuracy, a cali-
brated flow meter (LS300-A model) was installed within the test section
for real-time velocity verification during all experimental measurements.

Adv. Mater. Technol. 2026, 11, 01681
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Electrical Measurement:  Electrical output characterization of the UCF-
TENG was performed using a dedicated electrometer (Model 6514, Keith-
ley Instruments) to measure open-circuit voltage short-circuit current, and
transferred charge. These parameters were simultaneously recorded and
visualized via a PC-end LabVIEW program interfacing with the instrument.
In the demonstration, an Arduino Nano microcontroller was employed to
acquire signals from the UCF-TENG and compute flow velocities in real-
time. Through a 433 MHz LoRa Ra-02 wireless module, the processed data
was transmitted remotely. The receiving terminal, comprising a paired Ar-
duino Nano and LoRa transceiver, acquired the transmitted results and
displayed them on a computer screen.

Supporting Information

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