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A Flexible Flow Velocity Sensor Based on Core-Sheath
Structured Triboelectric Nanogenerator for Underwater
Environmental Monitoring

Haoyang Song, Shuai Zhang, Hengxu Du, Cong Zhao, Jicang Si,* Mengwei Wu,*
and Minyi Xu*

Traditional flow velocity sensors have limitations such as limited accuracy,
environmental interference, and dependence on power supply. The
high-precision measurement and stable output of the flow velocity sensor are
of great significance for the accuracy and reliability of marine environmental
monitoring. The triboelectric nanogenerator (TENG), an emerging technology
for energy harvesting and sensing, offers a promising solution for real-time
flow velocity monitoring. This paper presents a core-sheath structured
triboelectric nanogenerator (CS-TENG) with an innovative design featuring
flexible materials to enhance environmental adaptability. By leveraging the
vortex-induced vibration (VIV) effect, the device achieves efficient fluid kinetic
energy harvesting through VIV-induced mechanical vibration coupling,
enabling omnidirectional flow velocity measurement. The experimental results
show that the frequency of the output signal from CS-TENG has a good linear
relationship with the flow velocity, specifically, within a flow velocity range of
0.297–0.931 m s−1, the correlation coefficient reached to 0.992. Wireless
real-time flow velocity monitoring is achieved by integrating the MCU with the
LoRa. The results show that the CS-TENG, as a high-precision active sensor,
provides an intelligent solution for marine environmental monitoring.

1. Introduction

As the exploitation of marine resources and the development
of offshore platforms grow, real-time monitoring of the marine
environment has become increasingly essential.[1,2] Underwa-
ter structures, including mooring lines, rises, and pipelines, are
vulnerable to vortex-induced vibration (VIV) effect caused by
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ocean current.[3–5] These vibrations can
accelerate fatigue damage and may ulti-
mately lead to structural failure. There-
fore, real-time monitoring of flow ve-
locity and flow direction is crucial for
ensuring the safety and extending the
service life of offshore platforms.[6,7]

Currently, mechanical, electromag-
netic, and acoustic ocean flow meters
are commonly used to measure flow
velocity. Mechanical flow meters mea-
sure velocity by detecting the rotational
speed of rotating element.[8] While this
type of flow meter is not restricted by
depth, it has limited accuracy at low
flow velocities and is prone to wear and
corrosion of mechanical moving parts.
Electromagnetic flow meters utilize
Faraday’s principle of electromagnetic
induction to measure flow velocity by
detecting the induced electric potential
as seawater flows through a magnetic
field.[9] However, this method is sus-
ceptible to interference from ambient

magnetic fields, and the measurements are significantly influ-
enced by the conductivity of seawater.[10,11] Acoustic flow meters
rely on the Doppler shift phenomenon to calculate flow veloc-
ity by measuring the time difference or frequency change be-
tween transmitted and received acoustic signals.[12] While they
offer high accuracy, these meters are expensive, complex, which
restrict their use in complex marine environments.
In contrast, vortex flow meters estimate flow velocity by mea-

suring the frequency of vortex shedding. This type of meter is
simple in design, cost-effective, low-maintenance, and highly
stable.[13–15] However, most existing vortex flow meters rely on
front blunt bodies to generate vortex shedding, which leads to
complex installation and arrangement as well as restrictions on
flow directions. Additionally, the positioning of the components
within vortex flow meters that are sensitive to vortex shedding
must be adjusted according to the flow velocity range. This lim-
itation reduces their effectiveness in open ocean environments.
Moreover, these sensors belong to passive sensors, and passive
sensors have a high dependence on power supplies, making de-
ployment in remote and deep-sea environments difficult.
The concept of triboelectric nanogenerator (TENG) put for-

ward by Zhonglin Wang in 2012, which can function as an
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active sensor, provides a novel way for the development of large-
scale real-time monitoring networks.[16,17] These sensors that do
not rely on an additional power supply. They can capture energy
from the ocean environment, such as wind, waves, and currents,
and then convert it into electrical energy. In this way, they can
function without external power supply, which is different from
passive sensors.[18–20] TENG, as an emerging sensing technology,
vias the phenomena of triboelectric effect and electrostatic induc-
tion to realize energy conversion.[21–26] It possesses advantages
such as no need for an external power supply, high sensitivity,
rapid response time, and easy miniaturization, providing a new
strategy to realize real-time monitoring of flow velocity.[27–32]

In recent years, TENGs have made significant advancements
in natural environment monitoring, including applications in
wind speed and water flow measurement.[33–35] Deng et al. de-
signed a flow velocity sensor based on TENG that utilizes the
VIV effect.[36] This sensor uses cylindrical motion to drive the
contact-separation between bottom dielectric materials (FEP and
Cu), and measures flow velocity based on the relationship be-
tween electric charge and flow velocity. Cheng et al. developed
a fully enclosed spherical flow velocity sensor based on the con-
tact separation mode of TENG.[37] The sensor uses the rotation
of paddles to drive the internal rotation of the sphere, generat-
ing an electrical signal. Wang et al. developed a rotating disk-
type flow velocity sensor based on the independent layer mode
of TENG.[38] The sensor uses the turbine’s rotation to drive rel-
ative motion between the stator (Nylon) and rotor (PVC), gener-
ating an electrostatic sensing phenomenon through cyclic rota-
tion. Zhang et al. designed a triple-cylinder flow velocity sensor
based on the contact-separation mode of TENG.[39] Driven by a
gear systemwith triboelectric contact separation betweenmateri-
als (Ni and silicone), the sensor calculates real-time flow velocity.
He designed a TENG-based flow velocity sensor for non-full pipe
fluid monitoring, which utilizes a water wheel to drive flexible
blades (FEP) to slide between copper electrodes, generating elec-
trical signals.[40]

The flow velocity sensors-based TENGs also face multiple lim-
itations. In underwater conditions, humidity reduces the charge
density and electron transfer efficiency of triboelectric materi-
als, decreasing the output amplitudes of TENG.[41,42] So many
of these sensors determine flow velocity by correlating the fre-
quency of electrical signal with the flow velocity. However, some
have a highminimumflow velocity threshold (e.g., 2m s−1),mak-
ing them unsuitable for most marine environments with lower
flow velocity. Sensors with rotational designs encounter issues
like slow response and dielectric materials wear.[43,44] Addition-
ally, certain sensors, such as those relying on water-driven gear
rotation, are mainly applicable in near-shore or riverine envi-
ronments. Meanwhile, sensors based on TENGs urgently need
to address issues such as high-frequency response and gravity
sensitivity.[45] In light of the above-mentioned limitations, there
is an urgent need to find a novel and efficient sensor design that
can overcome these obstacles, achieve high-precision flow veloc-
ity measurement.
In this paper, a flexible core-sheath structured triboelectric

nanogenerator (CS-TENG) based on the VIV effect is proposed.
Due to its innovative flexible core-sheath design, this flow velocity
sensor not only overcomes the limitations of the front blunt body
design but alsomaintains advantages like fast response, low start-

up flow velocity. First, this paper presents a theoretical model that
integrates both mechanical and electrical aspects. Then, numer-
ical simulations are conducted to validate the model’s accuracy.
Subsequently, the effects of the CS-TENG’s structural parame-
ters on its performance are analyzed in detail. The performance
of the optimized CS-TENG is experimentally evaluated. The ex-
perimental results demonstrate a strong linear correlation (R2 =
0.992) between the frequency of the output signal and flow ve-
locity, within the range of 0.297–0.931 m s−1. Its fully enclosed
structure effectively reduces the effects of seawater salinity, con-
ductivity, and humidity on measurement accuracy. Additionally,
by adjusting the structural parameters of the CS-TENG, such
as the type of Silicone used in the outer sheath, the frequency-
flow velocity relationship can be optimized to suit different flow
velocity environments. Finally, this paper also demonstrates its
application value and broad prospect in marine environment
monitoring.

2. Result and Discussion

2.1. Structure and Working Principle of CS-TENG

The CS-TENG offers versatile applications in marine environ-
mentalmonitoring, particularly for real-time ocean current track-
ing around offshore platforms, as shown in Figure 1a. This capa-
bility provides critical data for comprehensive marine environ-
mental assessments in such dynamic ecosystems. Its function-
ality relies on a vortex-induced vibration (VIV) response mech-
anism: the outer sheath undergoes lateral vibrations perpendic-
ular to the incoming flow due to VIV effect, triggering contact-
separationmotion between the outer sheath and inner core, as il-
lustrated in Figure 1b. Structurally, the CS-TENG features a dual-
component design-an outer sheath and inner core—both con-
structed from flexible materials to enhance sensitivity and adapt-
ability, as depicted in Figure 1c. This flexibility enables the outer
sheath to vibrate robustly in response to flow excitation, while
the inner core accommodates sheath movement to ensure stable
contact-separation and efficient charge generation.
The manufacturing process employs a secondary infusion

technique to embed conductive yarns within a silicone outer
sheath and wraps a metal wire around a silicone rod for the in-
ner core, as shown in Figure S1 (Supporting Information). This
design establishes silicone as the negative triboelectric material
(outer sheath) and metal wire as both the positive triboelectric
material and electrode (inner core). During contact-separation,
electronegativity differences between materials generate an ex-
ternal current, converting fluid kinetic energy into electrical en-
ergy. The sensor achieves high-precision flow velocity monitor-
ing through a direct correlation between output signal frequency
and flow velocity (validated in subsequent experiments). A physi-
cal diagram of the device, shown in Figure S2 (Supporting Infor-
mation), illustrates its fully enclosed structure, which mitigates
ambient humidity interference, and the durable silicone outer
sheath. These features, combined with its compact size and sim-
ple fabrication, underscore the CS-TENG’s practical utility.
When delving into the transverse vibration characteristics of

the structure, assuming the transverse displacement of the struc-
tural cross-section depends on both time and spatial coordi-
nates Y(Z,T), the equation governing the transverse vibration
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Figure 1. a) Potential application scenario of CS-TENG for environmental monitoring. b) Responsemechanism of CS-TENG to the excitation of incoming
flow. c) Structural design of CS-TENG includes inner core and outer sheath.

of the structure-considering the effects of tension and flexural
stiffness—is given by:[46]

m𝜕2Y
𝜕T2

+ c 𝜕Y
𝜕T

+ EI 𝜕
4Y

𝜕Z4
− Te

𝜕2Y
𝜕Z2

= Fy (1)

Here, m is the structural mass, c is the structural damping, E
is the modulus of elasticity of the structure, I is the moment of
inertia of the structure, EI is the flexural rigidity of the structure,
Te is the tension per unit length of the structure, and Fy is the
total force exerted on the structure in the transverse direction.
Based on the understanding of structural transverse vibra-

tion and its governing equation, when the structure is excited
by a uniform incoming flow with velocity U, it undergoes a
lift force FL perpendicular to the flow direction and a drag
force FD parallel to the flow direction. For small angle of attack ɑ,
these forces induce structural deflection, where the deflection an-
gle corresponds to the angle of attack, as shown in Figure 2a.

⎧⎪⎨⎪⎩
sin 𝛼 = −𝜕Y∕𝜕T√

U2+(𝜕Y∕𝜕T)2
≈ −𝜕Y∕𝜕T

U

cos 𝛼 = U√
U2+(𝜕Y∕𝜕T)2

≈ 1
(2)

At this point, the total force Fy acting on the structure in the
lateral direction is:

Fy = FL cos 𝛼 + FD sin 𝛼 (3)

Here, the lift force FL is composed of the potential force Fp and
the vortex lift force Fv:

[47]

Fp cos 𝛼 = −CA
𝜋D2𝜌

4
𝜕2Y
𝜕T2

(4)

Fv = Cv
𝜌D
2
U2 (5)

FD = CD
𝜌D
2
U2 (6)

Here, CA, CV, and CD represent the potential force coefficient,
vortex lift force coefficient, and drag force coefficient, respec-
tively. Additionally,D represents the structure’s diameter, 𝜌 is the
fluid density.[48]

Considering the governing equation of the structure’s trans-
verse vibration in Equation (1) and the expressions of the forces
along with the relevant coefficients in Equation (4), Equation (5),
and Equation (6), substituting the latter into the former yields
the transverse vibration equation of the structure. Following the
substitution, the formula for the transverse vibration equation is
presented below:

(
m + CA

𝜋D2𝜌

4

)
𝜕2Y
𝜕T2

+
(
c +

CD𝜌DU
2

)
𝜕Y
𝜕T

+EI 𝜕
4Y

𝜕Z4
− Te

𝜕2Y
𝜕Z2

= Cv
𝜌DU2

2
(7)

From Equation (7), the kinematic state of the CS-TENG is
significantly influenced by multiple key factors, including the
sheath diameter, the structural bending stiffness, and the incom-
ing flow velocity.
COMSOLMultiphysics simulationswere conducted to analyze

the dynamic response of the CS-TENG to incoming flow exci-
tation. Results show that the perpendicular displacement of the
sheath correlates with flow velocity. Grid independence verifica-
tion is provided in Figure S3a (Supporting Information). With
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Figure 2. a) Schematic diagram of mechanical model analysis process. b) Numerical simulation of the kinematic state of the axial section by COMSOL
Multiphysics at different time. c) Electron transfer process of CS-TENG. d) Numerical simulation of the potential distribution by COMSOL Multiphysics
during the working process.

an incoming flow velocity set to 0.25 m s−1, the corresponding
numerical simulation results are presented in Figure 2b.
As water flows over the surface of the outer sheath, a low-

velocity zone forms in front of the outer sheath. The water then
moves along the upper and lower sides of the sheath, creating
a high-velocity zone. The periodic shedding from the upper and

lower sides of the flow separation induces vortex street formation
on the right side of the outer sheath, leading to the alternative
existence of high-pressure and low-pressure zones on its outer
surface. This pressure difference between the upper and lower
sides generates a lifting force on the outer sheath surface, as illus-
trated in Figure S3d (Supporting Information), causing periodic
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vibration under the excitation of water flow. This vibration results
in a periodic contact-separation phenomenon between the outer
sheath and the inner core.
During t = 2.072 s to t = 2.105 s, the high-velocity zone on the

upper side and low-velocity zone on the lower side of the outer
sheath produce an upward lifting force, causing the outer sheath
to vibrate upward (as shown in Figure 2b i,ii). Conversely, when
the high- and low-velocity zones switch positions between t =
2.165 s and t = 2.196 s, a downward lifting force is generated,
leading to downward vibrations (as shown in Figure 2b iii,iv). For
a flow velocity of 0.25 m s−1, the lift force profile on the sheath
and its displacement perpendicular to the incoming flow direc-
tion are depicted in Figure S3b,c (Supporting Information).
The CS-TENG operates in the contact-separation mode, with

its electron transfer process divided into four distinct stages, As
shown in Figure 2c,i) The outer sheath oscillates to one side due
to the VIV effect (as shown to the up), bringing it into contact
with the inner core. Due to triboelectric effect and the electroneg-
ativity difference between the silicone and metal wire, equal pos-
itive and negative charges are distributed on the surfaces of both,
reaching electrostatic equilibrium. ii) As the outer sheath vibrates
to the down, the contact between the outer sheath and inner core
is broken, disrupting the electrostatic equilibrium. This causes
free electrons to flow from the metal wire to the conductive yarn
through electrostatic induction. This electron flow balances the
potential difference, generates an electric potential, and finally
forms an electric current. iii) As the outer sheath continues to
move downward, it completely separates from the inner core,
restoring the electrostatic equilibrium. iv) As the sheath oscillates
further, the electrostatic equilibrium is broken once again, caus-
ing the free electrons to flow in the reverse direction, generating a
reverse current. Based on the above electron transfer process, the
CS-TENG converts the external excitation into its own vibrations,
which then generate an electrical signal.
The potential difference between the two electrodes of a

contact-separated TENG is given by the following equation:[49]

V = E1d1 + E2d2 + Eairy (t) (8)

Here, E1, E2, and Eair are the internal electric field strengths of
the two triboelectric materials and the air, d1 and d2 are the thick-
nesses of the triboelectric materials, y(t) is the distance between
them. It should be noted that in the structure proposed in this
paper, the copper wire is used as both the positive triboelectric
material and the electrode, so its thickness can be neglected and
thus d1 = 0 mm.
The V-Q-x theoretical model, which represents the output per-

formance of the CS-TENG, is derived by calculating the electric
field strength using Gauss’ theorem and substituting the result
into Equation (8).

V = E2d2 + Eairx = −
Q
S𝜀0

[
d2
𝜀r2

+ y(t)
]
+

𝜎y(t)
𝜀0

(9)

Here, Q is the transferred charge, 𝜎 is the surface charge den-
sity of the triboelectric material, 𝜖0 and 𝜖r2 are the vacuum dielec-
tric constant and the relative dielectric constant of the electroneg-
ative triboelectric material, S is contact area between triboelectric
materials.

From Equation (9), the output performance of the CS-TENG is
prominently influenced bymultiple crucial factors, including the
type and thickness of the triboelectric materials and the spacing
between them.
Numerical simulations were carried out using COMSOL Mul-

tiphysics to analyze the potential distribution of the outer sheath
and inner core at various positions, as shown in Figure 2d. As
expected, the potential difference on the contact surfaces of the
outer sheath and inner core varied during the contact-separation
process, confirming the validity of the electron transfer
mechanism.
By choosing appropriate triboelectricmaterials and optimizing

the structural parameters, the motion dynamics and output per-
formance of the CS-TENG can be enhanced, thereby improving
its sensing capabilities.

2.2. The Output and Characteristics of CS-TENG

In this study, the experimental setup consists of a circulating
flume that generates water flow and relevant devices that collect
electrical signals. The detailed descriptions of these devices will
be presented in the Experimental Section. As shown in Figure 3a,
to clearly present the structural parameters of the CS-TENG, its
outer sheath length (L) is specified as 6 cm, and the inner core
diameter (d) and outer sheath diameter (D) are labeled. These
parameters will be further discussed and analyzed in subsequent
sections to clarify their impacts on the performance of the sensor.
The signal-to-noise ratio, an important indicator for evaluating

sensor performance, is calculated as the ratio between the output
signal of the sensor and the noise signal generated by the sensor
itself.

SNR = 201g
Vsignal

Vnoise
(10)

The voltage signal of the CS-TENG is the focus of further study.
At a flow velocity of 0.557 m s−1, the average amplitudes of its
voltage, current, and transferred charge signals were measured
as 1.33 V, 138.06 pA, and 0.13 nC respectively, while the noise
signals under stationary conditions were 0.01 V, 3.48 pA, and
0.01 nC. As a result, the corresponding signal-to-noise ratios were
42.33, 31.96, and 21.11 dB, as shown in Figure 3b. Given these
results, the voltage signal shows the highest signal-to-noise ratio,
making it more suitable for sensing applications.
Experiments were conducted to investigate the factors influ-

encing the output performance and kinematic state of the CS-
TENG. Based on these findings, the most effective triboelectric
materials and structures were selected to optimize the sensing
performance of the CS-TENG.
The selection of copper wire as the material for the inner core

is based on its superior performance. When different materials
(Ag, Al, and Cu) served as the positive triboelectric layer with
Ecoflex00-20 silicone material as the negative triboelectric layer,
as presented in Figure S4a (Supporting Information), the combi-
nation of copper wire and Ecoflex00-20 siliconematerial achieved
the highest output performance, with a peak voltage of 1.34 V.
Moreover, as shown in Figure S4b (Supporting Information), the
voltage signals after Fast Fourier Transform processing indicated
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Figure 3. a) Diagram of the Experimental System: Circulating Flume and Dimensions of CS - TENG Components. b) Signal-to-noise ratios at 0 and 0.570
m s−1. c) Peak voltage of different outer sheath materials at 0.470 m s−1. d) Amplitude plots of the output signals of different outer sheath materials
at 0.297 m s−1. e) Flow velocity-frequency relationship of different outer sheath materials. f) Peak voltage of different the inner core diameters at 0.557
m s−1. g) Flow velocity-frequency relationship of different the inner core diameters. h) Peak voltage of different the outer sheath diameters at 0.557
m s−1. i) Flow velocity-frequency relationship of different outer sheath diameters.
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that the amplitude plot for the copper wire as the positive tribo-
electric layer was clearer.
The selection of Ecoflex00-20 silicone material as the outer

sheath is based on its superior performance. When different sil-
icone materials (Dragon00-10, Ecoflex00-30, Ecoflex00-20) were
used as the negative triboelectric layer with copper wire as the
positive triboelectric layer, Figure 3c shows that Ecoflex00-20 sil-
icone material provided the best output performance. Under the
excitation of incoming flow (0.297 m s−1), Figure 3d presents the
output voltage signal amplitude plots of the three sensors with
different silicone materials. It is evident that the sensor using
Ecoflex00-20 as the outer sheath material has a distinct main fre-
quency, while the other two sensors do not show a clear main
frequency. This indicates that when the outer sheath is made of
Ecoflex00-20 silicone material, the start-up flow velocity is the
lowest, which is attributed to the high flexibility of Ecoflex00-20
with a Shore hardness of only 00-20, enabling it to respond to
smaller external excitations. Figure 3e shows the flow velocity-
frequency relationship of the CS-TENG for different silicone ma-
terials, with the values of the coefficient of determination R2 be-
ing 0.978, 0.990, 0.991 from top to bottom. Based on the initiation
flow velocity and the linear fit of the flow velocity-frequency data,
Ecoflex00-20 silicone was chosen as the outer sheath material.
The optimal inner core diameter of 2.0 mm is selected based

on peak voltage and start-up velocity performance. As shown in
Figure 3f, the highest peak voltage of 0.26 V is achieved with an
inner core diameter of 2 mm, which aligns with Equation (9): a
larger distance between triboelectric materials during separation
generates a greater potential difference. For diameters of 2.5 and
3.0 mm, peak voltages are lower due to competing effects of dis-
tance y(t) and contact area S: smaller contact area reduces charge
transfer. When the inner core diameter is 2.5 mm, the reduction
in the distance between the triboelectric materials leads to a rel-
atively rapid decrease in the potential difference term in Equa-
tion (9), overpowering the increase in charge transfer caused by
the slightly larger contact area. Thus, the distance has a greater
impact on the output performance. Conversely, when the inner
core diameter is 3.0 mm, although the distance continues to de-
crease, the substantial increase in the contact area starts to have
a more dominant influence on the total transferred charge Q.
As a result, the contact area S becomes the more significant fac-
tor affecting the peak voltage. Figure 3g further shows the flow
velocity-frequency relationship for different inner core diame-
ters, with coefficient of determination R2 values of 0.988, 0.990,
and 0.991 from top to bottom. Notably, the 2.0 mm diameter
yields the lowest start-up flow velocity of 0.297 m s−1.
The optimal outer sheath diameter of 9 mm is selected based

on peak voltage and start-up flow velocity performance. As shown
in Figure 3h, the highest peak voltage of 0.26 V is obtained at
an outer sheath diameter of 9 mm. In contrast, a peak voltage
of only 0.08 V is observed at 8 mm. This discrepancy can be
well explained by Equation (9). At an outer sheath diameter of
8 mm, the relatively thin wall (1 mm) allows some electrons to
escape through the conductive yarn. The transferred charge Q
is a key factor influencing the output voltage. A reduction in
transferred charge leads to a decrease in the output voltage. For
a diameter of 10 mm, the peak voltage is slightly lower than at
9 mm. From the perspective of Equation (7), the thicker outer
wall increases the structural mass m and changes the moment

of inertia of the structure I. This results in a smaller oscilla-
tion amplitude as the structure becomes more resistant to vi-
bration. Referring back to Equation (9), the reduced oscillation
amplitude causes insufficient contact between triboelectric ma-
terials, decreasing the contact area S. A smaller contact area re-
duces the transferred charge, which in turn lowers the output
voltage. Figure 3i further presents the flow velocity-frequency re-
lationship for different outer sheath diameters, with coefficient
of determination R2 values of 0.991, 0.991, and 0.979 from top
to bottom. The slope k differences in the fitting can be explained
by Equation (7): larger outer sheath diameters increase structural
mass m and moment of inertia I, enhancing inertia and reduc-
ing vibration acceleration under the same fluid force. This re-
sults in decreased slope values (k = 7.474 for 8 mm, 6.027 for
9 mm, 5.701 for 10 mm), confirming that higher mass and mo-
ment of inertia weaken frequency sensitivity to flow velocity as
predicted by the equation. Notably, outer sheath diameters of 8
mm and 9 mm exhibit a start-up velocity of 0.297 m s−1, whereas
a diameter of 10 mm results in a higher start-up flow velocity of
0.470 m s−1.
The sensing performance of CS-TENG was next tested in the

experiment using the preferred triboelectric material and struc-
tural parameters. At lower flow velocities, the Voc (open-circuit
voltage) of CS-TENG increases with flow velocity, but a decrease
is observed at 0.643 m s−1, as shown in Figure 4a. This phe-
nomenon can be attributed to the following: as the flow veloc-
ity further increases, the contact-separation frequency between
the inner core and the outer sheath increases accordingly. Dur-
ing this process, the relative motion state between the inner core
and the outer sheath changes. At higher flow velocities, the in-
ner core restricts the movement of the outer sheath, causing the
outer sheath and the inner core to remain in continuous con-
tact on the right side (the “right side” here is the incoming flow
direction). This reduces the effective contact-separation area be-
tween them, reducing the amount of charge transfer and thus
the open-circuit voltage Voc. As the flow velocity increases from
0.297 to 0.643 m s−1, the frequency of the Voc signal rises from
4.17 to 6.22 Hz, as shown in Figure 4b. The maximum voltage
in Figure 4a reflects transient mechanical excitation, while the
peak amplitude in Figure 4b corresponds to the sensor’s reso-
nant frequency at steady-state, vortex-induced vibration. Within
the 0.297–0.931 m s−1 range, the experimentally obtained main
frequency of the output electrical signal exhibits a strong linear
correlation with flow velocity, as shown in Figure 4c, described
by the fitting equation y = 6.027x + 2.46727(R2 = 0.992).
The CS-TENG maintains stable electrical signal output across

different arrangement angles, which was examined by position-
ing the sensor perpendicular to the incoming flow direction and
varying the angle 𝛽 between the sensor and the ground, as shown
in Figure S5a (Supporting Information). Figure 4d illustrates the
main frequency of the CS-TENG output electrical signals at dif-
ferent arrangement angles, with excitation from a 0.557 m s−1

incoming flow.
The CS-TENG exhibits a rapid response time of 1.062 s as

a flow velocity sensor: When the submersible pump was acti-
vated, the CS-TENG began oscillating, but initially, the oscilla-
tion was unstable, and the output was low. After 1.062 s, the os-
cillation stabilized, and the output reached its peak value at that
flow velocity, as shown in Figure 4e. This remarkable response
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Figure 4. a) Voc at different flow velocities. b) The amplitude plots at different flow velocities. c) Flow velocity-frequency relationship from 0.297 to 0.931
m s−1. d) Frequency of voltage signals at different arrangement angles. e) Response time of CS-TENG after start flowing. f) The Voc and the corresponding
frequency under different salinity environments. g) Durability test result of the CS-TENG within 6 weeks. h) Comparison of the theoretical frequency
and the main frequency at different distances with a blunt body. i) Relationship between flow velocity and frequency with a blunt body from 0.297 to
0.470 m s−1.

speed is attributed to the sensor’s unique flexible core-sheath de-
sign, which allows it to quickly adapt to the excitation in flow and
reach a stable state. The CS-TENG demonstrated stable output
performance across different salinity conditions ranging from
0% to 50 ‰, indicating its high environmental stability. At a flow
velocity of 0.557 m s−1, both Voc and the corresponding electri-
cal signal’s main frequency remain stable at 4.71 Hz as shown
in Figure 4f, demonstrating its feasibility for marine environ-
ments. For durability assessment, under 0.384 m s−1 flow exci-
tation, the voltage signal’s main frequency is 4.15 Hz as shown
in Figure 4g. After two weeks and six weeks of immersion in
water, the amplitude of the main frequency decreases under
the same flow velocity, but the frequency remains stable at 4.15
Hz. This confirms the CS-TENG’s durability and suitability as a
long-term environmental monitoring sensor, mainly due to the
use of silicone materials and the contact separation structure
design.

The CS-TENG shows excellent potential as a sensing ele-
ment for vortex flow velocity sensors, providing a novel sens-
ing method. To investigate the shedding vortex sensing perfor-
mance of the CS-TENG, the CS-TENG was positioned behind a
blunt body with a diameter of 27 cm, and the incoming flow ve-
locity was varied. The specific arrangement is shown in Figure
S5b (Supporting Information).The optimal distance (L) between
the blunt body and the sensor for matching theoretical and out-
put frequencies is 7.5 cm and validated by the close match be-
tween theoretical and main frequencies of the output voltage sig-
nal at different distances, as shown in Figure 4h. With the opti-
mal distance determined, the CS-TENG’s sensing performance
for blunt body shedding vortices at varying flow velocities was
assessed. As the incoming flow velocity increases from 0.297 to
0.470m s−1 (distance= 7.5 cm), themain frequency of the electri-
cal signal increases linearly from 2.20 to 3.48 Hz, consistent with
the shedding vortex frequency predicted by the Strouhal Number

Adv. Mater. Technol. 2025, e00704 © 2025 Wiley-VCH GmbHe00704 (8 of 11)
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Figure 5. a) Workflow of the underwater flow monitoring system. b) Output signal collected by the MCU. c) Flow velocity output by the MCU.
d) Comparison of CS-TENG and commercial velocity meter.

in Figure 4i. This demonstrates the CS-TENG’s potential as a
sensing element for vortex flow velocity sensors, offering a new
sensing method.

2.3. The Demonstration of CS-TENG

Previous studies have demonstrated the potential of CS-TENG as
an accurate sensor formeasuring flow velocity. To enable its prac-
tical application, this work developed an underwater flow veloc-
ity monitoring system using CS-TENG, which achieves wireless
real-time monitoring through by intergrating the MCU with the
LoRa.
The system workflow involves signal collection, processing,

calculation, and wireless transmission, as shown in Figure 5a.
Specifically, the MCU first collects electrical signals from the CS-
TENG, then processes them using a pre-programmed algorithm
to determine real-time frequency. This frequency is input into an
experimentally established flow velocity-frequency fitting equa-
tion to calculate real-time flow velocity. The MCU then trans-
mits the result via LoRa, where a receiver interfaced with an-
other MCU captures the data and relays it to a mobile terminal.
Through this integrated process, the system successfully accom-
plishes wireless real-time monitoring of the flow velocity.
The output signal of CS-TENG recorded by themicrocontroller

and real-time flow velocity monitoring results are demonstrated
in Figure 5b,c and Movies S1 and S2 (Supporting Information).
A segment of the output signal data is stored locally to highlight
waveform characteristics, as shown in Figure 5bi; meanwhile, a
portion of the flow velocity results is stored locally to visualize
dynamic changes over time, illustrated in Figure 5bii. These vi-
sualizations intuitively reflect the sensor’s measurement stability

and response characteristics. The underwater flow velocity moni-
toring system’s performance is comparedwith a commercial flow
velocity meter in Figure 5d and Movie S3 (Supporting Informa-
tion), demonstrating that the CS-TENG exhibits comparable or
superior accuracy in underwater applications.

3. Conclusion

In conclusion, this paper presents a flexible flow velocity sen-
sor (CS-TENG) based on the contact-separation mode of TENG
for real-time omnidirectional flow velocity monitoring. The CS-
TENG features a core-sheath structure, where the outer sheath
vibrates periodically due to the VIV effect. The sensor leverages
VIV effect to facilitate the contact-separation between the outer
sheath and inner core, and generates an electrical signal in re-
sponse to the incoming flow excitation. Experimental results
demonstrate a strong linear relationship between the main fre-
quency of the electrical signal output from the CS-TENG and the
flow velocity. By optimizing the structural parameters, the lin-
ear correlation coefficient between frequency and flow velocity
reaches 0.992, with a start-up flow velocity of 0.297 m s−1. The
CS-TENG’s tested velocity range (0.297–0.931 m s−1) covers typ-
ical coastal and mid-ocean surface currents (0.1–1 m s−1), with
structural tunability enabling potential adaptation to broader ma-
rine environments. However, its performance at extreme veloci-
ties (>1 m s−1) and depths, as well as long-term durability under
corrosive conditions, remains unvalidated and requires further
study. The CS-TENG exhibits a fast response time, capable of de-
tecting changes in incoming flow velocity within 1.062 s. It fea-
tures a fully enclosed structure and utilizes corrosion-resistant
silicone material, ensuring its reliability and longevity in marine
environments. To put the CS-TENG into practical application,
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this paper designs an underwater flow velocity monitoring sys-
tem based on the CS-TENG. The system utilizes the signal pro-
cessing capabilities of MCU to locally process data, eliminating
the need for a wired connection to a computer. Additionally, the
LORA is employed to transmit monitoring results in real-time
to a mobile terminal. This paper highlights the application po-
tential and development prospects of the CS-TENG as a flow ve-
locity sensor, offering a new viable solution for underwater flow
velocity monitoring and contributing to the advancement of ac-
tive sensor, sustainable sensing technologies in environmental
energy harvesting.

4. Experimental Section
Fabrication of the CS-TENG: The flow velocity sensor (CS-TENG) de-

signed in this paper consists of an outer sheath and an inner core. The
outer sheath was made of flexible silicone material embedded with con-
ductive yarn, and the inner core was a silicone rod wrapped with copper
wires, as illustrated in Figure S1 (Supporting Information). The produc-
tion process of the shell is as follows: First, two semicircular cavity molds
(with radii of 7 and 9 mm) were designed using SolidWorks, and were 3D-
printed. The molds were then assembled. Ecoflex00-20 silicone gel was
prepared in a 1:1 ratio by weight, degassed in a vacuum chamber to re-
move air bubbles, and poured into the 7 mmmolds. A 5 mm optical shaft
was carefully inserted into the mold, and the assembly was placed in a dry-
ing oven at 48 °C to cure for 5–6 h. After curing, the solidified silicone was
removed from the mold, and the conductive yarn was wound around the
outer layer to form the inner layer of the outer sheath. The same silicone
preparation process was repeated for the 9 mmmold. The inner layer was
then carefully placed into the mold, and the curing process was repeated.
The final product was a hollow sheath with an inner diameter of 5 mm and
an outer diameter of 9 mm. The production process of the inner core is as
follows: The inner core was made from a silicone rod, around which a 0.3
mm diameter copper wire was tightly wound. The outer sheath and inner
core were then assembled onto the designed base. The upper end of the
sensor was capped with a 5 mm diameter silicone rod, which was sealed
with Kraft glue to complete the sensor.

Numerical Simulation of CS-TENG: COMSOL Multiphysics (Version
6.0) was used to establish a 2D axial cross-section model of the core-
sheath structure. The sheath was fixed in the flow-parallel direction (dis-
placement = 0 mm) while allowing free movement perpendicular to the
flow. The Multiphysics used in this model was Fluid-Solid Interaction. The
model locally encrypts the motion area of the sheath. Grid independence
was verified by evaluating results with four mesh sizes: 8714, 13 780,
32 468, and 56 714 elements. Themesh with 32 468 elements was selected
as it provided consistent results, confirming grid independence.

COMSOLMultiphysics (Version 6.0) was used to establish the potential
distribution during the working process, with critical parameters reported
as follows: the charge density was set as 3e–8 C m−2, and the dielectric
constants were specified as 3 for the silicone material and 1 for copper.

Circulating Flume: The flow velocity sensing performance of the CS-
TENG was tested using a circulating flume. The flume was driven by a
variable frequency submersible pump to generate water flow. The flow ve-
locity (0–0.931m s−1) was controlled by adjusting the submersible pump’s
outlet flow velocity and head via a frequency converter. To ensure uniform
and smooth water flow, four deflector plates and two sets of circular flow
channels were used.

Output Performance Measurement of the CS-TENG: The electrical sig-
nals of CS-TENG were measured by an electrostatic meter (Keithley
6512), including open-circuit voltage, short-circuit current, and transferred
charge. They were sent to the computer by a DAQ unit (NI-9215). Then
these electrical signals were visualized and saved using LabVIEW software
on the computer. After the submersible pump stabilized, signals output
by the CS-TENG were collected. The sampling rate was set at 500 Hz, and
data acquisition duration was 30 s under different working conditions. In

the demo, the MCU model used for signal collection and processing was
Arduino Nano, with the core being ATMEGA328P. The module employed
for wireless transmission is LoRa Ra-02, and it communicates with the
MCU through the SPI mode, and the frequency band of the wireless signal
is 433 MHz.

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