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Bionic Seal Whisker Triboelectric Sensor for
Underwater Multiobject Wake Perception

Jianhua Liu", Siyuan Wang", Yuanzheng Li"“, Ziyue Xi"’, Hao Jin"”, Peng Xu", and Minyi Xu

Abstract—Existing underwater flow field sensing techniques
encounter significant challenges in complex and variable flow
environments. Seals possess a highly sensitive whisker sensing
system that enables them to perform tasks such as predation
and environment sensing. Drawing inspiration from the hydro-
dynamic tactile function of seal whiskers, this article introduces
a bionic whisker triboelectric sensor (BWTS) that integrates
whisker-based sensing mechanisms with triboelectric nanogener-
ator technology. The BWTS features a wavy bionic whisker and a
flexible bionic follicle structure embedded with four sensing units.
It is verified through simulation and experimental analysis that
the BWTS can effectively capture the wake field characteristics
of stationary and moving underwater objects under different
flow field parameters. The BWTS demonstrates high reliability,
achieving correlation coefficients of 0.98-0.99 for the geometrical
and kinematic parameters of underwater objects. The error is
less than 10%. Additionally, its strong directional recognition and
flow field feature sensing capabilities have been validated. As a
noncontact underwater flow field sensing technology, BWTS will
provide an innovative approach to enhance the sensing capability
of underwater vehicles.

Index Terms—Bionic whisker sensor, self-powered, triboelec-
tric nanogenerator (TENG), wake perception.

I. INTRODUCTION

LOW field sensing technology is foundational for human

exploration, development, and utilization of the oceans,
playing a critical role in marine scientific research, resource
exploration, ocean engineering, environmental monitoring, and
underwater safety [1]. Conventional optical sensing techniques
for underwater environments provide high-resolution recogni-
tion over short distances [2], [3]. Underwater acoustic sensing
technology capitalizes on the ability of ultrasonic waves to
travel long distances in water, making it widely used in appli-
cations such as underwater robot navigation, ship maintenance,
and pipeline measurement [4], [S]. However, both optical
and acoustic sensing technologies face significant challenges
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during underwater transmission, such as interference from
ocean noise, multipath effects, and Doppler shifts [6]. For
example, scattering of light caused by suspended particles
in water results in reduced contrast and blurred edges of
underwater objects [7]. Sound waves are susceptible to inter-
ference from ocean noise and obstacles, resulting in multipath
effects and Doppler shifts [8]. Furthermore, as active sensing
methods, both technologies encounter issues such as high
energy consumption and structural complexity. As sensing
technologies advance, it becomes increasingly clear that more
versatile and adaptable sensing solutions are needed to meet
the complex and evolving demands of underwater applications.

Marine mammals have developed highly sensitive percep-
tual systems [9], [10], [11], with seal whiskers being par-
ticularly effective in environmental sensing [12]. Researchers
have leveraged these natural systems to develop a variety of
sensors, including those based on piezoelectric effect [13], and
capacitive effect [14], inspired by bionic seal whiskers. These
sensors exhibit remarkable versatility, capable of detecting
a wide range of stimuli such as static and dynamic touch,
airflow, vibration, and even fluid flow [15], [16], [17]. This
adaptability enhances the applicability of bionic whisker sen-
sors in diverse fields, including environmental monitoring and
scientific research [18], [19], particularly for underwater and
surface applications. However, the complex fabrication pro-
cesses required for these sensors often result in higher costs.
Therefore, there is a need for more cost-effective, material-
efficient, and easily fabricated designs to meet the growing
demands of underwater sensing.

Triboelectric nanogenerator (TENG) is based on the syn-
ergistic effect of contact electrification and electrostatic
induction [20], [21]. TENG can convert these stimuli into
electrical signals and has already demonstrated exceptional
performance in various fields, including human-computer
interaction [22], human state sensing [23], renewable energy
utilization [24], and monitoring sensing [25], [26]. Due to its
flexible and adaptable structural design, along with its unique
sensing mechanism, TENG exhibits high compatibility with
aquatic environments. It plays a significant role in marine
energy collection, environmental sensing, and underwater
communication [27], [28]. Researchers have explored the
potential of combining bionic concepts with TENG to design
sensors for diverse applications. For instance, Wang et al.
[29] developed a whisker sensor for underwater passive eddy
current sensing, capable of detecting the different swinging
states of a fish’s tail. Varghese et al. [30] designed an artificial
whisker sensor capable of detecting obstacles, while An et al.
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Fig. 1. Structural design. (a) Structure of BWTS. (b) Bionic follicle anatomy
schematic. (c) Structure of sensing unit.

TABLE I
COMPARISON OF TRIBOELECTRIC WHISKER SENSORS

Ref Number of Stationary Moving
) sensing units | object wake | object wake
[29] 1 No Yes
[30] 1 No No
[31] 2 No No
[32] 4 Yes No
Our design 4 Yes Yes

[31] developed a sensor that effectively identifies environmen-
tal features in the front and rear directions. However, the
limited number of sensing units in these designs results in
weak directional perception. Xu et al. [32] integrated four
sensing units into the sensor to improve the directional percep-
tion capabilities. Nevertheless, this work can only measure the
wake characteristics of stationary object, but does not achieve
the wake perception effect of moving object. Therefore, it
remains necessary to develop a sensor with robust directional
perception to enable the detection of wakes generated by both
stationary and moving underwater objects.

Inspired by seal whiskers, this article designs a bionic
whisker triboelectric sensor (BWTS). It is mainly composed
of bionic hair follicles and bionic whisker structures, as shown
in Fig. 1(a). After the bionic whiskers sense the disturbance of
the external flow field, they will drive the sensing unit inside
the bionic follicles to generate electrical signals corresponding
to the characteristics. Through simulation and experiments, it
is proved that BWTS can sense the wake field characteristics
generated by obstacle and underwater moving objects under
various flow conditions. Its correlation with geometric param-
eters and motion parameters reaches 0.98-0.99. A detailed
comparison of the excellent performance exhibited by the
sensor proposed in this work can be found in Table I. The
excellent underwater flow field perception ability will help
underwater vehicles operate in complex environments.

II. DESIGN AND WORKING PRINCIPLE
A. Structural Design of BWTS

The BWTS proposed in this article mainly consists of bionic
follicle and bionic whisker structures, as shown in Fig. 1(a).
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Fig. 2. Schematic of the force model.

The bionic follicle is designed as a flexible silicone structure
embedded with four sensing units, with the flexible portion
housed in a rigid shell to shield it from external environmental
influences. Fig. 1(b) illustrates the detailed structure of the
bionic follicle. The photosensitive resin base is connected
to the fixed shell, which secures the cross-shaped flexible
follicle structure made of silicone into the bionic follicle shell.
The grooves in the fixed shell adopt a cross-shaped design,
ensuring that the deformation of the flexible follicle under
stress occurs in a fixed direction. This design enables the
BWTS to exhibit directional output characteristics. The stress
transmission rod and sensing units are enclosed within the
flexible silicone follicle structure, with all four sensing units
positioned at the center of the four arms of the cross-shaped
structure. The detailed structure of the sensing units, shown in
Fig. 1(c), consists of a fluorinated ethylene propylene (FEP)
film printed with conductive ink, an interference-shielding
cast polypropylene (CPP), and an externally wrapped silicone
encapsulation layer. Conductive ink was printed on FEP film,
which served as a dielectric layer. Two layers of FEP film,
coated with conductive ink, were used to form the basic
TENG, with a CPP electrostatic shielding film encapsulating
the structure. The silicone rubber liquid and curing agent
were mixed in equal proportions, poured into a mold, and
allowed to cure. Subsequently, the four sensing units were
placed into the grooves of the flexible substrate, encapsulated
with silicone, and after curing, the stress transmission rod was
inserted and encapsulated with silicone rubber again. Finally,
the rigid whisker and stress transmission rod were assembled
to the sensor preparation.

B. Working Principle of BWTS

When the BWTS is subjected to external stress, the end
of the bionic tentacle will be displaced under the action of
fluid-solid coupling. Combining the governing equations of the
Euler-Bernoulli beam with fluid mechanics, a dynamic model
of the BWTS under the stress of the wake field can be estab-
lished. The vibration dynamic model of the bionic whisker can
be modeled and analyzed using the Euler-Bernoulli undamped
beam model with a uniform cross section, ignoring its axial
strain and cross-sectional rotation, as shown in Fig. 2.

Considering only the maximum stress Fy,x of the wake
field, the control equation of the Euler—Bernoulli undamped
beam can be written as

El O*w(x, 1) . Pw(x, 1) i ow (x,1) n m(’)zw (x, 1)
Ax* STodar T or
= —Fax (I = %) (1
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Fig. 3. Perception principle of BWTS. (a) Perceptual process. (b) Electrostatic
simulation.
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where ¢, is the damping strain rate equivalent coefficient of
the beam, ¢, is the fluid damping coefficient, w(x, ) is the
displacement of the bionic whisker in the direction of flow
velocity, m is the mass density of the whisker rod, E is Young’s
elastic modulus, and / is the second-order moment of the
cross-sectional area of the bionic whisker.

Then, the bionic follicle is compressed inside to produce
contact separation motion. Under open-circuit conditions, the
output voltage of the sensing unit can be approximately
expressed as

Voc = 7X@ 2

€0

where & is the vacuum dielectric constant, o~ represents the
friction charge density per unit area, and x(f) represents the
distance between the two electrodes. The perceptual principle
of BWTS is shown in Fig. 3(a). The bionic whisker will
feel external stress Fi.x due to the change in the flow field.
The stress transmission rod within the bionic follicle structure
experience torque, applying compressive stress to the surface
of the flexible follicle structure. This causes the sensing unit
to bring the electrode layer into contact with the dielectric
layer. During this interaction, free electrons on the surface
of the electrode layer are transferred to the lowest molecular
orbitals in the cross section of the dielectric layer, resulting
from the overlap of electron clouds with different potentials.
Once the vortex flow dissipates and moves away from the
bionic whisker, the initial position inside the bionic follicle
is restored. Free electrons flowthrough an external circuit to
balance the local electric field. It can be seen from (2) that
a change in x(r) will drive a positively correlated change
in the output voltage V.. Fig. 3(b) illustrates the potential
distribution of the sensing unit over one contact separation
cycle simulated using COMSOL software.

As shown in Fig. 4, the BWTS can improve the sensing
capability of underwater robots. By obtaining the sensing char-
acteristics of the BWTS, the relevant parameters of underwater
objects can be known in real time.

ITI. RESULTS AND DISCUSSION
A. Experimental Setup

In order to understand the relationship between the output
electrical signal and displacement of the BWTS, an exper-
iment plat was conducted using the LINMOT EI200-POI.
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Fig. 4. Schematic of underwater sensing.
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Fig. 6. Water tank test platform of BWTS. (a) Experiment platform.
(b) Schematic of experimental parameters.

Different loads were simulated by adjusting the displacement
and frequency parameters on the linear motor. The electrical
signals were measured and collected using a multichannel
signal acquisition box, as shown in Fig. 5.

To investigate the perceptual properties of the BWTS under
the influence of changes in the obstacle wake field, we built a
circulating flume experimental rig as shown in Fig. 6(a). The
wake flow experiment was conducted in a 0.9 x 0.25 x 0.25 m
circulating water tank. The propeller was driven by a variable
frequency servo motor to drive the fluid to flow through the
guide plate in the water tank. The flow rate was achieved
by adjusting the speed of the servo motor. The BWTS is
fixed in the experimental section of the flume, and columns of
different sizes are set in front to simulate the obstacle wake
field. Sensing units 1 and 3 located at the two sides, and
sensing units 2 and 4 located at the front and rear. Fig. 6(b)
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Fig. 7. Experimental results. (a) and (b) Correlation between whisker displacement and voltage of BWTS. (c) Voltage corresponding to the whisker displacement
frequency from 0.4 to 1.8 Hz. (d) Output characteristics of the BWTS under different load directions. (e) Environmental adaptability. (f) Durability experiments.

demonstrates the parameter settings of the obstacle wake field
sensing experiment.

B. Output Characterization of BWTS

The effect of whisker displacement on the output perfor-
mance of the BWTS is shown in Fig. 7(a). The displacement
ranges from 16 to 48 mm at a motion frequency of 1.0 Hz.
As the displacement increases, the voltage of the sensing unit
rises from 39.847 to 121.254 mV. The larger displacement
facilitates more efficient charge transfer between the dielectric
and electrode layers, leading to a gradual increase in voltage.
Fig. 7(b) demonstrates the relationship between the voltage
and the whisker displacement obtained using the leave-one-
out cross-validation (LOOCV) method, which satisfies U =
2.56092x—0.71094 and the correlation coefficient R* = 0.9972.
This indicates that the relationship between the voltage and
the whisker displacement approximates a linear function. Fig.
7(c) shows that the output voltage barely changes when the
frequency increases from 0.4 to 1.8 Hz. From (1), it can be
seen that the output voltage has no direct relationship with
the frequency. The frequency of the output signal closely
matches the displacement frequency, demonstrating that the
BWTS has a high sensitivity to frequency changes. Fig. 7(d)
shows how the output characteristics of the BWTS change
with different load directions. The voltage changes of the
sensing unit in different directions are caused by the different
displacement components generated by the bionic whisker at
various positions. These results indicate that the BWTS is
highly sensitive to load direction, and the direction of force
applied to the bionic whisker can be determined by comparing
the signals from the four sensing units. Fig. 7(e) shows how the

Fig. 8. Simulation results. (a) Flow field vorticity diagram in steady state
when D/L, = 4, (b) 6, (c) 8, and (d) 10. (e) Flow field vorticity diagram in
steady state when L;/L,, = 1.5 and (f) 2.

voltage of the BWTS changes with humidity, demonstrating
that the voltage remains stable as humidity increases from 65%
to 95%. This stability is attributed to the excellent sealing
of the bionic follicle structure and the effective electrostatic
shielding provided by the sensing unit. Fig. 7(f) presents the
cycling results of the BWTS after 35 days of continuous
operation under the same experimental conditions. The results
show that the output signals remain stable even after more
than a month, proving the BWTS’s excellent durability.
Obstacle and underwater moving object are common sens-
ing objects in wake field sensing studies. Therefore, exploring
the force characteristics of bionic whisker under the action of
these two typical objects wake fields is crucial for an in-depth
study of the sensing mechanism of BWTS. IBAMR software
was used to numerically simulate the force characteristics of
bionic whisker under the action of different obstacle wake
fields in a rectangular channel with a computational domain
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unit 1.

of 16D x 32D. The distance between the object and the
whisker is expressed by the dimensionless parameter distance
ratio D/L;, the ratio between the circle center distance D
and the object characteristic length L,. Fig. 8(a) illustrates
the state at D/L, = 4. The shear layer from the obstacle
occurs in the upstream side of the bionic whisker, where
the shear layer reattachment phenomenon occurs. The 2-D
cross section of the bionic whisker is elliptical, and this shape
reduces the fluid resistance. The surface of the bionic whisker
does not undergo obvious separation phenomenon. Fig. 8(b)
demonstrates the vorticity map of the flow field at steady
state at D/L, = 6. It is evident that the shedding vortex street
is formed simultaneously behind the obstacle and the bionic
whisker. The bionic whisker is periodically affected by the
vortex street behind it. During this process, the vortices formed
by the two merges with each other, resulting in a “binary
vortex street” behind the bionic whisker. Fig. 8(c) and (d)
illustrates the vortex volume diagram of the flow field in the
steady state at D/L, = 8 and 10. Since the vortex is affected
by the viscous resistance of the fluid and gradually dissipated
during the movement, the force on the bionic whisker will
gradually decrease. Thus, the maximum force position of the
bionic whisker is at D/L; = 6.

Next, we investigated the effect of obstacle size on the force
characteristics of the bionic whisker. Based on the previous
study, the optimal distance between the object and the bionic
whisker is set to be constant as D/L; = 6. Meanwhile,
the dimensionless parameter size ratio L,/L, of the obstacle
and the bionic whisker is used as a parameter to measure
the size effect. L, represents the characteristic length of the
obstacle, and L, represents the characteristic length of the

bionic whisker. As shown in Fig. 8(e), when L,/L, = 1.5,
the vortex street shed by the obstacle and the vortex street
shed by the bionic whisker merge with each other better. The
flow field behind the bionic whisker produces a periodically
stable Karman vortex street, and the vortex scale is like the
scale of the vortex street shed by the obstacle. Fig. 8(f)
shows the situation when L,/L, = 2.0. The flow field state
after the bionic whisker begins to show unstable vortex street
structures at longer distances. Meanwhile, the intensity of
vortex street shedding from the obstacle increases further. As
the strength and position of the bionic whisker’s shedding
vortex street change, the vortex-induced vibration will become
more obvious.

Subsequently, we investigated the effect of the distance
between the BWTS and the obstacle on the output character-
istics of the BWTS in a recirculating water tank. The vortex
structures in the wake field are mainly distributed on both
sides of the BWTS, and the signals outputted by the sensing
units 1 and 3 contain the main characteristic information of the
vortex structures. As shown in Fig. 9(a), the inlet flow velocity
is set to be 0.302 m/s in this case, and the dimensionless
size of the obstacle is 1.0. As the dimensionless distance
increases from 5.0 to 15.0, the output voltage decreases
from 35.052 to 20.123 mV. This result is due to the vortex
structure in the wake field of the obstacle that dissipates
gradually with the flow. The linear relationship between the
voltage of the BWTS and the dimensionless distance can be
expressed as U = 42.51325 — 1.49471D with R> = 0.99814
as shown in Fig. 9(b), indicating that the sensing unit 1 good
linear relationship between output voltage and dimensionless
distance.
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The output characteristics of sensing unit 3 are shown
in Fig. 9(c), and due to the symmetry in the process of
whisker displacement, there is a phase difference between the
output signal of sensing unit 3 and that of sensing unit 1.
When the output signal of sensing unit 1 reaches a peak,
the output signal of sensing unit 3 reaches a minimum. The
approximate position of the first vortex structure that flowed
through the BWTS can be obtained by judging the sequence
of the output signals of sensing units 1 and 3. Further, the
amplitude and frequency of the output signals of sensing unit
1 are extracted by FFT transform, as shown in Fig. 9(d), which
shows that the frequency of the output signals of sensing unit
1 increases with the increase of the dimensionless distance
from 1.4 to 1.85 Hz gradually. Fig. 9(e) demonstrates the
effect of obstacle size change on the output characteristics
of sensing unit 1. The inlet flow velocity in this condition is
0.302 m/s, the dimensionless distance is set to 10.0, and the
dimensionless size is subdivided from 1.00 to 2.00. As the
size increases, the voltage of the BWTS gradually increases
from 27.964 to 76.328 mV, and the relationship between
the voltage of sensing unit 1 and the dimensionless size
satisfies U = —104.58026 + 175.46833S — 42.8464152, and
R?> = 0.99896. The overall relative error is less than 8%,
with good stability. Fig. 9(f) shows the effect of inlet flow
rate on the voltage of the sensing unit under the condition of
dimensionless distance of 10.0 and dimensionless size of 1.0.
As the inlet flow rate increases, the voltage of sensing units 1
and 3 increases significantly. The output amplitude changes of
sensing unit 4 is more obvious than that of sensing unit 2, but
there is still a significant difference compared with the output
of sensing units 1 and 3. The increase in flow rate causes the
increase in vortex vibration of the whisker structure, which
causes greater stress on the rear of the whisker structure.

For the force characteristics of the bionic whisker under the
effect of underwater moving object wake field, we adopt a rigid
airfoil to swing around the center to generate the wake field
of the underwater moving object. The airfoil has an aspect
ratio of 4:1, and the characteristic diameter is the same as the
characteristic length of the whisker of the BWTS. Here, the
dimensionless parameters are related

A

Ap ==
\D Lf

3)
where A is the oscillation amplitude, Ly is the airfoil width,
and Ap is the dimensionless oscillation amplitude. The distance
between the underwater object and the bionic whisker is
constant at D/L; = 6, and the oscillation frequency f; is
constant at 1 Hz. As shown in Fig. 10(a), when Ap = 2.0,
vortex structures with opposite directions appear alternately
on the wake symmetry line. When Ap = 4.0, the shedding
vortex in the proximity of the bionic whisker usually take
the form of a pair of vortex structures with opposite rotations
plus a separate vortex structure, as shown in Fig. 10(b). The
increased strength of the shedding vortex structure generated
by the underwater moving object under this condition leads to
a significant increase in the bionic whisker force, but also leads
to a more pronounced effect of the vortex-excited vibration
caused by the bionic whisker’s own shedding vortex structure.
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Fig. 10. Simulation results. (a) Flow field vorticity diagram in steady state
when Ap = 2 and (b) 4. (c) Flow field vorticity diagram in steady state when
fi=15,(d) 2, (e) 2.5, and (f) 3 Hz.

Subsequently, the law of the influence of the change of the
oscillation frequency of the underwater object on the force
on the bionic whisker was analyzed under the condition of
Ap = 2.0. As shown in Fig. 10(c), at f; = 1.5 Hz, vortex
structures with opposite rotational directions are generated
alternately, giving the bionic whisker an alternating stress
effect. With the increase of the oscillation frequency to 2 Hz,
the strength of the vortex structure in the wake field of the
underwater object is enhanced, as shown in Fig. 10(d). When
the oscillation frequency continues to increase to f; = 2.5 Hz,
the symmetry breaking phenomenon occurs in the wake flow
field of the underwater object, as shown in Fig. 10(e). The
vortex structure pairs generated by the underwater object pass
farther from one side of the bionic whisker, and the pressure
difference in the process causes the bionic whisker to be
stressed. The influence of the underwater object’s wake field
on the formation of the bionic whisker’s own wake field
is reduced. As shown in Fig. 10(f), the symmetry breaking
phenomenon caused by the underwater object oscillation at
f: = 3.0 Hz is more obvious, and the influence of the bionic
whisker on the underwater object wake field is further reduced.

To further investigate the perception characteristics of the
BWTS on the wake field of an underwater moving object,
an airfoil structure is used to simulate the wake field of
an underwater moving object, as shown in Fig. 11(a). The
dimensionless distance is set to 10.0. As shown in Fig. 11(b),
the dimensionless amplitude Ap of the voltage of the sensing
unit 1 increases gradually from 2.0 to 6.0 at a swing frequency
of 1.0 Hz. The increase of the pendulum amplitude of the
underwater moving object leads to the enhancement of the
strength of the vortex structure shed in the object wake flow
field, which further causes the increase of the stress of the
vortex structure on the whisker structure. Fig. 11(c) demon-
strates the relationship between the voltage of the sensing
unit 1 and the dimensionless swing amplitude, which satisfies
U = —40.81912 + 37.81354Ap — 2.92097A2, R* = 0.98853.
Fig. 11(d) shows that the overall output trend of sensing units
increases with the increase of swing amplitude, but the output
of sensing unit 2 is significantly higher than that of sensing
unit 4. When the flow passes through the whisker structure,
the distribution of the anti-Karman vortex street generated by
the swing relative to the wake symmetry line is far away from
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Fig. 11. Perception characteristics of BWTS to the wake field of an underwater moving object. (a) Experiment platform. (b) and (c) Impact of swing amplitude
of on the voltage of sensing unit 1. (d) Relationship between voltage of all sensing units and swing amplitude. (e) Impact of swing frequency on the voltage
of sensing unit 1. (f) Relationship between voltage of all sensing units and swing frequency.

the position of the vortex street structure. When the vortex
structure flows through the whisker structure, the velocity
component generated in the forward and backward directions
is relatively larger. This further leads to a larger backward
stress at the place where the swing amplitude is larger, thereby
causing an increase in the output amplitude of the sensing
unit 2. Then, the swing amplitude of the underwater moving
object was controlled to be constant at Ap = 3.0, and the swing
frequency of the underwater moving object was increased from
1.0 to 3.0 Hz to investigate the effect of the swing frequency
of the underwater moving object on the output characteristics
of the BWTS, as shown in Fig. 11(e). With the increase of
the oscillation frequency, the output of the sensing unit 1
exhibits a trend of increasing and then decreasing, and the
peak voltage reaches 81.854 mV. BWTS can achieve a more
desirable voltage at the interval where the swing frequency
lies around 2.0 Hz. As shown in Fig. 11(f), compared with
the output feature information of the sensing units on both
sides, the outputs of the front and rear sensing units 2 and 4
are relatively unstable due to the influence of the oscillation
frequency of the underwater moving object, but the change
trend of their output signals can still reflect the good perception
ability of the oscillation frequency of the underwater moving
object.

C. Application of BWTS in Real-Time Control

To test the real-time response capability of BWTS to exter-
nal loads, an experimental device for driving light-emitting
diodes using BWTS was designed, as shown in Fig. 12(a).
The Arduino board was used for signal sampling and data

processing. Fig. 12(b) shows the electrical schematic for
controlling the light-emitting diodes. When the BWTS is
displaced by external force, the Arduino controls the ON/OFF
state of the light-emitting diodes through a threshold strategy.
When the output voltage of one of the sensing units of the
BWTS is within the preset signal interval, the designed control
strategy identifies the displacement direction corresponding to
the interval, and the Arduino outputs the corresponding switch
value to light up the light-emitting diode. The accompanying
figure in Fig. 12(c) shows the detailed configuration of the
circuit used in the real-time control verification. When the
BWTS is displaced in the direction of the sensing unit 4 under
the action of external force, the connecting rod inside the
BWTS is synchronously stressed with the sensing unit 2 and
the sensing unit 4, and the contact separation occurs between
the dielectric layers in the sensing unit 2 and the sensing unit 4,
as shown in Fig. 12(c). Here, the microcontroller measures the
change in the relative value of the output signal and lights up
the corresponding light-emitting diode when it exceeds the set
value. The demonstration is shown in Supplementary Video 1.

D. Application of BWTS in Wake Field Sensing

Subsequently, a visualization interface is constructed using
MATLAB to further demonstrate the ability of BWTS to
sense the wake field of underwater object. Combined with
the relationship between the object parameters and the output
signal fit above, the voltage of BWTS is converted into the
corresponding parameters of the underwater object. The logic
block diagram of underwater object characteristic information
monitoring based on BWTS is shown in Fig. 12(d). After

Authorized licensed use limited to: DALIAN MARITIME UNIVERSITY. Downloaded on June 29,2025 at 03:13:54 UTC from |IEEE Xplore. Restrictions apply.



9524710

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 74, 2025

BWTS 120
5 L (c)w0 M Signal Input Seusingunit1
Arduino - - —— Sensing unit 2
. Sensing unit 3
. E 80 ~— Sensing unit 4
L1 3
g o}
Trigger .r“ _“} LED, >e
B o — wf

| LED, 20 F

s L s s L s s s s s L s
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Data Number

| p— 1
52 gt . o= | ]

I( ) il “ ’””' I

1 = = z

N =zimE=F (lll| = -2

Sampling —= *— Transmitting » | | T ™| |Evaluating

! T L, - |

. = ———_ 1

L BWTS Sensor signal Data analyzing Results |

(i) Underwater Object

Distance

Flow Field Monitoring
Start

. ;_JI :1'\_ ‘{A"/At r\"":;\,

Obstacle Size

Flow Velocity

159 " . . . — . . .
3980 4000 4020 4040 4080 4080 4100 4120 4140 4180 4180
Data Number

Fig. 12. Application of BWTS in real-time control and flow field sensing. (a) Real-time control experimental setup. (b) Experimental electronics for controlling
LED lights. (c) Experimental data of real-time control based on BWTS. (d) Logic block diagram of underwater object characteristic information monitoring
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the host computer collects the voltage of BWTS, it processes
the data in real time and extracts the corresponding signal
features in combination with the fit model, and then returns the
processed underwater object characteristic information to the
MATLAB visualization interface for display. The demonstra-
tion is conducted in a 6 x4 x 1.5 m pool, as shown in Fig. 12(e).
The BWTS and the underwater object are fixed on the towing
guide platform, and the underwater object situation is simu-
lated by controlling the uniform motion of the towing guide
platform in the x-direction. In this experiment, the distance
between the obstacle and the BWTS is a known parameter. The
towing guide platform runs at a speed of 0.3 m/s. Fig. 12(f)
shows the specific data in the visualization interface during the
experiment. When the towing guide platform starts to move,
the output signal of BWTS is displayed on the interface. The
predicted size and moving speed of the object are solved based
on the above information, as shown in Supplementary Video 2.
The error between the real-time feedback and the actual value
is about 5.8%, which may be caused by the vibration of the
guide rail.

IV. CONCLUSION

In this article, we combine the bionic whisker structure
with a flexible sensing follicle based on TENG to construct
a BWTS with a higher sensing dimension and stronger envi-
ronmental adaptability wake perception capability. According
to the structural design characteristics of BWTS, its output
signal shows excellent linear relationship with the displace-
ment of the whisker end. BWTS can obtain the wake field
characteristics of obstacles and moving object under different
parameter settings in the flow field environment by analyzing
the change law of the characteristic signals of the four sensing
units. The results obtained by numerical simulation analysis
of the force characteristics of bionic whisker under the action
of the wake flow field of different underwater objects using
IBAMR software were verified. The correlation coefficient of
BWTS for the geometric and motion parameters of underwater
objects exceeds 0.98, and the error is less than 10%. BWTS
can effectively identify the direction of load application by
lighting up the LED in the corresponding direction. BWTS
can also monitor various parameters of underwater objects
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and provide real-time feedback on the monitoring panel. These
prove that BWTS has a good perception ability of the wake
field of underwater objects.

Currently, the perception range of a single sensor remains
limited. In the future, we plan to conduct research on per-
ception networks composed of multiple BWTS-based sensors
to enable the detection of more comprehensive feature infor-
mation. At the process level, stricter requirements will be
imposed on the power consumption and size of the sensors to
further enhance their perception accuracy. These performance
improvements will play a critical role in ensuring the effective
application of the sensors in actual working scenarios.
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