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A B S T R A C T   

Underwater flow field perception is a crucial technique for obtaining the motion status and trajectory of targets. 
To perceive the vortex in the flow field environment and obtain the disturbance information of the vortex, we 
propose a piezoelectric wavy whisker sensor (PWWS) inspired by the mechanism of a seal’s whisker to perceive 
and track prey effectively. The PWWS is designed to imitate the unique biological structure of seal whiskers and 
incorporates the principles of piezoelectric nanogenerators. Specifically, it consists of a waterproof main body 
made of polydimethylsiloxane (PDMS), and a piezoelectric perceiving unit made of polyvinylidene difluoride 
(PVDF) encapsulated at the bottom. In the present study, the vortex is generated through a cylinder bluff body. 
The relationship between the signal of PWWS (peak voltage and frequency) and perception parameters (diameter 
of the bluff body, distance between the PWWS and the bluff body, impact angle, and flow velocity) are sys-
tematically investigated. Then, a mathematical model between vortex parameters and the signal frequency of the 
PWWS is proposed, and an APP with real-time perception is realized using MATLAB. Through validation by the 
experimental data, the APP exhibits reasonable predicted results and can well precept the above perception 
parameters (the error lower than 10%). Therefore, the PWWS has great potential to obtain the motion status and 
trajectory of underwater targets.   

1. Introduction 

Currently, the main perception technologies for perceiving under-
water environmental features include underwater sonar perception 
technology[1] and underwater visual recognition technology[2]. Un-
derwater sonar perceiving technology has the characteristic of long 
perceiving distance, while its effectiveness can be reduced by interfer-
ence from complex terrain and underwater noise[3]. Underwater visual 
recognition technology has high-resolution perception and recognition 
capabilities, but the perception distance is restricted by the visibility of 
the underwater environment[4]. As marine environments grow 
increasingly complex due to escalating natural and human-induced 
disturbances, underwater perception technologies based on acoustics 
and optics are becoming progressively constrained. Therefore, there is 
an urgent need to develop new technologies for underwater environ-
mental perception to enhance the perceptual capabilities of underwater 
environments[5]. 

Tactile perception, as a new form of underwater environmental 

perception, can serve as a promising method for underwater environ-
mental target status monitoring [6]. Underwater bionic tactile tech-
nology represents a primary area of research, inspired by the ability of 
underwater creatures to sense changes in their external environment 
[7–9]. For example, the lateral line system of fish is a tactile sense organ 
that can perceive tiny fluid movements and pressure gradient changes 
[10–12]. This natural mechanism has inspired researchers to construct 
an artificial lateral line array by amalgamating modern pressure sensors 
and Microelectro Mechanical Systems (MEMS) technology[13]. The 
experimental results illustrate that this artificial lateral line array is 
similar to its natural counterpart in evaluating changes in the flow field 
environment by perceiving changes in pressure through internal sensors 
[14,15]. 

Among these, the facial whiskers of seals have received primary 
attention for their remarkable ability to perceive changes in flow fields 
caused by external factors[16,17]. Such potential is found by early 
research of Schulte-Pelkum et al. [18] that seals can detect prey tracks to 
perceive the environment only by mouth whiskers without relying on 
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hearing or sight. Adachi et al. [19] subsequently confirmed that seals 
rely on their whiskers to perceive the flow field disturbances generated 
by prey to improve tracking efficiency. The structure investigation by 
Fish et al. [20] demonstrated that elliptical cross-section and the re-
petitive distribution of peaks and valleys along the whisker’s axis are 
two critical factors that enable seal whiskers to minimize 
self-disturbance. Lyons et al. [21] demonstrated that the wavy structure 
of seal whiskers has the effect of reducing hydrodynamic forces as well 
as modifying vortex-induced vibration response. 

In addition, Beem et al. [22] confirmed in their study that the 
structure of seal whiskers generates significant vibrations in vortex 
wake. Zheng et al. [23] also obtained the same results in exploring the 
hydrodynamic effects of the wake of a cylindrical bluff body (similar to 
the wake of a fish’s tail) on the whiskers of seals. Therefore, the unique 
wavy structure of seal whiskers provides researchers with inspiration for 
constructing new high-performance structures for sensors. Gul et al. 
[24] designed a fully 3D printed pinniped inspired cylindrical whisker 
sensor, which can perceive vortices by analyzing analog signals. 
Compared to cylindrical whisker sensors, Liu et al. [25] proposed a 
novel piezoresistive flow sensor, which has a bionic whisker with an 
undulated morphology. The whisker sensor can reach a detection limit 
of 8 mm/s when measuring oscillating currents. This also confirms that 
the wavy structure design can greatly improve perceiving performance, 
which has aroused great interest among researchers. Beem et al. [26] 
then designed a single underwater piezoresistive sensor inspired by the 
special geometric shape of seal whiskers, results demonstrate an 
improved detection accuracy. To further improve the signal-to-noise 
ratio and perception accuracy. Zheng et al. [27] proposed a novel pie-
zoresistive bionic seal whisker. This device has high sensitivity and can 
perceive vortex-induced disturbances that are generated from ten times 
the diameter upstream of the bionic seal whiskers. However, it relies on 
an external power source for vortex detection. 

Self-powered sensors seem to be attractive alternatives due to their 
sustainability. Zhang et al. [28] presented a self-powered piezoelectric 
sensor for Unmanned Underwater Vehicles (UUVs), to sense flow angle 
of attack and velocity in simple flow field environments. In conducting 
in-depth research on the perception of fluid characteristics in complex 
flow field environments, Wang et al. [29] designed an underwater bionic 
whisker sensor (UBWS) based on a triboelectric nanogenerator with a 
fast response speed and high signal-to-noise ratio. To our knowledge, 
there has been no research on the perception of vortex characteristics 
using piezoelectric bionic whiskers. 

In this work, we have designed a piezoelectric wavy whisker sensor 
(PWWS) with high sensitivity and great stability based on piezoelectric 
nanogenerators. Specifically, it consists of a waterproof main body made 
of polydimethylsiloxane (PDMS), and a piezoelectric perceiving unit 
made of polyvinylidene difluoride (PVDF) encapsulated at the bottom. 
The piezoelectric material in the perceiving unit is encapsulated with 
electrostatic shielding materials to improve the anti-interference per-
formance in the underwater environment. 

The present research is carried out experimentally, with numerical 
simulation validating the experimental finding. Specifically, the effects 
of flow velocity, diameter of the bluff body, and vortex-shedding dis-
tance on the signal output of PWWS are investigated. After analysis of 
the experimental data, we establish mathematical models that correlate 
vortex field parameters with the characteristic parameters of the PWWS 
voltage signal. Finally, the accuracy of the mathematical models is 
validated through experiments, and the feasibility of the PWWS for 
vortex perception is demonstrated. 

2. Results and discussion 

2.1. Structure and fabrication of the PWWS 

Seals possess the ability to perceive the wake generated by prey 
swimming through the whiskers around their mouths, which is a key 

perception method for hunting in the deep sea. Studies have found the 
wavy structure of whiskers is most likely crucial for them to perceive 
flow field disturbances[30]. This unique wavy structure can reduce the 
disturbance of the whiskers caused by the seal’s movement. 

The piezoelectric wavy whisker sensor is designed by imitating the 
geometric shape of seal’s whiskers, with an equal magnification of 10 
times, as shown in Fig. 1a. Specifically, the vertical length of the bionic 
seal whisker is l= 210 mm, with two major axes of d1 = 15.0 mm and d2 
= 12.0 mm, and the minor axis of d1’= 7.5 mm and d2’= 6 mm. (The 
details of the structural design are shown in Fig. S1). Fig. 1b illustrates 
the internal structure of the perceiving unit used in the PWWS. 

Specifically, PWWS consists of two parts: a piezoelectric perceiving 
unit and the main body. A piezoelectric perceiving unit is sealed at the 
bottom of the PWWS, which can generate electrical signals when 
external pressure fluctuates. This piezoelectric perceiving unit is made 
of polyvinylidene difluoride (PVDF) with a thickness of 52 µm and an 
area of 30 mm × 10 mm. The conductive silver (Ag) paste is deposited 
on the surface on both sides of PVDF by metal screen printing technology 
(Fig. S2). Then, the PVDF is encapsulated with cast polypropylene (CPP) 
tape and implanted into the bottom of the PWWS (Fig. S3). Fig. 1c shows 
the Scanning electron microscope (SEM) photos of silver paste printed 
on the PVDF surface at 20.0 kx and 40.0 kx magnification. As shown in 
the photos, conductive silver particles are in the form of flakes and fish 
scales. The surface-to-surface contact between fish scale-like particles 
exhibits excellent conductivity. Supplementary SEM photos are shown 
in Fig. S4. 

The fabrication of the main body consists of the following steps, as 
shown in Fig. 1d:  

(I) Preparing the solution of the main body. The main body of the 
PWWS is made of PDMS (SYLGARD 184 silicone elastomer). The 
solution of the main body is mixed by using the main agent and 
curing agent in a mass ratio of 9:1 (27 g:3 g).  

(II) Mixing the solution. The mixed solution is placed and stirred on 
the surface of a magnetic stirrer at 800 rpm for 5 min. The mixed 
solution is subsequently placed in a vacuum-drying oven and 
placed in a negative pressure environment of 0.04Mpa for 3 min 
to eliminate bubbles generated during the stirring process.  

(III) Pouring the solution into the mold for molding. The solution is 
stewed at room temperature for 10 min, drained with a glass rod, 
and slowly poured into the resin mold supported by 3D printing 
technology. A prepared piezoelectric perceiving unit is placed 
into the mold. The mold is then placed in a vacuum-drying oven 
with a negative pressure environment of 0.04Mpa for 3 min to 
eliminate finer bubbles.  

(IV) Heating and drying. After another 10 min of standing, the mold is 
placed into a dry oven under 45 ℃ for 2 h to be de-molded. 

2.2. Theories of the PWWS 

2.2.1. Theories of the vortex shedding 
When a uniform incoming flow with a velocity above a certain value 

flows through a bluff body, a periodic shedding vortex is generated. This 
phenomenon can cause objects located in the vortex wake region to 
oscillate regularly. Specifically, the relationship between the shedding 
frequency of vortex and flow velocity follows the Strouhal relationship: 

f = St ×
U
L

(1)  

where f is the vortex shedding frequency; St is Strouhal number; U is the 
velocity of flow; L is the maximum cross-sectional diameter of the bluff 
body. 

Strouhal number is mainly related to the Reynolds number. There-
fore, the Strouhal number and Reynolds number are often used as the 
main parameters to characterize vortex shedding. According to David 
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Fig. 1. The structure design and the fabrication of the piezoelectric wavy whisker sensor. (a) The structure and the parameters of the PWWS. (b) The internal 
structure of the piezoelectric perceiving unit. (c) Scanning electron microscope (SEM) photos of silver electrodes on the PVDF surface at 20.0 kx and 40.0 kx 
magnification. (d) The fabrication of the PWWS. 

Fig. 2. Theories of the PWWS. (a) Schematic of the deflection of the PWWS by a force. (b) The working cycle of electrical signals generated by the piezoelectric 
perceiving unit. (c) The simulation diagram of piezoelectric voltage generated inside PVDF materials under different constraint conditions when subjected to 
external forces. 
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et al.’s work[31], their relationship is: 

Re =
ρUL

v
(2)  

St =
2fA
U

(3)  

where ρ is the water density; L is the diameter of the cross-sectional of a 
bluff body; v is the dynamic viscosity of water; 2A is the width of the 
wake. In the subcritical region of the vortex where Re < 3 × 105 (for 
flow around a circular cylinder), the value of Strouhal number is 0.2 
(St= 0.2). 

A model relating the vortex to the force on the PWWS is shown in 
Fig. S5, where (xv, yv) is the coordinate of the vortex center, and (x,0) is 
the coordinate of the stress point. When a vortex flows near the whisker, 
the pressure difference will cause the whisker to deflect. According to 
the detailed theory[32,33], the maximum force on the surface of the 
bionic whisker Fmax can be expressed as 

Fmax =
1

2π ⋅
1
d

lρf Γ
∫ d

0

⎧
⎪⎨

⎪⎩

uv
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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2
√ −

1
4π ⋅

Γ
(x − xv)

2
+ (yv)

2

}

xdx

(4)  

where d is the width of the bionic whisker; l is the length of the whisker; 
ρf is the density of the fluid; Γ is the vortex strength and uv is the velocity 
of the vortex center in the x-direction. 

2.2.2. The force model of the PWWS 
As shown in Fig. 2a, a more detailed model for the deflection of the 

artificial whisker is presented, where the Euler–Bernoulli undamped 
whisker model with a uniform cross-section can be expressed as[34]. 

EI∂4w
/

∂x4 + ρA∂2w
/

∂t2 = F(x, t) (5)  

where w denotes the whisker’s lateral displacement; x is the whisker’s 
axial location; F(x, t) is the external load at time t. 

In the following research, we denote the vortex shedding frequency, 
the impact angle (angle between the direction of fluid flow and the di-
rection of the major diameter of the PWWS, as shown in Fig. S6), the 
dimensionless number ratio between the diameter of the bluff body and 
the major diameter of the PWWS, and the dimensionless number dis-
tance between the bluff body and the PWWS as f , α, L/d, and D/d. Here, 
D is the distance between the bluff body and the PWWS, L is the diameter 
of the bluff body, and d is the major diameter of the PWWS. 

2.2.3. Theory of piezoelectricity 
The voltage generated by piezoelectric materials under force is 

mainly influenced by the piezoelectric charge constant dij. The dij shows 
the relationship between the applied mechanical stress and the gener-
ated charge, i and j represent the directions of the poled poles and 
applied force. [35,36] The mode of d31 represents the direction of the 
generated electric signals and is dependent on the direction of the 
applied force. And the mode of d33 represents the direction of the 
generated electric signals parallel to the direction of the applied force. 
[37] The open-circuit voltage (Voc) generated when the piezoelectric 
material is deformed by applied force is shown by 

Voc =

∫

g33ε(l)Edl3 (6)  

where g33 is the piezoelectric voltage constant (g33 = d33/εT, εTdenotes 
the permittivity under a constant strain), ε(l) is the external strain, E is 
the elasticity modulus and the integral of l3 is the distance between the 
electrodes. 

Fig. 2b shows the working cycle of the electrical signal generated by 
the perceiving unit in the case of a short circuit. When PVDF is subjected 

to external pressure, its internal molecular structure will produce weak 
deformation, resulting in the relative displacement of the internal pos-
itive and negative charge centers. Therefore, induced charges are 
generated on the surfaces of the two external electrodes of PVDF, 
causing electrons to flow from the positive electrode to the negative 
electrode through an external circuit. As the external force on PVDF 
reaches its maximum limit, the PVDF and the electrodes on both sides 
form an electrostatic equilibrium state, resulting in the cessation of 
electron movement. As external force is gradually removed, the 
displacement of positive and negative charge centers is reduced, causing 
electrons to flow from the negative electrode to the positive electrode 
through the external circuit to reach the initial state. 

Fig. 2c presents the simulation of piezoelectric voltage generated 
inside PVDF materials under different constraint conditions when sub-
jected to external forces. Fig. 2c-(i) and Fig. 2c-(ii) illustrate the distri-
bution of piezoelectric voltage under longitudinal and transverse 
constraints, respectively. When one end of the piezoelectric material 
(PVDF) is fixed and subjected to bending deformation under external 
force, the piezoelectric voltage is mainly concentrated in the bottom 
region. Therefore, the transverse constraints are adopted for PWWS in 
the following experiments. 

2.3. Experimental equipment 

Fig. 3a shows the schematic of the present experiment, consisting of a 
dragging system, a signal collecting system, a signal analysis system, and 
an underwater motion capture system. The individual components of the 
systems are shown in Fig. S7 – S10. 

The process of vortex perception is shown in Fig. 3b (I-IV). During 
the experiments, as the bluff body is dragged in the water, vortices are 
generated behind and gradually shed. These shedding vortices will 
stimulate the PWWS to oscillate and generate a voltage signal for the 
piezoelectric perceiving unit. Such signal is subsequently collected from 
the collector. These signals are calculated and analyzed for vortex 
perception in the computer (Fig. 3c). To consistently uniform the motion 
of both the bluff body and the PWWS, a motor on the dragging guide rail 
is employed throughout the experiment. Fig. 3d shows a detailed view of 
the device setup, illustrating the relative positions of the bluff body and 
the PWWS. To coordinate with the underwater motion capture system 
and capture the swinging posture of the PWWS, three reflective marking 
points are arranged on the main body of the PWWS. As the PWWS 
swings under the influence of bluff body wake, the motion of the 
reflective marker points will be captured by six underwater motion 
capture cameras. The live-action of PWWS swinging to different posi-
tions under the influence of vortex shedding from the bluff body is 
depicted in Fig. 3e. 

3. Results and discussion 

3.1. Output performance of the PWWS 

Firstly, we conducted experimental tests on the performance char-
acteristics of the PWWS. Fig. 4a-i and Fig. 4a-ii show the real image of 
the PWWS from different angles. Fig. 4a-iii shows the image of the 
perceiving unit. To analyze the sensitivity of the PWWS, the voltage 
towards various pressures is plotted as shown in Fig. 4b. And the PWWS 
showed a sensitivity of 0.01796 V/kPa through linear simulation. The 
voltage signal of the PWWS exhibits great linear change within the 
pressure from 0 kPa to 50 kPa. After conducting multiple sets of ex-
periments, we synthesized the data to establish the relationship between 
the peak voltage and v, L/d & D/d, as shown in Fig. 4c. Fig. 4d dem-
onstrates outstanding watertightness of the PWWS, which can still 
maintain great performance even after soaking in water for 30 days. 
Moreover, as shown in Fig. 4e, one hundred consecutive experimental 
cycles were performed under the same experimental conditions, which 
demonstrates the PWWS has great durability and fast recovery speed 
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during continuous work. 
Figs. 5a-5c show the Experiment output of the PWWS. Under the 

condition of L/d = 1.0, D/d = 8, v = 0.4 m/s, as α gradually increased 
from 0◦ to 90◦, the peak voltage of the PWWS gradually increases from 
0.09061 V to 0.21922 V (Fig. 5a). This increment in the peak voltage is 
attributed to the growing contact area of the PWWS influenced by the 
vortex, which subsequently enhances the oscillation of the PWWS, 
increasing its voltage signal. Fig. 5b exhibits the effect of L/d for D/ 
d= 8, v= 0.4 m/s, α = 0◦. The results demonstrate an obvious rise in 
peak voltage as L/d increases. Such phenomena can be explained due to 
the increase of amplitude in vortex shedding, leading to a larger pressure 
difference between the PWWS at the same position in the wake region. 
In addition, the voltage signal period of PWWS gradually expands within 
the range of L/d from 0.75 to 2.00. This can be explained by Eq. (1) 
where the increase in L leads to a reduction in the frequency of vortex 
shedding. In the condition of L/d= 1.0, v= 0.4 m/s, α = 0◦, Fig. 5c 
demonstrates that the peak voltage of the PWWS decreases as D/ 
d gradually increases. This decrease is due to the inherent flow damping 
of water, leading to a gradual reduction in the pressure difference 
around the vortex field as the shedding distance increases. The 

amplitude of the voltage signal generated by its internal piezoelectric 
unit also decreases as the disturbance force applied to PWWS decreases. 
However, as shown in Fig. 5c, there is no significant change in the 
voltage signal period of PWWS when D/d > 6. This can be explained by 
Eq. (1) as well as Eq. (4) that the distance between the PWWS and the 
bluff body has little significant effect on the frequency of vortex shed-
ding and vortex intensity decays slowly downstream. Furthermore, the 
relationship between the voltage signal characteristics of the PWWS and 
the variation of vortex field parameters is supported by simulation cal-
culations conducted using COMSOL Multiphysics 5.6. Detailed estab-
lishment of simulation models and the analysis of simulation data can 
refer to Fig. S11 and Fig. S12. The simulation results will be discussed in 
the supporting information. Supplementary Movie 1 and Movie 2 
respectively display comparative animations of vortex-shedding states 
under different conditions. 

Supplementary material related to this article can be found online at. 
To establish the relationship between the voltage signal of PWWS 

and variables (impact angle α, L/d, and D/d), more suitable fitting 
methods are adopted for the experimental data to reduce errors. These 
relationships are as follows. 

Fig. 3. The equipment and experimental scheme. (a) The equipment and system used in the experiment. (b) Logical diagram (I-IV) showing how the PWWS achieved 
vortex perception. (c) Partial equipment used in the experiment. (d) Preparation of main experimental devices. (e) Different positions of the PWWS under the in-
fluence of vortex shedding from the bluff body. 
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For impact angle: 

V = 0.0926+ 3.08658 × 10− 4 × α+ 1.18487 × 10− 5 × α2 (7) 

For L/d: 

V = − 0.01346+ 0.10822 ×
L
d

(8) 

For D/d: 

V = 0.13425 − 0.00484 ×
D
d

(9) 

The error of fitting curve versus experimental data are shown in 
Fig. 5d-f, respectively. The relative errors are below 4%, demonstrating 
great fitting results. 

The relationship between the dominant frequency of signals and the 
above parameters is further discussed. For D/d= 8, L/d= 1.0, α = 0◦,  
Fig. 6a depicts the corresponding dominant frequency of signals 

Fig. 4. Performance of the PWWS. (a) Real image of the PWWS and perceiving unit. (b) The voltage towards various pressures. (c) Relationship between the peak 
voltage of the PWWS, v, D/d, and L/d when α = 0◦. (d) Watertightness test of the PWWS. (e) Durability test of the PWWS. 

Fig. 5. Output performance of the PWWS. (a) The peak voltage of the signal of the PWWS from the impact angle α = 0–90◦. (b) Response performance from L/ 
d= 0.75–2.00. (c) Response performance from D/d= 6–16. (d-f) The error between the voltage signal of the PWWS and the fitted value in the range of (d) α = 0–90◦, 
(e) L/d= 0.75–2.00. (f) D/d= 8–16. 
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obtained through the Fast Fourier transforms on the voltage signal of 
PWWS at flow velocities ranging from 0.25 to 0.50 m/s. Results 
demonstrate that the dominant frequency of the PWWS voltage signal 
rises as flow velocity increases. Similarly, considering the parameters D/ 
d= 8, v= 0.4 m/s, α = 0◦, Fig. 6b shows the varying dominant fre-
quencies of the PWWS voltage signal within the range of L/ 
d= 0.75–2.00. Notably, the dominant frequency of the PWWS voltage 
signal diminishes L/d increases. In the range of D/d= 6–16, Fig. 6c 
shows the signal dominant frequency of the PWWS for the condition of 
L/d= 1.0, v= 0.4 m/s, α = 0◦. The dominant frequency of the PWWS 
signal is relatively stable within the range from 4.7 to 4.81906 as the D/ 
d value increases. All of these can be explained by Eq. (1). As Strouhal 
number (St) is nearly identical, the frequency of vortex shedding is 
mainly influenced by flow velocity (U), and the diameter of the bluff 
body (L). According to Figs. 6a-6c, the dominant frequency after the 
Fourier transform of the voltage signal has a high signal-to-noise ratio, 
which will facilitate the construction of an accurate and highly appli-
cable mathematical model. The above monotonous trend will be 
conducive to the establishment of the perception method. 

Specifically, the relationship between flow velocity v, L/d, and D/d is 
fitted using Least Square Fitting individually. These relationships are as 
follows. 

For flow velocity: 

f = 0.45925+ 10.56828 × v (10) 

For L/d: 

f = 4.68892 × (
L
d
)
− 0.94246 (11) 

For D/d: 

f = 4.79275 − 0.0053 ×
D
d

(12) 

The error of fitting curve versus experimental data are shown in 
Fig. 6d-f, respectively. The relative errors are below 5%, demonstrating 
great fitting results. Moreover, these fitting results can be further proved 
by Eq. (1) where the frequency is directly proportional to flow velocity 

while inversely proportional to the diameter of the bluff body, and has 
no direct relationship with the distance. 

This section discusses in detail the changes in amplitude and fre-
quency of the peak voltage signal of PWWS when different parameters 
(flow velocity v, impact angle α, dimensionless diameter of the bluff 
body L/d, and the dimensionless distance between the bluff body D/d) 
are changed. The results indicate that in the experiment, the amplitude 
and frequency changes of the voltage signal of the PWWS have an ideal 
monotonic variation with the above variables, and have a great fitting 
effect (the error is less than 5%). Moreover, these fitting equations can 
be validated through theory equations. The above experiments demon-
strate that the PWWS has great perceptual ability. In the next section, we 
will further verify the perception ability of the upstream bluff body by 
the PWWS. 

3.2. Verification of Vortex Perception by the PWWS 

This section aims to comprehensively verify the above perception 
relationships of PWWS proposed in the previous section. To integrate 
the perception data of various physical features in the vortex flow, we 
proposed an APP written by MATLAB suitable for real-time visualization 
and perception. It can conduct conjoint analysis on the characteristics of 
the bluff body and the vortex. These analyses are realized by applying 
the corresponding mathematical relationships with vortex characteris-
tics proposed in Section 3.1. Fig. 7a demonstrates a testing platform for 
the real-time display function of the APP. The experimental testing 
process is recorded in Supplementary Movie 3. Fig. 7b shows the record 
of this test from an underwater perspective. The experimental process 
recorded from an underwater perspective is shown in Supplementary 
Movie 4. Fig. 7c shows the interface and functions of the designed APP, 
including the display of the original signal and the results of parameter 
estimating. Fig. 7d and Fig. 7e record the main test parameters in this 
test, including frequency (f), the voltage signal of the PWWS, and dis-
tance (D/d). During the experimental process, the mechanical vibration 
generated during the start and stop of the dragging system will have a 
large impact on the signal of the PWWS. Therefore, the signals from 
these two stages do not have reference values. The signal recorded in the 

Fig. 6. Deep analysis of experimental data. (a-c) The signal dominant frequency obtained by Fast Fourier transform on the voltage signal of PWWS in the range of (a) 
v= 0.25–0.50 m/s, L/d= 0.75–2.0, D/d= 6–16. (d-f) The error between the signal dominant frequency of the PWWS and the fitted value in the range of (d) 
v= 0.25–0.50 m/s, (e) L/d= 0.75–2.00, (f) D/d= 6–16. 
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middle part of the experimental process is mainly related to the regular 
disturbance of the PWWS caused by the vortex generated by the bluff 
body. At this stage, the voltage signal, the values of frequency (f), and 
distance (D/d) have numerical fluctuations. The error between the value 
of the frequency (f) calculated by the APP and the theoretical calculation 
value is less than 10%. The error between the value of distance (D/d) 
calculated by the APP and the theoretical calculation value (D/d=8) is 
less than 8%. 

Supplementary material related to this article can be found online at. 
In this section, we tested an app that can establish real-time 

communication with the PWWS. At the same time, the APP can estab-
lish functional relationships based on the mathematical relationships 
between various perception parameters in the previous stage of testing. 
Finally, the APP will output the value of impact angle(α), frequency(f), 
the dimensionless number ratio between the diameter of the bluff body 
and the major diameter of the PWWS (L/d), and the dimensionless 
number distance between the bluff body and the PWWS (D/d). The error 
between the values of each parameter calculated by the APP and the 
theoretical calculation values is less than 10%, which also proves that 
the PWWS as well as the APP has great application value. 

4. Conclusion and perspectives 

The present study proposed a piezoelectric wavy whisker sensor 
(PWWS) with a satisfying perceiving ability that can serve as a supple-
ment to underwater perceiving systems. Firstly, the structure and 
preparation of PWWS are described. Subsequently, this paper studies the 
relationships between peak voltage & frequency of the PWWS signal and 
fluid velocity, impact angle, dimensionless diameter of the bluff body 
plus the dimensionless distance. Results demonstrated peak voltage & 
frequency are positively correlated to v and α, negatively correlated to 
L/d, and not correlated to D/d. Moreover, mathematic relationships 
among the different characteristics of PWWS signal and vortex distur-
bance are fitted with errors of less than 5%. These correlations and 
models are proved valid by a theoretical model. Based on the mathe-
matic relationship we established, we formed an APP by MATLAB to 

conjointly analyse the characteristics of the bluff body and the vortex. 
For different characteristics of vortex perception, the error between the 
value calculated by the APP and the theoretical value is less than 10%. In 
conclusion, the piezoelectric wavy whisker sensor proposed in this 
article will have potential application value in the field of underwater 
environment perception. 
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Fig. 7. Vortex perception parameter characterization. (a) Characterization of vortex perception parameters using an app with a real-time display function. (b) The 
underwater perspective of vortex perception experiment. (c) The calculated value of vortex perception parameters at this moment using the APP. (d) For L/d= 1.5, 
D/d= 8, v= 0.4 m/s, and α = 0◦, the error between the value of the frequency calculated by the APP and the theoretical calculation value. (e) For L/d= 1.5, D/d= 8, 
v= 0.4 m/s, and α = 0◦, the error between the value of the D/d calculated by the APP and the actual value. 
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