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ABSTRACT Flow sensing is an essential technology used in marine science. Fish live in fluid environments.
Therefore, it is not surprising that fish have developed abilities to sense flow. We designed an artificial
lateral line sensor for oscillatory flow sensing by mimicking the lateral line organ of a fish. This sensor
is composed of an artificial cupula that mimics the cupula of neuromasts, cantilever beam that mimics
hair-like cilia, and perception unit that mimics hair cells. We designed four different cupula shapes and
discussed the influence of the artificial cupula shape on the sensing performance. We analyzed the structure
of the cantilever beam to determine its length. The perception unit uses a polyvinylidene fluoride (PVDF)
membrane as the piezoelectric sensing element. To protect the sensor from harsh fluid environments, a well-
designed waterproofing scheme was proposed. Finally, a dipole stimulus was chosen for experimental
validation. An experimental setup was constructed, and several experiments were conducted to prove the
different abilities of the proposed sensor. The proposed sensor demonstrated a threshold sensing limit of
3.4 mm/s in oscillatory flow sensing.

INDEX TERMS Artificial lateral line sensor, polyvinylidene fluoride (PVDF) membrane, flow sensing,
underwater flow sensor.

I. INTRODUCTION
Underwater flow sensors are used to measure many different
parameters in marine environments, such as the flow velocity,
acceleration, pressure gradient, and shear stress of water.
Flow sensing is an essential technology in marine sciences.
Currently, there aremany existing technologies for measuring
the flow field, such as wheel flow meters [1], pressure sen-
sors, hot-wire anemometry [2], acoustic Doppler velocimetry
(ADV), and particle image velocimetry [3]. However, these
technologies have certain limitations. For example, acous-
tic sensors suffer from scattering and multipath propagation
problems [4]. Optic sensors cannot propagate well in water
and are limited by the turbidity of the sea water [5]. Neither
sensors is suitable for forming a distributed array. Because
of these limitations, many researchers are trying to study
new alternative sensors that are inspired by biological sensing
abilities, such as the lateral line organ of fish.
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Most fishes are dependent on lateral organs to detect their
surrounding environment [6], track prey [7], and communi-
cate [8]. The lateral organ is composed of neuromasts, that
are distributed on both sides of the fish body. Neuromasts are
divided into two types according to their location: superficial
neuromasts (SNs) and canal neuromasts (CNs) [9], [10],
as shown in Fig. 1.

SNs are distributed over the surface of the fish body and
interact directly with the external flow for flow velocity
detection. In contrast to SNs, CNs are removed from direct
external flow and submerged in fluid-filled canals for flow
pressure gradient perception. These two types of lateral line
systems rely on neuromasts. Each neuromast contained sev-
eral hundred hair cells with hair-like cilia enveloped in a
gelatinous cupula. The lateral line hair cells were morpho-
logically polarized. A neuromast is a deflection sensor that
works roughly like a cantilever beam that extends into the
flow. When fluid passes the cupula, it causes the cupula
to move, which in turn deflects the cilia of the hair cells,
and the deflections are converted into neuron signals for the
fish [11].
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FIGURE 1. Distribution of lateral line organ.

Inspired by the astonishing flow-perception ability of lat-
eral line organs, many researchers have developed various
artificial lateral line sensors that emulate both SNs and CNs.

A. ARTIFICIAL SNs
Many researchers have developed artificial SNs based on dif-
ferent sensing mechanisms, including piezoresistive, capaci-
tive, piezoelectric, and optical detection schemes.

Based on the piezoresistive effect, a hair-like artificial
lateral-line system was developed [12]. The hair-like struc-
ture is a rectangular plate shape, and the material of the hair
structure is a gold-permalloy composite. The piezoresistive
material was boron-ion-diffused Si. In another design [13],
the vertical hair was rigidly attached to the substrate, the
lateral cantilever was omitted and a strain gauge was attached
at the base of the hair. To improve spatial resolution, the
hair structure adopted a symmetric cylindrical shape with
a high aspect ratio and the material of the hair structure
was SU-8 [14], [15]. In natural lateral line system, the
cupula plays an essential role in the sensitivity of neuromasts.
To mimic its biological counterpart, an artificial cupula with
hydrogel encapsulation has been fabricated [16], [17].

An artificial flow sensor based on the capacitive principle
was employed by the research group of transducer science
and technology (TST) at the University of Twente [18], [19].
This fully supported flexible SU-8 thin membrane sensor
was realized. The sensor integrates the electrodes underneath
and the electrodes support cylindrical hair-like structures
on top. The thickness of the thin layer was approximately
500–800 nm. The capacitors used were common flat par-
allel plates. Another biomimetic flow sensor based on the
capacitive principle has also been reported [20]. The mem-
branes had thin chromium electrodes on top, forming variable
capacitors with the substrate, allowing for capacitive read-
out. The capacitive sensing principle was also employed [21]
to develop a whisker-like artificial sensor that mimicked
seal vibrissae. In this design, a rigid artificial whisker was
mounted on a novel cone-in-cone parallel-plate capacitor
base. The base was separated into four distinct quadrants,
and covered by a polydimethylsiloxane (PDMS) membrane.
The PDMS membrane can create the necessary damping and
restoring forces, and the base divisions can determine fluid
direction.

Piezoelectricity is the electric charge accumulated in cer-
tain solid materials in response to an applied mechanical
load or deformation. Asadnia et al. developed a piezoelec-
tric micro-diaphragm pressure sensor that performs passive
fish-like underwater sensing [22]. To achieve high sensi-
tivity at low frequencies, a high-quality Pb (Zr0.52Ti0.48)
O3 (PZT) thin membrane was used as the piezoelec-
tric material. It is not a hair-like sensor but is flexi-
ble and surface-mountable piezoelectric sensor. A novel
bio-inspired artificial lateral line system was achieved by
exploiting the inherent sensing capability of ionic polymer-
metal composites (IPMCs) [23], [24]. An artificial hair
sensor based on aligned suspended polyvinylidene fluoride
(PVDF) fibers was designed using a novel fabrication method
called the thermo-direct-drawing technique [25]. Using this
method, submicron-diameter fibers were successfully fab-
ricated on flexible Kapton. The separated electrodes were
deposited along the fiber drawing direction. The poling of
micro/nanofibers imparts good piezoelectric effectiveness.
Preliminary validation experiments showed that this artificial
hair sensor based on PVDF has a reliable response with
good sensitivity to external pressure variation and, medium
flow. Other efforts are also being undertaken to fabricate
piezoelectric-material-based hair flow sensors [26]–[30].

Optical sensing principles have also been explored by
researchers. Klein et al. developed an optical artificial lateral
line system for determining the object position and, vor-
tex shedding frequency [31]. Sebastian and Wolfgang [32]
explored another sensor based on the optical sensing princi-
ples. This sensor is based on thin cylindrical structures, that
bend owing to the exerted fluid forces. The pillar deflection
was recorded using a high-resolution camera.

B. ARTIFICIAL CNs
Various pressure sensors inspired by the CNs of fish have
been explored. A high-density array of pressure sensors
has been developed for passive underwater navigation [33].
Yaul et al. explored a flexible artificial lateral-line pres-
sure sensor using a conductive elastomer strain gauge [34].
Duesk et al. developed a prototype pressure sensor array
fabricated from carbon black-doped silicone closed-cell
foam [35]. Herzog et al. proposed a schematic setup and opti-
cal sensing mechanism for the sensor mimicking the canal
system of the fish lateral line [36]. A flexible artificial lateral
line canal system was developed for hydrodynamic pressure
detection [37].

In this study, we developed an artificial lateral-line sensor
using PVDF for oscillatory flow sensing. The sensor mimics
the biological structure of the lateral line organ, including
cupula, hair-like cilia, and hair cells. To mimic hair cells,
we used a polyvinylidene fluoride (PVDF) membrane as the
sensing element; because PVDF has excellent characteris-
tics, such as its flexible mounting ability, wide frequency
bandwidth, high strain sensitivity, and low cost [38]–[40].
In contrast to the traditional sensors only used in the labo-
ratory, Our designed sensor considers the field environment.
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In the next section, we design the sensor and discuss
the influences of the typical parameters of the sensor on the
sensing performance, such as the shape and, length of the
cantilever beam. We also describe the 3D printing, assembly
of the sensor, and waterproofing scheme used to protect
the sensor from harsh fluid environments. In Section III,
we describe the experimental setup and results, which are
further discussed and interpreted. Finally, we share our per-
spectives on the technological challenges and future work.

II. DESIGN AND FABRICATION OF SENSOR
A. SCHEME OF SENSOR STRUCTURE
This study aims to design a new artificial lateral line sensor
inspired by the existing structure of lateral line organ. The
lateral organs are composed of neuromasts. The neuromast
is composed of cupula, hair-like cilia, and hair cells. These
cilia are attached to one end of the nervous system. When
fluid passes the cupula, it causes the cupula to move, which
in turn deflects the cilia of the hair cells and the deflections
are converted into neuron signals for the fish. Based on the
morphological structure and sensing principle of the neuro-
mast, we propose a scheme for an artificial lateral line sensor,
as shown in Fig. 2. This sensor is composed of an artificial
cupula, cantilever beam, and perception unit.

FIGURE 2. Scheme for an artificial lateral line sensor.

The artificial cupula mimics the cupula of neuromasts.
It directly contacts the external water environment, senses
the force generated by the oscillatory flow, and transmits the
force to the cantilever beam. The cantilever beam mimicked
hair-like cilia and was cylindrical. After receiving the force
transmitted by the artificial cupula, the cantilever beam fur-
ther transmitted the force to the perception unit. The percep-
tion unit mimics hair cells and uses a PVDF piezoelectric
membrane as a sensing element. Its function is similar to that
of hair cells under hair bundles in the neuromasts of fish.
The perception unit was used for the final perception of flow
information. One end of the perception unit was fixed to the
tail of the cantilever beam, and the other end was fixed to the
supporting base. The supporting base integrated electrodes
underneath, which were connected to the amplifier circuit
through wires.

B. FABRICATION OF SENSOR
The goal of this study was to design and fabricate an artificial
lateral-line sensor using PVDF. In this process, the shape of
the artificial cupula and the length of the cantilever beam

are very important for sensing performance of the sensor.
We used the computational fluid dynamics (CFD) and piezo-
electric analysis methods to achieve a better solution for the
shape of the artificial cupula and the length of the cantilever
beam. Three-dimensional (3D) printing technology has been
used to fabricate artificial cupula and cantilever beam. The
PVDF is directly connected to the bottom of the cantilever
beam, and the deflections are converted into voltage signals.
Finally, we conducted waterproofing of the sensor to protect
it from a harsh fluid environment.

FIGURE 3. Four artificial cupulae.

1) SHAPE OF ARTIFICIAL CUPULA
We discuss four artificial cupulae with different projected-
sectional shapes, such as semicircle, ellipse, parabola, and
airfoil as shown in Fig. 3.

We compared the drag force on these four artificial cupulae
in a flow environment. The final selected artificial cupula is
guaranteed to be subjected to the maximum drag force at the
same flow velocity. A shape with a larger drag force will help
improve the sensitivity of the sensor.

In the simulation, the 3D geometry model of the artificial
cupula was defined using the SOLIDWORKS application.
To discuss the influence of shape, we should ensure the same
project area for the four different artificial cupulae when cre-
ating the model geometry. The 3D models, as external geom-
etry files, were imported to the DesignModeler application.
Then, the enclosure tool of DesignModeler is used to enclose
the 3D model so that the material enclosing the 3D model
can be assigned to the fluid in the ANSYS for simulation.
In the next section, a detailed setup is provided, including the

FIGURE 4. Geometry of the computed domain.
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boundary and solver constraints, meshing strategy and tur-
bulence modelling. The dimensions of the computed domain
are shown in Fig. 4 and the boundary conditions are defined
in the following section.

FIGURE 5. Sensitivity versus frequency of PVDF membrane.

Usually, in ambient natural flows, the flow velocity ranges
from a few centimeters to several hundred centimeters per
second. In order to set the physical conditions modelled to
maintain consistency with the dipole experiments. We con-
fined the inlet flow velocity condition to the scope of
0-0.65 m/s. For the problem of frequency, we used a commer-
cial PVDF piezoelectric membrane, LDT0-028K, produced
by Measurement Specialties Ltd. The sensitivity versus fre-
quency plot of the commercial PVDF piezoelectric mem-
brane is shown in Fig. 5 [41]. Therefore, the sensitivity is
almost independent of the frequency when the frequency is
less than 50 Hz, and LDT0 shows a resonance around 180 Hz.
The frequency of the dipole experiments ranges from 10
to 50 Hz. Therefore, to simplify the numerical modelling
process, only the amplitude of the velocity was considered
in the numerical modelling conditions.

In this study, the flow velocity ranges from 0 m/s to
0.65 m/s and the cupula diameter at the base was 6 mm. From
(1), we can obtain the Reynolds number (Re), which is less
than 3900 (Re < 3900).

Re =
ρVD
µ

(1)

where, D is the diameter of the cupula at the base, ρ
is the density of water (1000 kg/m3), and µ is viscosity
(0.001 kg/(m·s)). V is flow velocity.

In this study, a pressure outlet was applicable in all cases.
For the pressure boundary, the relative pressure is set to zero.
The sides were assigned as ‘no-slip wall’ boundaries. The
cupula boundary was also set to a no-slip condition.

For turbulence properties, with low Re cases, re < 160
or flow velocity of approximately 25 mm/s, Park et al. [42]
and Dehkordi et al. [43] both obtained excellent agreement
with experimental values for all parameters monitored using
a laminar method. Moving into the subcritical regime, the
research conducted by Rahman et al. [44] compared a number
of two-equation turbulence models at Re values of 1000
and 3900. Rahman et al.’s results showed a clear improve-
ment in accuracy using the shear stress transport model

TABLE 1. Basic configuration.

(SST) over the K-epsilon and realizable K-epsilon models.
Stringer et al. [45] incorporated the SST turbulence model
for flows with Reynolds numbers ranging from 40 to 106.
According to the above results, in this study, the cases with
low Re employ a laminar model whereas turbulent flows
with Re > 160, employ the shear stress transport turbulence
model (SST).

We performed an analysis using ANSYS Fluent. We used
the SIMPLE scheme for velocity-pressure coupling. For
the convection and diffusion terms, a first-order upwind
scheme is adopted for the initial iterations followed by the
second-order upwind scheme for the rest of the analysis. The
convergence criterion for the residual of drag force was 1e-6.
We chose a standard initialization. The initial values of the
gauge pressure, y-velocity and z-velocity were set to 0. The
basic configurations are listed in Table 1.

We used the mesh application in ANSYS to create the
mesh. The physics preference was CFD, and the solver pref-
erence was set as Fluent. The curvature size function was
selected to control how themesh size was filled in the domain.
The mesh attributes include the minimum size, maximum
face size, and growth rate. On the other hand, the options of
the boundary layer that we selected, such as the total layer
thickness, maximum layers, and growth rate, also control the
mesh. Therefore, the different sizing configurations of the
mesh and the different options of the boundary layer result
in different numbers of nodes and elements.

The value of y+ is dependent on the resolution of the
mesh and Reynolds number, and is defined only in wall-
adjacent cells. The y+ value represents the non-dimensional
distance of the first node from a no-slip wall. It links the node
distance to the shear stress by a nondimensional value with
the fluid properties. It is generally accepted that the mesh
must achieve a first-layer cell thickness equivalent to y+ < 1
for most solvers (see ANSYS [46] and Benim et al. [47]).
We should check that the y+ of the wall-adjacent cells is on
the order of y+ = 1. In this study, the final meshes conformed
to a maximum value of 0.5 < y+ < 1.5 on post-processing.
Otherwise, we modified our mesh.

To achieve high-level grids, we define the final mesh
attributes that are confirmed after mesh sensitivity studies
for different flow velocities and different artificial cupulae.
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FIGURE 6. Mesh sensitivity analysis.

FIGURE 7. A typical mesh (0.4 m/s and semicircle cupula).

FIGURE 8. Drag force versus flow velocity (semicircular cupula).

A CFD solution cannot be trusted unless we check whether
the result depends on the mesh. The results of coarser and
finer mesh cannot be the same. Therefore, we must vary
the mesh to obtain the accepted level of tolerance, which
can be determined from the mesh sensitivity analysis. This
was done by varying the mesh size from coarse to fine, and
checking the output results for each mesh. When varying the
mesh does not significantly affect the result, we can stop
and select the minimum mesh size for the final solution.
We performed a mesh sensitivity analysis using the paramet-
ric analysis method. First, we created the input parameters
for meshing. Second, we set up the output parameters using
Fluent. Finally, we compared the results of various mesh
sizes starting from coarse to fine. The following case is for
mesh sensitivity studies when flow velocity is 0.4 m/s for the
semicircle cupula.

As shown in Fig. 6, the result variations are not significant
after the marked point. Hence, this can be considered a better
mesh for the calculation. This mesh size provides better
results in less time as compared to a finer mesh. The final

FIGURE 9. Drag force versus flow velocity.

mesh, which was confirmed after mesh sensitivity and y+
adaptation, is shown in Fig. 7.

The left side of Fig. 7 shows the image of near- and far-field
meshes from the cupula, and the right side of Fig. 7 shows
the details of the inflated mesh at the boundary of the cupula.
In this case, the element number was 1.75e+5, the maximum
thickness of the boundary layer was 0.17mm, the number of
layers was 20 and the result of y+ was 1.3.
Repeating the above calculation process, we calculated

again at different flow velocities or Reynolds numbers for
the semicircle cupula. Fig. 8 shows the drag force at different
flow velocities for the semicircular cupula.

FIGURE 10. Lever model of sensor.

We again calculated for other three artificial cupulae. Thus,
we obtained the drag force at different flow velocities for
these four artificial cupulae. The curves of the final results
are shown in Fig. 9.

FromFig. 9, for the same projected area of different shapes,
we observe that the drag force of the parabolic shape is
slightly larger, and it can sense effectively the flow veloc-
ity compared with the semicircle, ellipse, and airfoil. Based
on the results, we chose a parabolic shape for the artificial
cupula.

2) LENGTH OF CANTILEVER BEAM
With the exception of an artificial cupula, we designed a can-
tilever beam with high aspect ratio and cylindrical hail-like
structure that mimics hair-like cilia. The beam length was
selected by comparing the output voltages. During this pro-
cess, the noise of the amplifier circuit must be considered
simultaneously. Considering the length constraint of sensor to
reduce the impact on fluid caused by the length of beam, the
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length of the cantilever beam ensures that the output voltage
of sensor is greater than the circuit noise, which determines
the threshold of sensor. As described above, the hair-like
cantilever beam transmits the drag force on the cupula to the
piezoelectric unit. The structure can be modelled as a lever,
as shown in Fig. 10.

FIGURE 11. PVDF and position of electrode.

TABLE 2. Material properties for PVDF.

Thus, the drag force acting on the artificial cupula was
considered as the effort and the elastic resistance force due to
the deflection of the PVDF piezoelectric unit was considered
as the load. According to the lever law:

Felastic =
FDrag × l0

l
(2)

where: Felastic is the elastic resistance force, FDrag is the drag
force acting on the artificial cupula, l is the length of the
PVDF piezoelectric unit, l0 is the total sensor length. Because
the force acting on the PVDF piezoelectric unit is the opposite

FIGURE 12. Mesh sensitivity for piezoelectric analysis.

of the elastic resistance force, these two forces are equal, but
in the opposite direction. Thus, the magnitude of the force
acting on the perception unit is calculated.

F = Felastic (3)

After achieving the force on the perception unit, we could
used ANSYS APDL software to complete the piezoelectric
analysis. PVDF is widely used as a piezoelectric membrane
for sensing applications. In sensing mode, the PVDF mem-
brane was used to measure the external load by monitoring
the piezoelectrically induced electrode voltages. As shown
in Fig. 11, this is a piezoelectric analysis of a PVDF mem-
brane mounted as a cantilever, with the bottom of the PVDF
perception unit fixed. The left surface of the PVDF had one
electrode patch and the right surface was grounded. The right

FIGURE 13. Piezoelectric nephogram (l = 60 mm and V = 0.4 m/s).

FIGURE 14. Output voltage (length = 60mm).

FIGURE 15. Output voltage of the different beam length.
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side of Fig. 11 shows the commercial PVDF piezoelectric
membrane, LDT0-028K. According to the actual position of
the electrode on the PVDFmembrane, we obtained the output
voltage at the same position as piezoelectric nephogram.

In the piezoelectric analysis process, we defined the mate-
rial properties of PVDF, such as the piezoelectric constant,
dielectric constant and other properties of the PVDF percep-
tion unit, as shown in Table 2.

FIGURE 16. 3D printing and assembly process of sensor.

We built a finite element model of the PVDF according
to the material properties including the coordinate system,
elastic compliance matrix, and piezoelectric strain matrix.
Subsequently, we generated ameshwithin the PVDF.We also
defined the final mesh attributes that were confirmed after
mesh sensitivity studies, as shown in Fig. 12.

In this case for mesh sensitivity analysis, the flow velocity
was 0.4 m/s, and the length of the cantilever beam was set
to 60 mm for the parabolic cupula. We compared the results
of various mesh sizes, starting from coarse to fine. As shown
in Fig. 12, the result variations are not significant after the
marked point; hence, this can be considered a better mesh for
the calculation.

The final piezoelectric analysis results are shown in
Fig. 13. An output voltage of 0.002904 V was obtained at
actual electrode position of the piezoelectric nephogram.
Considering that gain of the charge amplifier was 100, the
final simulation voltage output of sensor is 0. 2904 V, which
is very close to the results of the actual flow-velocity-sensing
experiments described in Section III.

The process is repeated again, and the output voltage can
be obtained at different flow velocities when the beam length
is 60 mm. The results are shown in Fig.14.

Then, the process is repeated at different cantilever beam
lengths in the same manner. The lengths of the cantilever
beams were be set to 40mm, 50mm, and 70mm. The results
are shown in Fig. 15.

It can be seen that the output voltage of the sensor increases
with the length of the beam. The length of the beam should
be selected according to the target threshold of the sensor and

circuit noise. The circuit noise was approximately 1.5 mV,
the gain of circuit was 100 in the actual experiments, and the
target threshold is set to 3 mm/s. It was necessary to ensure
that the output voltage at the target threshold (3 mm/s) was
greater than the circuit noise. For beams with lengths of 40,
50, 60, and 70mm, only the output voltages of beams with
lengths of 60 and 70 mm are greater than the circuit noise in
the simulation process. Considering the length constraint of
the sensor to reduce the impact of the length of beam on fluid,
a beam with a length of 60 mm was selected.

TABLE 3. Structural parameters of final sensor.

3) 3D PRINTING AND ASSEMBLY OF SENSOR
A schematic of the assembly process and the prototype of
the real sensor without waterproof processing are shown in
Fig. 16. At the end of the beam, a connected structure was
designed to connect the beam to PVDF piezoelectric unit.
As shown in magnified picture in Fig. 16, at the end of the
beam, there is a slot at the bottom. Thus, a PVDF piezoelectric
unit can be inserted into this slot and connected to the beam.

The artificial cupula and cantilever beam used the same
resin material, which is lightweight and excellent elasticity.
We fabricated an artificial cupula and high-aspect-ratio beam,
which was approximately 60 mm tall and 2 mm in diameter,
using the 3D printing process. At present, a large number of
3D printing processes are available, and the main differences
between processes are in the way that layers are deposited
to create parts and materials that are used. We used the
3D printing process called fused filament fabrication, also

FIGURE 17. Final sensor with protect shell.
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FIGURE 18. Waterproofing experimental setup.

FIGURE 19. The results of waterproofing experiment.

known as fused deposition modelling. We used the 3D printer
CR-2526, which was produced by ShenZhen CREALITY 3D
Ltd. The printing speed was approximately 60-90 mm/s and
the printing accuracy was± 0.1mm. We created 3D printable
models using the SOLIDWORKS package and saved the
CAD models in the stereolithography file format (STL) as
input files for the 3D printer.

A commercial PVDF piezoelectric membrane is used as
the perception unit, which is the LDT0-028K produced by
Measurement Specialties Ltd. It is a flexible component com-
prising a 28 µm thick piezoelectric PVDF polymer mem-
brane with screen-printed Ag-ink electrodes, laminated to a
0.125 mm polyester substrate, and fitted with two crimped

FIGURE 20. The vibration experimental setup.

contacts. According to the processes mentioned above, the
final structural parameters of the sensor were determined,
as shown in Table 3.

FIGURE 21. Frequency response before and after coating.

4) WATERPROOF AND PROTECT SHELL
Significant, progress has been made in the research on artifi-
cial lateral line sensors. However, because of waterproofing,
most sensors are limited to the laboratory environment and
not suitable for a real marine environment. Therefore, com-
mercial pressure sensors are widely used to simulate artificial
lateral line sensors. Waterproofing schemes for underwater
applications are important in practical applications. A well-
designed waterproofing scheme is required to protect the
sensor from harsh fluid environments. To resist the ingress
of water and the sensor may be used underwater to specified
depths, parylene C and epoxy resin are used for sealing and
waterproofing purposes. To waterproof the PVDFmembrane,
a parylene C conformal coating was deposited by room-
temperature chemical vapor deposition [48]. The thickness
of the parylene layer is 2 µm. The parylene coating layer,
which was virtually unstressed, did not affect the bending,
but affected its stiffness. The cable joint, fixed end, and fixed
structure of the sensor used the epoxy resin for waterproofing.
After the epoxy process, the entire sensor was left at room
temperature for 24 h for slow drying. To facilitate installa-
tion on the body, such as an AUV, and for the purpose of
protection, a shell is designed around the sensor. The sensor
was then inserted into the protective shell cavity. The final
sensor with waterproofing encapsulation and shell is shown
in Fig. 17.

The water-resistant performance was validated using
waterproofing experiment. The experimental setup is shown
in Fig. 18. The experimental setup included a compressor and
compressive cabin.

Here, the working depth of the sensor was set to 30 m,
so the maximum pressure was set to 0.3MPa. Here, the maxi-
mum pressure (0.3MPa) was a gauge pressure, which was the
pressure relative to the ambient pressure. In the experiment,
the sensor was placed in a water-filled compressive cabin.
The gauge pressure was adjusted to 0.3 MPa. The voltage
was continuously measured. The duration was more than ten
hours, and the results are shown in Fig. 19.
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FIGURE 22. Experimental setup for calibrating.

It can be seen that the output value remain stable, which
proves that the waterproofing effect of the sensor is good.

To compare the frequency response before and after the
coating, we conducted a vibration experiment. The experi-
mental setup is shown in Fig. 20.

FIGURE 23. Results of calibration experiment.

The vibration experimental setup included three units:
the excitation unit, excitation input signal measurement unit
and data acquisition unit. One end of the PVDF was fixed
on the stainless-steel support, and the other end of the
PVDF was fixed on the end of the exciter to vibrate with
the exciter. We measured the vibration acceleration sig-
nal at the end of the PVDF by an excitation measurement
unit using a CMOS laser sensor (IL-S025, KEYENCE).
We also read the output voltage of the PVDF through a
data acquisition unit (USB-6210). The original data were
transformed using FFT to calculate sensitivity. We compared
the sensitivity of PVDF before and after coating, as shown
in Fig. 21. The coating reduces ‘‘baseline’’ sensitivity
slightly. Therefore, the coating has little effect on the sensing
properties.

III. OSCILLATORY FLOW SENSING
The dipole stimulus was chosen for the flow-sensing
experiments because the flow field generated by an
oscillating sphere has been well studied and has been
used by other researchers in the past for characterizing
sensors [49]–[51].

FIGURE 24. 2-D minimal model.

A. CHARACTERIZATION OF DIPOLE FLOW FIELD
We characterized the flow field before testing the sensor
response to the oscillatory flow velocity.

1) CALIBRATION OF OSCILLATING SPHERE
To characterize the dipole field, we first calibrated the rela-
tionship between the output driving voltage of the signal
generator and the displacement amplitude of the oscillating
sphere. Then, we can calculate the flow velocity at any obser-
vation distance or position of the sensor using the model of
dipole flow field. Typically, a sphere is attached to a small
rod driven by a mini-shaker that generates small vibrations.
Equal input voltages fed into the mini-shaker may lead to dif-
ferent amplitudes of the sphere across stimulus frequencies.
Consequently, the amplitudes of the sphere were measured
across frequencies prior to the experiments.We performed the
calibration in water and the experimental setup for calibration
is shown in Fig. 22.

Because the mini-shaker and laser sensor are not water-
proof, a small plastic adapter with an L-shape is posi-
tioned between the shaker axis and the sphere. Meanwhile,
we rigidly fixed an extremely thin and light rod at the center of
the sphere. Therefore, the amplitude of the sphere inwater can
be obtained by measuring the amplitude at the tip of the rod.
Thus, the mini-shaker and laser sensor could be fixed in air.
In the experiment, the signals were amplified by a specified
gain of 20 dB through a power amplifier (HEAS-2), and
a laser sensor (IL-S025, KEYENCE) was used to measure
the displacement. The experiment was repeated for different
driving voltages and stimuli frequencies. The displacement of
the oscillating sphere in the time domain was processed using
the FFT operation to achieve the amplitude of the oscillating
sphere. The results for 15, 25, and 35 Hz are shown in Fig. 23.

It is evident from Fig. 23 that the amplitude of the oscil-
lating sphere exhibits an approximately linear response to the

FIGURE 25. Schematic diagram of the experimental setup.
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FIGURE 26. Actual experimental platform.

varying driving voltage of the signal generator at a constant
frequency and the result is similar to those in the litera-
ture [49], [50]. Thus, the oscillating sphere can be driven
at the desired amplitude and frequency and controlled by a
signal generator connected to a mini-shaker.

2) MODEL OF DIPOLE FLOW FIELD
We inferred the displacement amplitudes of the sphere from
the results of the calibration experiment, as discussed in the
previous section. Next, we need the theoretical formula of
the dipole flow fields to obtain the flow velocity at any
observation distance or sensor position.

The theory of dipole flow fields has been extensively stud-
ied in the past [52], which allows us to obtain the flow velocity
at any observation distance. For simplicity, we neglected the
water displacements that occur owing to gravity, temperature
differences, and rotational motion, but only considered the
flow generated by the movement of the dipole. Fig. 24 shows
the schematic of the model. The lateral line sensor is arranged
on the x-axis. The oscillating sphere is located at position
(0, D). It oscillates parallel or perpendicular to the x-axis,
generating a dipole velocity field.

For a sphere at a position that oscillates parallel to the
x-axis and in the plane of the sensor, the dipole flow field

FIGURE 27. Charge amplifier and voltage amplifier.

at any observation distance along the x-axis can be described
as the follows [52].

vx (x, y = 0, t) =
µ(t)
2π
×

2x2 − D2(
x2 + D2

)5/2 (4)

FIGURE 28. Data-processing process.

In the case of a sphere oscillating perpendicular to the
x-axis in the plane of the sensor, that is, in the direction of the
y-axis, the dipole flow field along the x-axis can be described
as the follows [52].

vx (x, y = 0, t) =
3µ(t)
2π
×

Dx(
x2 + D2

)5/2 (5)

where µ (t) := 2πωsa3sin (ωt), ω is the angular vibration
frequency, a is the sphere radius, s is the sphere amplitude of
oscillating sphere, D is the distance between the center of the
sphere and sensor, and x is distance along the x-axis. After the
displacement amplitude of the sphere is calibrated, the flow
field is obtained at any observation position from (4) and (5)
in both the cases described above.

B. EXPERIMENTAL SETUP
This section introduces the experimental setup for validation
of the sensor. The results of the experiment are also discussed
to determine the performance of the sensor for oscillatory
flow velocity sensing. A schematic of the experimental setup
is shown in Fig. 25.

As shown in Fig. 25, the dipole oscillates along the x-axis.
The mini-shaker was positioned horizontally and oscillated
parallel to the x axis. The mini-shaker was mounted on top of
a water tank using a stainless steel support structure, and the
sensor was installed directly below the oscillating sphere. The
experiments using an artificial lateral line sensor with PVDF
were conducted in a water tank. The actual experimental
platform is shown in Fig. 26.

The water tank consisted of dipole apparatus. This dipole
apparatus generates oscillatory flow for sensing. A sphere
with a radius of 23.5 mm was used as the dipole source,
and this sphere was attached to the end of a mini-shaker
(HEV-20) via a stainless-steel shaft. A mini-shaker with a
maximum displacement of ± 10 mm and a wide frequency
range from 10 to 50 Hz was used to drive the dipole at
the desired frequencies and amplitudes in our experiments.
The desired amplitude and frequency were controlled by a
signal generator based on the characterization of the flow
field discussed in Section III-A. The signal from the signal
generator was amplified by a specified gain using a power
amplifier (HEAS-2). A power amplifier is used to drive the
mini-shaker. The water tank was 1500 mm long, 1000 mm
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FIGURE 29. Voltage output at 35 Hz.

FIGURE 30. Flow velocity sensing at different frequencies.

wide and 700mmdeep. The thickness of the glass of thewater
tank was 15 mm with high hardness. The support frame and
water tank are isolated from each other and do not come into
contact to avoid noise caused by vibration.

The PVDF sensor generates a charge output signal with
a very high impedance. To process this signal, it must be
transformed into a low-impedance voltage signal. A charge
amplifier is used for this purpose, as shown in Fig. 27.

The amplifier offsets the input current using a feedback
reference capacitor C5, and produces an output voltage that is
inversely proportional to the value of the reference capacitors
but proportional to the total input charge during the speci-
fied time period. Therefore, the circuit acted as a charge-to-
voltage converter. The circuit gain depends on the value of
the feedback capacitor. An op amp with negative feedback
was used for a low-impedance voltage signal from the charge
amplifier. The gain of the voltage amplifier depends on the
feedback resistors, R8 and R9. In the flow velocity sensing
experiment, the gain of the voltage amplifier was set to 100
by adjusting resistors R8 and R9.
The voltage output from the voltage amplifier was contin-

uously monitored using a National Instruments (Austin, TX,
USA) data acquisition system (NI-DAQ NI USB-6210) and

FIGURE 31. Sensitivity at different frequencies.

recorded using NI Signal Express software. To characterize
the flow-sensing performance of the sensor, a simple data-
processing method is proposed. Because we focused on a
single sensor rather than a sensor system or array, and we
wanted to determine the output voltage response of the sensor
to dynamic flow stimuli, the fast Fourier transform (FFT)
operation was used in this experiment. The data-processing
process is shown in Fig. 28.

TABLE 4. Summary of the differences of several sensor.

The voltage output was recorded using LabView, the
voltage-time data were processed using the fast Fourier trans-
form (FFT) operation in Matlab, and the FFT peak was noted
as the sensor output and plotted against the oscillatory flow
velocity amplitudes.

C. EXPERIMENTAL RESULTS AND DISCUSSION
Flow velocity sensing experiments are presented in this paper,
which demonstrate the abilities of the proposed sensor using
PVDF. The flow velocity sensing experiment demonstrated
the sensitivity and threshold detection limits of the sensor
in water. First, stimuli were generated using an oscillating
sphere attached to a mini-shaker (type HEV-20). The dis-
placement amplitudes of the sphere were inferred from the
results of the calibration experiment of the oscillating sphere
according to Section III-A-1. Second, referring to (4) or (5),
the flow velocity is obtained at any observation distance
according to dipole flow field model in Section III-A-2.
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Third, the response of the sensor to various flow velocities
generated by the oscillating dipole is measured.

1) EXPERIMENTAL RESULTS
The response of the sensor to various flow velocities gener-
ated by an oscillating dipole was measured. Fig. 29 shows the
experimental results of flow sensing in water under various
flow velocities. In this case, the frequency of the oscillating
sphere is 30 Hz, the sensor is located directly below the
oscillating dipole at a distance of 19.75 mm, and various
flow velocities can be obtained by changing the displacement
amplitude of the oscillating sphere.

It can be observed that the voltage output of sen-
sor increased linearly with increasing flow velocity up to
25 mm/s (Re ≈ 160). At higher flow velocities, the relation-
ship between the voltage output of the sensor and the flow
velocities was approximately quadratic. This is because, for
lower flow velocities, the drag force generated by the skin
friction on the artificial cupula of the sensor is the major
contributor to the output of the sensor, which increases lin-
early with increasing flow velocity. However, at higher veloc-
ities, the pressure gradient dominated the overall contribution
to the output of the sensor. In our experiments, the sensor
demonstrated a threshold sensing limit of 3.4 mm/s in water
flow velocities when the frequency of the oscillating dipole
was 30 Hz.

Similarly, we changed the frequency of the oscillating
dipole. We repeated the measurements at different frequen-
cies. The curves of the final results are shown in Fig. 30.

We observed that the relationships between the voltage
output of the sensor and the flow velocities were similar at
different frequencies in the range of 10-50 Hz. According to
the results shown in Fig. 30, we can obtain the sensitivities of
different frequencies at a specific flow velocity. For example,
the sensitivity is about 0.75 V/ (m · s−1) in sensing water
flow velocities when flow velocity is 0.2 m/s and the gain
of the amplifier circuit is 100, which is shown in Fig. 31.
Therefore, we obtained a flat frequency response, and the
sensor demonstrates that the sensor’s response is independent
of the frequency for the range of 10-50 Hz in the oscillatory
flow sensing, which is consistent with the results reported in
the literature [50].

2) DISCUSSION AND COMPARISON
We conducted a flow velocity sensing experiment to demon-
strate the abilities of the proposed sensor using PVDF. This
flow velocity sensing experiment demonstrates the sensitivity
of 0.75 V/ (m · s−1) when the gain of the amplifier circuit is
100 and threshold detection limit is 3.4 mm/s, respectively,
for an oscillating dipole stimulus vibrating at 30 Hz in water.
In addition, the results show that the response of the sensor is
independent of the frequency in the range of 10-50 Hz.

Inspired by the astonishing flow-perception ability of
lateral line organs, many scientists have developed vari-
ous artificial lateral line sensors. Here, we summarize the

performance of other lateral line sensors created by other
scientists, juxtaposed with our job, as following Table 4.

In contrast to other scientists, we considered the water-
proofing of the sensor and our sensor is not only suitable
for the laboratory, but also can be used in a real marine
environment.

For some commercial flow measurement devices, for
example, FlowTraker2 is an acoustic Doppler velocimeter
(ADV), which is produced by SonTex and demonstrates a
threshold sensing limit of 1 mm/s in water. Depth ranged
from 0 to 10 m. The velocity accuracy is about ±1% when
measured velocity is ±0.25cm/s [55]. Compared with artifi-
cial lateral line sensor, the commercial devices are not suit-
able for forming distributed arrays and power consumption
are high, such asADV and PIV. Therefore, the artificial lateral
line sensor is a useful supplement for commercial devices.

IV. CONCLUSION AND OUTLOOK
Inspired by biological research on superficial neuromast,
we designed an artificial lateral line sensor using PVDF for
oscillatory flow velocity sensing. To develop such an artificial
lateral line sensor, we fabricated an artificial cupula that
mimics the cupula of neuromasts, a cantilever beam that
mimics hair-like cilia, and a perception unit using PVDF,
which mimics hair cells. To achieve a better solution for the
shape of the artificial cupula and the length of the cantilever
beam, we used the computational fluid dynamics (CFD) and
piezoelectric analysis methods. Therefore, we used 3D print-
ing technology to fabricate an artificial cupula and cantilever
beam. A well-designed waterproofing scheme was also pro-
posed to protect the sensor from harsh fluid environments.
Experiments of the proposed sensor for oscillatory flow
velocity sensing were performed underwater by employing
a dipole as the stimulus. The proposed sensor demonstrates
flow sensitivities of 0.75 V/ (m · s−1) with threshold velocity
detection limits as low as 3.4 mm / s in sensing water flows.

However, our study needs to be improved. In the cali-
bration experiment of the oscillating sphere, although this
experiment was carried out in water, considering that the
mini-shaker and laser sensor were not waterproof, we added
some auxiliary structures, such as L-shaped structure and
thin rod. This is an indirect measurement rather than a direct
measurement. In this respect, Herzog et al. have developed
a high-quality, low-cost device that they termed a ‘‘Smart
Mechanical Dipole’’ [56]. It provides real-time measure-
ments of sphere acceleration along three axes and can be used
to obtain an accurate stimulation trace. This article is of great
value to us for future work.

We need to improve further work in the future. We used
the theoretical formula of dipole flow fields to obtain the
flow velocity at any observation distance. The main reason
is that the sampling rate is generally approximately a few
hertz for most ADVs; for example, the FlowTracker2 ADV is
an acoustic Doppler velocimeter that is designed to perform
point velocity measurements in water. This ADV has a variety
of sampling rates of approximately 1, 2, 5, or 10 Hz [55],
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while the frequency of our dipole experiments ranges from
10 to 50 Hz. Therefore, we did not use ADV in this exper-
iment. PIV systems, such as the V3V-Flex Volumetric PIV
system, are the most flexible and powerful systems with high
temporal or spatial resolution for flow research. Although this
method using a dipole flow field model that has been adopted
by other researchers [49]–[51], it would be interesting to
see measurement results from common flow measurement
devices such as PIV at observation distances in the future.

In the future for expansion on this research, we will dis-
cuss the fluid-structure interaction for capturing the dynamic
behavior of the sensor, and explore a dynamic, physical-based
model for sensor using PVDF. Sensor modelling should be
used to optimize the design of the sensor.

In the future, we plan to build an artificial lateral array
system based on the current work. At present, there are two
types of artificial lateral line systems, one uses the pressure
sensor array to mimic canal neuromasts and the other uses
a hair-like artificial lateral line system to mimic superficial
neuromasts. For some artificial lateral line systems using
pressure sensors, Tang et al. [57] introduced a near field
detection system for an underwater robot based on a fish
lateral line, and an array of pressure sensors was developed
and installed on the surface of an underwater vehicle. Eight
pressure sensors were used to build the array, and the reso-
lution was approximately 0.0036 Mbar. Fernandez et al. [33]
fabricated a lateral-line-inspiredMEMS array pressure sensor
for passive underwater navigation with a pressure resolution
of approximately 1 Pa. Yaul et al. reported a flexible sensor
array [34] with pressure resolution of 1.5 Pa. Krieg et al. [58]
presented an intelligent distributed sensing system inspired
by the lateral line found in fish to directly measure the
fluid forces acting on vehicles, and which reduces position
tracking errors by as much as 72% compared to a standard
position error feedback controller. For some artificial lateral
line systems based on a stem (mimicking a cantilever beam),
Wolf et al. [59], [60] presented a 2D-sensitive artificial lateral
line comprising eight all-optical flow sensors, which were
used to measure the hydrodynamic velocity profiles along the
sensor array in response to moving objects in their vicinity.
Their average localization error was 0.72 cm using a recurrent
neural network while the localization error was 4.27 cm
using a feed-forward neural network. DeVries et al. [61]
presented a lateral line consisting of two types of sensing
modalities, an IPMC flow sensor, and a pressure sensor.
They designed and constructed a robotic fish prototype that
was outfitted with eight IPMC sensors and four embedded
pressure sensors. Several other artificial lateral line systems
for hydrodynamic sensing have been briefly reviewed in liter-
ature [62]. According to the above description, to further pro-
vide valuable underwater applications, it would be interesting
to develop a sensor array to fabricate an artificial lateral line
sensor system to improve the underwater situational aware-
ness. To translate the artificial lateral line sensory system for
AUVs, Triantafyllou et al. [63] investigated unsteady flow
mechanisms that are employed by animals and posed some

basic questions, such as how detectable is a flow from a
localized distributed array. They also conducted experiments
to examine how identifiable the flow is under both object
detection scenarios [64]. During this process, the sensor data
processing method is acknowledged to be as important as
the physical artificial lateral sensory system. For example,
Lakkam et al. [65] proposed a data-driven model that uses
artificial neural networks to process flow data originating
from a stationary sensor array located away from an obstacle
placed in a potential flow. Therefore, data processing of
sensory array is also very important and needs to be solved
in the future.

The lateral line of fishes consists of two types of sensing
elements: superficial neuromasts, which measure local flow
velocities, and canal neuromasts, whichmeasure approximate
pressure gradients. Thus, in the future, we plan to develop
an artificial lateral line composed of two types of sensors to
enhance situational awareness. It provides a good prospect
for AUVs to improve their efficient sensing and maneuvering
abilities.
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