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A Pressure Sensory System Inspired by the Fish
Lateral Line: Hydrodynamic Force Estimation

and Wall Detection
Yiming Xu and Kamran Mohseni, Senior Member, IEEE

Abstract—Studies have shown that many behavioral decisions
of fish are facilitated by the lateral line system which provides hy-
drodynamic information about the surrounding fluid. Inspired by
the functionality of the system, a distributed pressure sensory sys-
tem is developed. The system is intended for use on autonomous
underwater vehicles to aid station keeping and accurate maneu-
vering by allowing the vehicle to react to the changes in the fluid
environment before they result in body perturbation. The system
can also be used for mission level decision making such as obstacle
detection. This paper presents a prototype sensory system using
differential, as opposed to absolute or gauge, pressure sensors as
the sensing elements, which allows for higher measurement preci-
sion. Experimental tests are designed to characterize the system’s
ability to estimate the hydrodynamic force and to detect the pres-
ence of a wall. The hydrodynamic force estimated by the system
is validated with an independent force measuring apparatus. The
impending wall could also be detected by analyzing the pressure
distribution obtained from the sensory system. Particularly, it is
found that the wall distance and angle may be inferred by com-
paring the amplitude and phase of the Fourier components in the
pressure distribution against those without the obstacle.

Index Terms—Aquatic robots, pressure sensors, robot sensing
systems, sensor arrays, signal analysis.

I. INTRODUCTION

FOUND in most fish and some other aquatic organisms, the
lateral line is a common mechanosensory system [1], [2]

that serves an important role in various behaviors including sta-
tion holding [3], rheotaxis (the ability to orient parallel to a flow
field) [4], schooling [5], prey detection and capture [6]–[8], and
social communication [9]. The neuromast, a mechanoreceptive
structure, is believed to be responsible for the functionality of
the lateral line. Specifically, as illustrated in Fig. 1, superficial
neuromasts located on the body surface and protruding into the
external fluid respond to steady and low-frequency components
in the flow in proportion to the net velocity. Canal neuromasts
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Fig. 1. (a) Schematic of a typical layout of the lateral line in a fish. (b)
Schematic of the superficial neuromasts that are located on body surface and
respond to low-frequency components and net velocity. (c) Schematic of the
canal neuromasts that are inside subdermal canals and respond to high-frequency
components and net acceleration of the flow. The figure is recreated from [20].

situated in subdermal canals along the lateral lines respond to
high-frequency components, and react proportionally to the net
acceleration (or the pressure gradient) [8], [10], [11]. In ef-
fect, by detecting water motions and pressure gradients in the
surrounding environment, the lateral line system provides hy-
drodynamic information that in turn facilitates many behavioral
decisions.

This paper demonstrates a pressure sensory system inspired
by the lateral line for hydrodynamic sensing and detection. The
objective of this study is to eventually implement and test the
sensory system on the autonomous underwater vehicle proto-
type CephaloBot [12], as shown in Fig. 2(a). The vehicle is
equipped with cephalopod-inspired vortex ring thrusters that
can provide quantized propulsive force by creating arrays of
high-momentum vortex rings with successive ingestion and ex-
pulsion of water [13], [14]. The device allows the vehicle to
perform accurate maneuvers at low speed, without sacrificing
its low-drag streamline profile for efficient high-speed traveling
[15]–[17]. The design concept of the pressure sensory system
is to create distributed arrays of sensors on the vehicle body for
hydrodynamic force estimation as well as a linear, dense sensor
arrangement at the front for detection of obstacles, as illustrated
in Fig. 2(b).

To date, increasing research efforts have been devoted to
replicating the sensing capabilities of the lateral line system.
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Fig. 2. (a) Autonomous underwater vehicle prototype CephaloBot. The vehi-
cle is equipped with a rear propeller for propulsion and four vortex ring thrusters
on both sides for turning maneuvers. Radio frequency and acoustic transmitters
are utilized for communication and localization. The pressure sensory system
under development will be installed and tested on this platform. (b) Design
concept of the pressure sensory system. Distributed arrays of pressure sensors
on the body of the vehicle provide hydrodynamicforce estimation, whereas the
linear arrangement of pressure sensors at the front of the vehicle could aid
obstacle detection and avoidance.

Some researchers develop delicate sensory systems with micro-
fabricated artificial sensors to mimic the structural features of
the biological lateral line system, and study the sensory behav-
iors in various flow conditions. For example, in [18] and [19],
miniature lateral line sensors are designed based on the thermal
hot wire anemometry principle, and are tested for localizing
dipole sources and identifying the hydrodynamic signature of
wakes. The task of dipole localization is also achieved with mi-
cromachined artificial hair sensors [20]. Additionally, optical
flow sensors are developed as in [21] to detect water motions
inside artificial lateral-line-like canals and are utilized to de-
tect the wake behind moving objects. Polymer microelectrome-
chanical pressure sensors are developed and tested in [22] to
estimate the velocities of moving objects and to investigate the
differences in pressure signals while the object is traveling at
various distances. In [23], bioinspired microelectromechanical
canal sensors are implemented to sensing various flow veloci-
ties. In [24], a combination of ionic polymer metal composite
sensors and embedded pressure sensors are developed and tested
for estimating flow velocity and angle of attack for rheotactic
and station holding control. Additionally, biomimetic superfi-
cial neuromast structures with an artificial cupula is developed
in [25] and [26], demonstrating an improved sensitivity. Refer
to [27] for an in-depth review.

On the other hand, some other researchers utilize existing
sensors in their tests, aiming at imitating the functionality of the
biological lateral line systems. For instance, in [28], pressure
sensors are used to identify the flow signature from static and
moving cylinders with different cross sections; in [29], parallel

arrays of pressure sensors are deployed in a von Kármán vortex
street to characterize the hydrodynamic features; and in [30], a
pressure sensor array is used to identify the angle of attack of an
underwater vehicle with respect to a freestream flow for rheo-
taxis control feedback. Other examples include using pressure
sensors to estimate flow velocity and direction [31], [32] and to
identify a wake and the size of its source [33].

In this study, the lateral-line-inspired sensory system also uti-
lizes commercially available pressure sensors to investigate the
mechanisms of hydrodynamic sensing, so that specialized lat-
eral line sensors could be readily incorporated into the system
if they become available in the future. One of the distinctive
features of the system is that the commercially available pres-
sure sensors are differential (as opposed to absolute or gauge)
and measure the pressure differences between their two ports.
This allows the choice of more sensitive sensors because the
selection of the sensing range will not be restricted by the hy-
drostatic pressure that changes with depth, but only depends
on the expected pressure gradients due to the depth difference
between the two measuring ports and the fluid dynamics. In pre-
vious work from the group, potential flow models were set up
to investigate the sensor response to various external excitation.
The flow properties around a fish-shaped body are studied in
the presence of a von Kármán vortex street. It is found that the
position, velocity, and strength of the vortices can be recovered
from the lateral line system [34]. Furthermore, wall detection is
also investigated theoretically based on the hydrodynamic pres-
sure distribution around the fish-shaped body [35]. Although the
body shape is different from the one investigated in this paper,
many of the pressure distribution features are in agreement.

To verify the results obtained from hydrodynamic simulation,
experimental tests are designed to realize the simulation cases.
In the experiment, two separate cylindrical bodies outfitted with
the sensory system are towed through water to recreate the test
scenarios in the simulation for force estimation and wall detec-
tion. The experimental setup includes a sliding cart structure, a
motorized pulley system that propels the motion at a controlled
speed, and a motion capture system providing accurate position
measurements. In this paper, the testing results for both hydro-
dynamic force estimation and wall detection are illustrated and
analyzed. In the force estimation test, the pressure sensory sys-
tem captures the variations in the hydrodynamic forces when the
system undergoes unsteady motions through water. The estima-
tion is validated by independent force measurement. In the wall
detection test, the system is able to distinguish differences in
surface pressure distribution between approaching a wall versus
moving in open water. The wall distance and angle with respect
to the moving direction are determined from the differences in
the pressure signals.

II. EXPERIMENTAL SETUP

The experimental setup for the sensory system consists of
the vehicle mockups as test subjects with integrated pressure
sensors, the mechanical and electrical systems that support the
motions of the subjects, and the additional sensory system that
provides the independent reference. This section will first intro-
duce the pressure sensors used in the system, and subsequently
present the supporting facilities.
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Fig. 3. (a) Differential pressure sensor used in the system. (b) Sensor con-
nections. Powered by 5-V direct current (dc), the sensor measures pressure
difference up to ±2kPa between the two ports. Analog signals are send through
shielded SubMiniature-A (SMA) cables.

A. Pressure Sensors

The sensing elements of the system are commercially avail-
able monolithic silicon pressure sensors, MPXV7002DP. These
piezoresistive transducers provide differential pressure mea-
surements between their two ports with a sensing range from−2
to 2 kPa. The transfer function from the pressure measurement
P to the output voltage VOUT can be written as

VOUT = (0.2 kPa−1 P + 0.5)VS ± 2.5%VFSS (1)

where the nominal supply voltage is VS = 5.0 V and the
full-scale voltage span is VFSS = 4.5 V.

Pictures of the sensors are shown in Fig. 3. During the tests,
the analog signals are fed into the data acquisition card (NI PCI-
6229) via shielded SubMiniature–A (SMA) cables. The signals
are sampled at 1 kHz, and converted with 64-b precision. While
the system is in operation, the noise in the pressure signals is
about 6 mV, corresponding to a magnitude of about 6 Pa in
pressure. Possible sources of noise include acoustic noise or
vibrations that would affect the piezoresistive transducer and
electrical noise introduced by the power supply, cable connec-
tions, and the data acquisition process. To eliminate the signal
offset due to the mechanical stress and mounting position from
installation, the average zero-pressure voltage is subtracted from
the signal for every sensor before experiments.

The pressure measurements are validated by placing the in-
dividual sensor ports at various depths in water and comparing
the measured pressure differences with the expected ones. This
comparison is shown in Fig. 4. The pressure error bars represent
the standard deviation of the water depth measurements. The
voltage error bars are from the standard deviation of voltage
samples from 20 pressure sensors. The solid and dashed lines
depict the nominal transfer function and the precision bound, re-
spectively. Comparison between the sensory measurement and
the precision bound shows that the performance of the pressure
sensors is satisfactory.

B. Testing Facilities

The purpose of the testing apparatus is to carry the testing
subjects—cylinders integrated with pressure sensors—through
water at a designated speed, and to collect their position and
velocity information.

Fig. 4. Voltage outputs from sensors with various pressure differences. The
pressure variation is obtained from different water depths. Pressure (horizontal)
error bounds represent the standard deviation of the water depth measurements.
Voltage (vertical) error bounds are from the standard deviation of voltage sam-
ples from 20 pressure sensors. The solid and dashed lines depict the nominal
transfer function and the precision bound, respectively.

Fig. 5. Testing tank and loading platform. The tank is a 4.6-m (15-ft) tall, 8-m
(26-ft) diameter, and 250-m3 (65 000-gal) capacity cylindrical water reservoir.
The platform spans on top of the tank. The six cameras for the motion capture
system are installed at the bottom of the tank, fixing the field of view toward the
area next to the platform.

The testing cylinders are made from 6-in Schedule-40
polyvinyl chloride (PVC) pipes with an outer diameter of
16.8 cm (6.625 in) and a wall thickness of 7.54 mm (0.297 in).
Before being submerged in water, the cylinders are loaded with
lead shot weights to achieve neutral buoyancy. The pressure
sensor ports are connected to the openings on the cylinder
surface with 2.38-mm (0.0937-in) inner diameter flexible
vinyl tubes. Two separate testing cylinders are designed
specifically for the force estimation and the wall detec-
tion tests, whose designs will be detailed in Sections III
and IV, respectively.

The test apparatus is set up in a cylindrical water tank
with a depth of 4.6 m (15 ft), a diameter of 8 m (26 ft),
and a capacity of 250 m3 (65 000 gal), as shown in Fig. 5.
A platform I-beam (with a flange width of 20 cm or 8 in and
a section depth of 20 cm or 8 in) is utilized as a track for the
linear motion driver. A carrying cart is manufactured to support
the testing subjects, while clamping tightly on and sliding along
the I-beam, as shown in Fig. 6.

The sliding cart is either pulled manually or actuated by a
motorized pulley system. Positioned at each end of the I-beam,
the pulley system drives the cart at a controlled speed with
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Fig. 6. (a) Drawing of the sliding cart. (b) Cart setup. The cart has three sets
of rubber wheels to clamp onto the flange from top and bottom, four grooved
wheels to restrict sideways motions, and a connector to support the testing
subjects. The clamping mechanism allows for easy attachment and detachment
of the cart to and from the I-beam.

steel cable wires. One pulley is connected to a motor. The mo-
tor is a brush-commutated direct current (dc) motor (Pittman
ID33005-SP) that produces a continuous output torque of
0.85 N·m (120 oz·in) at 6000 r/min. The rotation of the motor
is monitored by an encoder at the motor shaft, and the rota-
tional speed is controlled by a proportional–integral–derivative
feedback controller.

The position of the testing subjects is measured with a motion
capture system, where six underwater cameras (Oqus 5-series
from Qualisys) provide the 3-D positions of reflective mark-
ers placed on the testing subjects. The camera system records
the positions of the markers at 100 frames/s, and has a spatial
resolution of about 1 mm after calibration.

III. FORCE ESTIMATION TEST

Traditionally, the control performance of underwater vehicles
is analyzed in static flow conditions with perturbations about
some nominal traveling speed [36]. Hydrodynamic forces due
to acceleration and velocity of the vehicle are modeled as added
mass terms and viscous damping terms, respectively. Coeffi-
cients of these terms are usually obtained based on linearization
around a nominal operation state of the vehicle. Influences from
the nonstatic background flow are often considered as addi-
tional disturbances. This conventional treatment is undoubtedly
limited in modeling accuracy for control purposes, especially
for underwater vehicles with high maneuverability in an un-
steady flow environment. With the motivation to improve the
vehicle’s control performance, a hydrodynamic force estimation
algorithm is developed in [37]. The algorithm utilizes measure-
ments from distributed pressure sensors to estimate the hydro-
dynamic forces and moments acting on the vehicle, providing
hydrodynamic information about the surrounding flow.

The hydrodynamic force estimation algorithm is tested in ex-
periment. The concept of the test is that for an object moving in
water, the linear (or angular) acceleration multiplied by mass (or
moment of inertia) of the object is equal to the resultant external
force (or torque) including the hydrodynamic force (or moment)
and the force (or moment) from the structure supporting the ob-
ject. On the one hand, the hydrodynamic force and moment can
be estimated with pressure sensors on the surface of the object;
and on the other hand, the same quantities can be calculated
based on the object’s acceleration and other supporting forces

and moments acting on the object, which are measured by the
motion capture system and the strain gauges, respectively.

A. Estimation Algorithm

When the testing subject is moving under water, the hydrody-
namic forces and moments acting on the surface come from the
water pressure applied on the surface of the vehicle. The shear
forces are minimal and negligible because of the low Reynolds
number. Using fitting techniques, the pressure difference mea-
surements from sensors at multiple locations can be used to
reconstruct the pressure distribution over the entire body. Thus,
the total damping force and moment can be estimated by in-
tegrating the pressure distribution over the body profile. The
resultant force estimation ̂fD will take the form of linear, fixed
weight combinations of the pressure measurements [37]

̂fD =
∫ ∫

T
b K�

MN(θ, φ) r2 dθ dφKP P . (2)

The hydrodynamic damping forces and moments can be esti-
mated as the pressure signal vector P premultiplied by a matrix
that is a function of the locations for the pressure sensors. Refer
to [37] for details of the algorithm. Once the sensor locations are
defined, the matrix can be obtained a priori. Thus, the force es-
timation can be computed effortlessly. The experiment is aimed
at validating this force estimation algorithm.

B. Force Estimation Setup

The specific experimental setup, as illustrated in Fig. 7(a),
consists of a horizontal cylinder, a vertical rod, and an attaching
structure to the sliding cart. The cylinder is made from a PVC
pipe which is 81.3 cm (32 in) long and is closed at both ends
with rounded caps, so that it resembles the shape of an under-
water vehicle. In the test, the cylinder is submerged under water,
and the slider carries the cylinder with the rod. Hydrodynamic
pressure is measured on the surface of the cylinder, the force
and moment acting on the cylinder as transmitted through the
connecting structure are obtained with strain gauges on the rod,
and the acceleration of the cylinder (used to calculate inertial
forces) is calculated from the position measurements with the
motion capture system.

There are in total 20 sensors in the pressure sensory system,
as shown in Fig. 7(b). Generally, the pressure sensors need to
be distributed around the cylinder to reconstruct the pressure
distribution for force estimation. In this particular test, the dif-
ferential pressure sensors are arranged in an array that covers
half of the cylinder surface, based on the assumption that the
pressure distribution is symmetric when the cylinder is mov-
ing perpendicular to its central axis. The sensors are grouped
in pairs of two; one measures the pressure difference along
the longitudinal direction, while the other measures the differ-
ence along the circumferential direction. Together, they form a
5 × 2 array.

The force and moment acting on the cylinder by the connect-
ing rod is measured by strain gauges. The rod is made from an
aluminum pipe with a 2.54-cm (1-in) diameter. In total, 16 strain
gauge elements form four Wheatstone bridges on the surface of
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Fig. 7. (a) Schematic of the force estimation experimental setup. (b) Sensor
arrangement drawing. (c) Testing cylinder on the slider. (d) Sensors inside
the testing cylinder. In total, 20 pressure sensors are installed with the ports
connected to the surface of the cylinder. The sensors are grouped into pairs;
one sensor measures the pressure difference along the longitudinal direction,
while the other measures the difference along the circumferential direction.
Each group of two connected circles represent two ports of a sensor. The rod
supports the cylinder and protect the signal cables within. On the rod there are
strain gauges that measures the strain, which relates to the force and moment
acting on the cylinder by the rod itself.

Fig. 8. (a) Schematic of the strain gauge arrangement. (b) Wheatstone bridge
circuit. The 16 strain gauges form four Wheatstone bridge circuits labeled from
A to D. After calibration, circuit A (B) measures the horizontal force along
(perpendicular to) the traveldirection, whereas circuits C and D measure the
horizontal torque with strain gauges placed at 45◦ from the axial direction.

the pipe, as illustrated in Fig. 8. Two bridges (A and B) measure
the bending strain along two perpendicular directions, while the
other two groups (in circuits C and D) are placed at an angle
of 45◦ from the axial direction and measure the torsional strain.
Once calibrated, the strain gauge circuits measure the force and
moment acting on the cylinder by the rod. Furthermore, to re-
duce the deviation from the cylindrical shape, the sensor power
and signal cables are threaded through the aluminum pipe be-

fore being connected to the data acquisition system. While the
cylinder is moving along the slideway, its position is recorded
with the motion capture system, and the acceleration can be
obtained through signal processing.

C. Test Results

The testing system was translated across the tank with mul-
tiple trajectories while independently collecting data from the
pressure sensors and the strain gauges, as well as recording the
global position of the cylinder from the motion capture sys-
tem. In each test, the system starts from rest and accelerates
to a constant speed before it decelerates back to a stop. The
pressure distribution is assumed to be symmetric between the
two ends of the cylinder. Filtered and calibrated signals together
with the force estimation results from two tests are shown in
Fig. 9. The velocity is roughly maintained around 0.1 m/s with
intentional variations to achieve varying acceleration, which
resembles the type of motions performed by the underwater
vehicle while docking. Once the controlled motion stops, the
cylinder starts a damped oscillation due to the motion of the
water and the elasticity in the rod. As shown in the results,
the estimated hydrodynamic force generally captures the vari-
ations in the measurement, which verifies the estimation algo-
rithm. The estimation results are summarized in Table I. In four
sets of tests, the standard deviation of the estimation error is
about 0.8 N. Note that in this particular test, the geometry and
the motion of the setup are symmetric, hence the symmetry
in the pressure distribution. For a general case on an under-
water vehicle, pressure sensors need to be distributed across
the vehicle surface for a correct estimation of the hydrody-
namic force and moment in all directions. In addition, a denser
sensor arrangement may be necessary to accurately resolve a
more complex pressure distribution due to flow separation and
vortex shedding.

IV. WALL DETECTION TEST

Beside the hydrodynamic force estimation, another capabil-
ity of the sensory system is also investigated. The biological
lateral line system is believed to be able to sense the flow field
altered by the presence of nearby objects, and therefore enables
the fish to detect impending obstacles [38]. Unlike the force es-
timation where the pressure distribution is globally integrated,
obstacle detection focuses instead on the local characteristics of
the pressure distribution. The presence of an obstacle confines
and accelerates the escaping flow and results in a high-pressure
region toward the direction of the obstacle, and the magnitude
of the pressure is related to the distance to the obstacle. By com-
paring the pressure distribution to that of an open environment,
information about the obstacle could be obtained. This section
first summarizes a test case in a 2-D space for numerical simu-
lation, then describes the experimental test that realizes the 2-D
test case in the water tank, and finally concludes with illustration
and analysis of the test results.
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Fig. 9. (a)–(c) Plots of cylinder position, velocity, and hydrodynamic force estimation results for Test 1. (d)–(f) Plots for Test 2. In each test, the cylinder starts
from rest and is manually pulled along the slideway before it decelerates to a stop. Pressure measurements are collected around the surface of the cylinder and
are formulated into the hydrodynamic force estimation. The estimated force is compared to the measurement based on the force from the strain gauges and the
acceleration from the motion capture system.

TABLE I
SUMMARY OF FORCE ESTIMATION RESULTS

Test Estimation error (N) Reference force (N)

Std. Max. Std. Max.

1 1.03 2.16 2.36 6.82
2 0.86 2.97 2.16 8.42
3 0.98 3.51 2.00 5.97
4 0.63 1.05 1.42 4.60

A. Detection Model

Generally, detecting obstacles using hydrodynamic sensory
systems depends on the flow field generated by the motion of
the system and the way this flow field is altered by the presence
of the obstacles. For the purpose of demonstration, a simple 2-D
case is defined: the sensory system is distributed on a circular
surface and is moving along a straight line in an ambient fluid
toward a straight wall as the obstacle. It is worth noting that
although this circular model is simpler than the fish-shaped body
studied in simulation in [35], many of the pressure distribution
features are similar and the experimental results in this paper
could aid further development of a wall detection algorithm.

As illustrated in Fig. 10, the radius of the circle is defined
to be r. The angle between the velocity vector and the wall
boundary is denoted as α and the distance to the wall from the
center of the circle is denoted by d. As the circle moves at a
speed of u, the flow properties around its circumference will
be affected by the existence of the obstacle. Therefore, with the
assumption that the hydrodynamic pressure is measurable on
the circle, the pressure distribution may be analyzed to obtain
information about the wall including its existence, the distance
d, and the wall angle α.

Fig. 10. Diagram of the wall detection model. A circular sensing system with
radius r approaches the wall at a speed of u. Circumferential position on the
circle is denoted by θ. The distance to the wall and the wall angle are defined
as d and α, respectively.

Assuming that the flow is inviscid, incompressible, and irrota-
tional, a 2-D potential flow model is set up to study the pressure
distribution around the circle. The analytical solution for the
pressure distribution in the case that the distance to the wall
approaches infinity, i.e., d→ ∞, is the classical potential flow
around a circular cylinder. The pressure P at circumferential
position θ can be expressed as

P (θ) = ρ u2 cos(2 θ) − 1
2
ρ u2 + P∞ (3)

where ρ represents the density of the fluid, and P∞ denotes the
stagnation pressure. The pressure reaches the maximum at the
front and rear stagnation points of the circle when θ = 0 and
π, and arrives at the minimum on both sides when θ = ±π/2.
However, finding the analytical solution for the nontrivial cases
is almost intractable. Therefore, numerical techniques are used
to calculate the pressure distribution for several different cases,
while (3) is used as a reference for the open environment case
without obstacles.

Specifically in the numerical computation, a potential flow
model is developed to describe the flow field which is as-
sumed to be incompressible, irrotational, and inviscid. The flow
field contains continuous vortex sheets on the boundaries of the
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Fig. 11. Numerical results of the pressure distribution in the front of the circle
as it approaches toward a wall at different angles. The pressure is normalized
by the quantity ρ u2 after subtraction by the mean pressure value. As the circle
comes closer to the wall, the pressure in the front becomes higher, and the
high-pressure region shifts toward the wall side, if the wall is not perpendicular
to the moving direction, i.e., α �= π/2.

circular body and the straight wall to enforce the no-penetration
condition. Discretizing the vortex sheets into individual vortex
panels with uniform strengths yields a panel method formula-
tion of the problem. As a result, the flow field can be obtained by
solving for the vortex panel strengths under the boundary con-
dition. Additionally, the pressure distribution around the circle
is calculated with the Bernoulli equation.

Fig. 11 shows the numerical results of the pressure distribu-
tion for various wall distances and angles. In this case, 400 and
800 vortex panels are placed on the boundaries of the circle
and the straight wall, respectively. The pressure value is nor-
malized by the quantity ρ u2 , and the average component is
subtracted from the result. The presence of the wall forces the
flow to accelerate around the circle and results in a high-pressure
region toward the wall. The closer the circle comes to the wall,
the higher the peak pressure value becomes. On the other hand,
as the wall angle deviates from α = π/2, the high-pressure re-
gion inclines toward the side of the wall. These are the two
major features to be verified in the experimental tests.

B. Fourier Analysis

Since the hydrodynamic pressure varies around the circumfer-
ence of the cylinder, the features of the pressure distribution may
also be examined in the Fourier domain. In the open environ-
ment case without obstacles as in (3), there is only one Fourier
component with a wave number of 2. Performing the Fourier
transformation of the pressure distribution for the general case
yields a Fourier spectrum with one dominant component at the
wave number 2. The amplitudes of other components drastically
decrease as the wave number departs from this dominant com-
ponent. When the circle approaches the wall, the amplitudes of
all components increase, which corresponds to the pressure in-
crease. In addition, the phase angles of the Fourier components
vary with the wall angle α, except for the dominant component
whose phase angle barely changes. This corresponds to the shift
of the high-pressure region due to the presence of the wall, while
the phase of the dominant component is unaffected because the
motion of the circle remains the same. By correlating the fea-
tures in the Fourier spectrum to the wall distance d and angle α,

Fig. 12. (a) Relative amplitude α∗
1 of wave number ω1 = 2 versus wall dis-

tance d. Compared to the case without the wall, the amplitude roughly varies in
reciprocal proportion to the wall distance. (b) Phase angle ψ2 of wave number
ω2 = 4 versus wall angle α. The phase angle almost monotonically changes
with the wall angle.

the amplitude reveals the wall distance and the phase infers the
wall angle.

In practice, there is only a finite number of sensors covering
the front section of a circle. Therefore, the Fourier series can
be used instead of the continuous transformation. The pressure
function P (θ) can be written as

P (θ) = a0 +
∞

∑

k=1

ak cos(ωk θ + ψk ) , θ ∈ [−π/2, π/2]

(4)
where a0 denotes the dc component of the pressure function,
and ak and ψk denote the amplitude and phase of the periodic
component with wave number ωk = 2 k, respectively. In this
way, the peak pressure magnitude and the shifting of the pressure
peak are reflected by the amplitude ak and the phase ψk of each
Fourier component.

Accounting for the inevitable noise in the measurement and
the amplitudes of the Fourier components, useful signals with
the largest magnitudes are preferred for analysis. The ampli-
tude of wave number ω1 = 2 and phase ψ2 of the neighboring
wave number ω2 = 4 can be considered for estimating wall dis-
tance d and angle α since they have the most significant signal
magnitudes compared to the noise level. Fig. 12 illustrates that
the relative amplitude a1

∗ is approximately in reciprocal pro-
portion to the wall distance d; and that the phase angle ψ2 is
almost a monotonic function of the wall angle α, which can be
approximated by

a1
∗ ≈ 0.27/ d+ 0.9 , ψ2 ≈ −1.81α+ 2.8 . (5)

These relationships from the simulation will be used as ref-
erences in the experiment. However, the precision of this es-
timation depends on that of the sensors, which will be further
discussed in Section IV-D.
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Fig. 13. (a) Schematic of the wall detection experimental setup. (b) Sensor arrangement on the vertically positioned cylinder. In total, 20 pressure sensors are
installed with the senor ports connected to the front-facing surface along the horizontal circumference. The sensors are connected in an interlaced manner to ensure
sufficient stimulation for each sensor and an abundant number of sampling points.

Fig. 14. (a) Wall detection test setup. (b) Sensor installation inside cylinder.
The ports for the 20 pressure sensors are open along the circumferential direction
in the front of the cylinder. The wall structure can be positioned at various angles.
In each test, the cart carries the test cylinder towards the wall in a controlled
motion and stops before contact with the wall structure.

C. Wall Detection Setup

The 2-D hydrodynamic model for wall detection can be real-
ized in experimental tests. The setup includes a vertical cylinder
and a wall structure, as depicted in Fig. 13(a). The cylinder is
a 76-cm-long (30 in) PVC pipe with sensor ports around the
middle circumference for 20 differential pressure sensors; see
Fig. 13(b). When the cylinder is installed, the ports are about
32 cm (12.5 in) both from the bottom of the cylinder and to the
water surface, in order to reduce surface influence and 3-D ef-
fects. The sensor openings are facing the front of the cylinder to
avoid the flow separation and complex (and possibly turbulent)
wakes. The interlaced sensor connection ensures that the differ-
ential sensors are receiving stimulation of sufficient magnitudes,
while maintaining a reasonable number of sampling points. The
wall is made from 1.2-m × 1.2-m (48-in × 48-in) PVC plates,
with supporting structures that can be attached to the platform
at various angles. Pictures of the sensory system and the test
setup are shown in Fig. 14.

Three groups of tests are conducted with different wall an-
gles α = π/2, π/3, and π/6, respectively. In each group, the

cylinder is towed in a controlled motion toward the wall and is
stopped before contact with the wall structure. After each group,
the same motion is repeated without the wall structure for ref-
erence. Signals from the differential pressure sensors as well
as the cylinder position is recorded and analyzed, as shown in
Figs. 15–17.

For each test, the distance from the axis of the cylinder to
the surface of the wall is computed with the position data from
the motion capture system. The cylinder accelerates toward the
wall and decelerates abruptly before running into a stopper in
front of the wall structure. In total, five tests with the wall and
five tests without the wall are conducted for each wall angle.
One pair of tests with the minimal differences in the velocity
profiles is selected for analysis in each group. Differential pres-
sure data are filtered temporally and fitted to a Fourier series
function along the circumferential direction as in (4). The pres-
sure distribution during each test is depicted using contour plots.
Between neighboring contour levels there is a pressure incre-
ment of 20 Pa, which is above the average noise level of
6 Pa. Since the pressure distribution beyond the angular position
±π/4 may be affected by flow separation and fitting error, only
the middle section will be analyzed.

D. Test Results

In Fig. 15, the test results with wall angle α = π/2 (i.e., wall
perpendicular to motion) are illustrated. The distance to the wall
and the cylinder velocity in the selected pair of tests are shown
in Fig. 15(a), to showcase the consistency between the testing
cases. By comparing the pressure distributions between the case
with wall angle α = π/2 in Fig. 15(b) and the case without wall
in Fig. 15(c), the difference in the pressure distribution is shown
in Fig. 15(d). Before the cylinder stops in front of the wall (as
marked by the dashed line in the contour plot), the pressure
is relatively higher with the wall forcing the flow to acceler-
ate around the cylinder, which agrees with the prediction from
numerical simulation. Also, it can be found that the pressure
distribution in both tests is more or less symmetric about the
angular position θ = 0 when comparing the pressure between
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Fig. 15. Wall detection result comparison between wall angle α = π/2 and the reference without the wall. (a) Cylinder distance from the wall and its velocity
as a function of time. (b) Pressure distribution with the wall. (c) Pressure distribution without the wall. (d) Pressure contribution by the existence of the wall. (e)
Asymmetric pressure with the wall. (f) Asymmetric pressure without the wall. Ignoring the pressure distribution beyond angular position ±π/4 (which may be
affected by flow separation, etc.) and after the cylinder stops (as indicated by dotted line), the existence of the wall increases the peak pressure as the cylinder
approaches. The pressure distribution is more or less symmetric while the cylinder is in motion. There is a pressure increment of 20 Pa between neighboring
contour levels.

Fig. 16 Wall detection result comparison between wall angle α = π/3 and the reference without the wall. (a) Cylinder distance from the wall and its velocity
as a function of time. (b) Pressure distribution with the wall. (c) Pressure distribution without the wall. (d) Pressure contribution by the existence of the wall. (e)
Asymmetric pressure with the wall. (f) Asymmetric pressure without the wall. The peak pressure slightly increases as the cylinder approaches the wall, and the
positive pressure slightly inclines toward the wall side as compared to the reference.

the left and right sides, as shown in Fig. 15(e) for the wall angle
α = π/2 case and in Fig. 15(f) for the reference (no wall) case.

Similar conclusion can be reached for the groups with wall
angle α = π/3 and α = π/6, as in Figs. 16 and 17. In addition
to the change in (relative) pressure magnitude, the position of
the pressure peak for these two groups is slightly inclined toward
the side of the wall, because the presence of the wall increases
the pressure by accelerating the flow between the cylinder and
the wall. As the wall angle deviates away from the symmetric
configuration α = π/2, the asymmetric in the pressure distri-
bution becomes more obvious, as depicted in Fig. 16(e) and

17(e). This also coincides with the trend from the numerical
computation.

The results from the experimental tests imply that, as the
cylinder moves in water, the existence of a wall can be inferred
by comparing the pressure distribution with that of a “nominal”
distribution in an open environment, and that the angle of the
wall relative to the cylinder motion can be obtained by ana-
lyzing the asymmetry of the pressure distribution. The experi-
ment and simulation results are compared in the Fourier domain
in Fig. 18. Specifically, Fig. 18(a) shows the relationship be-
tween the relative amplitude a1

∗ and the wall distance d for wall
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Fig. 17 Wall detection result comparison between wall angle α = π/6 and the reference without the wall. (a) Cylinder distance from the wall and its velocity
as a function of time. (b) Pressure distribution with the wall. (c) Pressure distribution without the wall. (d) Pressure contribution by the existence of the wall. (e)
Asymmetric pressure with the wall. (f) Asymmetric pressure without the wall. The peak pressure increases as the cylinder approaches the wall, and the pressure
distribution is obviously leaning toward the wall side as compared to the reference.

Fig. 18. Comparison of the pressure distribution between the simulation and
experimental results. (a) Relative amplitude a1

∗ of ω1 = 2 component versus
wall distance d. The relative amplitude is obtained from one pair of tests and it
generally follows the trend from the simulation, except for the region where the
velocity profiles have slight discrepancies between the cases with and without
the wall (wherefore the relative amplitude is less accurate as colored in gray).
(b) Phase angle ψ2 of ω2 = 4 component versus wall angle α. The phase angle
is the average among five pairs of tests and it roughly agrees with the prediction
from simulation. The angle correspondence is less precise for the wall angle
α = π/6 and π/3 because the magnitude of the corresponding component α2
is close to the signal noise level.

angle α = π/2 from one pair of tests with the best velocity
profile match between the cases with and without wall. The
experimental data generally follow the trend predicted by the
simulation, except for a region (colored in gray) where the ve-
locity profiles of the cylinder have a slight discrepancy. Since the
pressure magnitude is roughly quadratic in the cylinder velocity,
larger difference between the estimation and the reference may
be expected when the velocity profiles are not aligned. Fig. 18(b)

depicts the correspondence between the phase angle ψ2 and
the wall angle α. The experimental data are obtained from the
average of five pairs of tests and loosely follows the simula-
tion results, which is reasonable because the wave number ω2
components normally have a smaller magnitudes (therefore,
lower precision) as compared to those of wave number ω1 . Ad-
ditionally, the amplitude a2 of the wave number ω2 component
becomes smaller as the wall angle deviates away fromα = π/2.
In fact, it comes around the sensor noise level for the data points
with wall angle α = π/6 and π/3, which might explain the data
points being further away from the reference than the wall angle
α = π/2 case.

Applying the approximation functions in (5), the wall dis-
tance and angle could be inferred from the relative amplitude
a1

∗ and phase angle ψ2 . The estimation during five pairs of
tests is compared with the reference in Fig. 19. Particularly,
in Fig. 19(a), the wall distance estimation data are based on
the average among five pairs of tests to accommodate the
discrepancy in the velocity profile for each individual pair of
tests. As a result, the wall distance estimation (including the
velocity profile mismatch) has a standard deviation of 0.83
r (as illustrated by the gray solid lines). In Fig. 19(b), data
points for the wall angle estimation are obtained from the av-
erage among five pairs of tests for different wall angles. Based
on the sensor noise in the experiment, a varying error bound
is also provided with respect to different wall angles (illus-
trated in gray dashed lines). This also confirms that the esti-
mation uncertainty increases as the wall angle deviates away
from α = π/2, because the signal magnitude becomes smaller
with respect to the sensor noise. From the comparison, we
have the same conclusion that this prototype sensory system
is able to estimate the wall distance (if the nominal pressure
amplitude is provided) and determine the general orientation
of the wall (with respect to the relative moving direction in
the fluid).
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Fig. 19. Comparison between the measurement and the estimation in the
experiment test. (a) Estimation of wall distance d. (b) Estimation of wall angle
α. The wall distance is provided by the motion capture system and the angle
is obtained by design of the setup. The estimation of the wall distance and
angle is based on the Fourier analysis of the pressure distribution. The data are
obtained from the average of five pairs of tests. The average distance estimation
including velocity profile discrepancies generally captures the measurement
with a standard deviation of 0.83 r (as illustrated by the gray dashed lines). The
estimated angle roughly agrees with the actual value, especially considering
the modest signal magnitude for the cases with the wall angles α = π/6 and
π/3. The estimation error has a varying error bound due to the different signal
magnitudes with respect to the sensor noise (as illustrated by the gray dashed
lines).

V. CONCLUSION

A lateral line inspired pressure sensory system is developed
to obtain the pressure distribution and is tested in experiments.
The pressure distribution reflects the hydrodynamic information
about the surrounding flow. The first order of the distribution, the
spatial integration, represents an estimation of hydrodynamic
force and moment, which may improve the control performance
when provided to an underwater vehicle controller [37]. The
higher orders reflect local pressure variations that allow for
detection of flow patterns, which in turn leads to detection of
obstacles (e.g., a straight wall).

This paper reports on experimental tests on hydrodynamic
force estimation and wall detection with the prototype sensory
system. By placing differential pressure sensors around the sur-
face of a testing cylinder and obtaining the pressure distribution
on the surface, the hydrodynamic force acting on the cylinder is
estimated. In the wall detection tests, the cylinder moves toward
a flat wall, the existence of the wall, the wall angle with respect
to the moving direction, and the wall distance could be inferred
by the variations in the pressure distribution. The results from
the detection test qualitatively agree with those from the numer-
ical simulation. Undoubtedly, incorporating the sensory system
with the autonomous controller on an underwater vehicle could
potentially improve the performance of station keeping, dock-
ing, and trajectory tracking. The wall detecting capability could
be helpful for obstacle avoidance and navigation.
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