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Abstract—We present a particle velocity sensing scheme for
underwater acoustic vector sensors, which utilizes a nature-
inspired bionic hair based transduction scheme. The hair based
sensor offers an attractive option for particle velocity sensing with
low sensor size, but it is limited by low sensitivity. This limitation
can be overcome by using an acoustic horn for amplification,
and using a sensitive measurement system such as a fibre optic
system. We undertake simulation studies to evaluate the feasibility
of the vector sensing scheme. For the small sensor sizes and low
frequencies considered, the effects of viscosity become dominant.
We discuss the effects of viscosity through parameteric studies
and its effect on determining the operating parameters of the
sensing scheme.

I. INTRODUCTION

Acoustic vector sensors (AVS) are sensors that measure the
acoustic pressure as well as the components of acoustic particle
velocity at a point. AVS technology has grown rapidly in recent
years due to the established superiority of AVS over pres-
sure sensors in signal processing applications. A single point
measurement using a conventional hydrophone yields only the
scalar information on the sound field, viz. the pressure ampli-
tude. On the other hand, the particle velocity measurements in
an AVS provide additional information about the acoustic field,
the direction of the impinging acoustic waves, which is not
available in the case of a single hydrophone [1]. This gives the
AVS many advantages over hydrophones such as compactness,
better and unambiguous localisation for underwater acoustic
sensing applications and flexibility of sensor spacing. Several
experimental setups such as the DIFAR array [2] and Makai
experiments [3] have demonstrated the effectiveness of AVS.
AVS have been shown to be effective in signal detection [4],
direction-of-arrival estimation [5], communication [6], imaging
[7] and seabed characterization [8].

Vector sensing requires direct measurement of pressure gra-
dient or particle motion. Quantities like particle displacement,
particle velocity and particle acceleration contain amplitude
and directionality information about the sound field. There
have been many attempts on the measurement of all the above
quantities. Early works in AVS technology focused on estima-
tion of the direction of the sound field from pressure gradient
measurements [9], which suffered from finite difference and
phase mismatch errors [10]. Hot wire anemometry has been
extensively used for flow measurements [11], but it has not
been effectively adapted for underwater applications due to
loss in sensitivity when used in impedance matching fluids
like castor oil [12]. Most underwater acoustic particle velocity
measurement schemes exploit the principle that the motion of
a freely floating neutrally buoyant sphere placed in a sound

field follows the particle velocity of the water [13]. The arrival
of highly sensitive piezo-ceramic material like PMN-PT with
better sensitivity than conventional PZT, has created interest in
accelerometer based AVS for underwater applications [10]. But
the performance of these sensors suffer from relatively high
noise floor compared to ambient noise conditions in the ocean.
Moreover, the direct measurement of particle velocity has some
advantages from the operational point of view, especially for
acoustic particle motion based sensing, because the particle
velocity is directly proportional to the pressure amplitudes.

Particle velocity sensing using bionic hair sensors has
generated significant interest in recent years [14]. Bionic hair
sensors can be adapted for AVS with huge benefits in terms of
sensor size as demonstrated by Zhang et. al. [15]. The main
challenge is that the particle velocity sensors are relatively less
sensitive compared to hydrophones and usually suffer from
higher noise floor. In order to deal with the problem of low
sensitivity, we investigate the effect of using horns in order
to amplify the particle velocities measured. Recent simulation
and experimental works show that horns can be used as particle
velocity amplifiers with a uniform frequency response over a
wide frequency range [16]. Hence it is possible to apply these
particle velocity amplifiers to mitigate the effect of the inherent
high noise floor reported in many hair based velocity sensing
schemes.

Even with the application of acoustic horns, the particle
velocities corresponding to ambient noise levels in the ocean
are very low. Hence a high sensitivity transduction scheme
is needed to achieve reliable measurements down to ambi-
ent noise levels. Fibre optic sensing technology is an ideal
candidate for high-performance underwater acoustic sensing
applications due to its many benefits like remote sensing, ease
of multiplexing and improved reliability due to the absence
of wet-end electronics [17]. Fibre laser based accelerometers
mounted in a neutrally buoyant sphere have been used previ-
ously as well to measure the acoustic particle velocity [18],
[19].

We propose to use an interferometric sensing scheme that
employs a fibre laser mounted on a cantilever transducer to
realise a compact high-performance vector sensor. The trans-
ducer is placed inside an acoustic horn for particle velocity
amplification. When low frequencies and small sensor sizes
are considered, the effect of viscosity on the acoustic field
becomes predominant. We discuss the effect of viscosity in
the transduction scheme and its impacts on the operating
range of the sensor, which has not been considered in any
previous work. We undertake simulation studies to understand
the trade-offs in the system due to viscosity effects, and
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Fig. 1: (a) Sensing setup with fibre laser mounted on a
cantilever to act as particle velocity sensor (b) Axis-symmetric
finite-element model for analysis of the setup.

investigate the variation in particle velocity amplification with
various parameters of the horn. Thereby, we arrive at a suitable
sensor configuration for good performance within the desired
operating range.

The paper is organized as follows. In section II, we discuss
the theory that governs the particle velocity field, and its
amplification in a horn. In section III, we investigate via
finite-element analysis, the effect of viscosity when using the
acoustic horns for amplification, and the trade-offs introduced
into the sensor design due to viscosity effects. In section IV
we discuss the transduction and sensing scheme using a fibre
laser mounted on a bionic hair-based setup, and in section V,
we conclude the paper.

II. THEORY
A. Wave equation

The complex envelope of the acoustic particle velocity
(uqc) due to propagation of an acoustic plane wave is given in
equation (1) where P is the complex envelope of the pressure,
p is the density and c is the sound speed of the medium.
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Consider a sensing configuration where the particles in the
fluid move with a velocity u,. and a body which acts as
the sensor moves with a velocity us. The force experienced
by the body has three components; viz. the buoyancy force
experienced due to fluid acceleration, inertia force arising from
the added mass, and the drag force experienced by the body.
The drag force has a direct dependence on the fluid velocity
and is in phase with the velocity while the inertia and buoyancy
forces are in phase with acoustic particle acceleration. The
drag force experienced by a sphere oscillating in a stationary
viscous fluid can be written as
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where ¢, the thickness of the viscous boundary layer or Stokes
layer, is given as [20]
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Fig. 2: Configuration with important parameters considered in
the analysis

In equation (2) and (3), a is the radius of the sphere, p is
the dynamic viscosity of the fluid and f is the frequency. The
drag force term given in equation (2) contains the forces due to
viscous drag as well as inertia forces due to added mass effects.
When the motion of the body is excited by oscillating fluid, in
addition to the drag force, the buoyancy forces from the fluid
should be added and relative velocity should be used in place of
us. The second term in the square brackets on the right side of
equation (2) becomes predominant with increase in frequency
as the boundary layer thickness has an inverse relationship with
frequency. The buoyancy force which is proportional to fluid
acceleration also increases with increase in frequency. But at
low frequencies the viscous force, represented by first term
in the square brackets on the right side of equation (2) is the
dominant contributor to total force experienced by the body.

The unsteady Reynolds number (R,.) defined in equa-
tion (4) can be used to differentiate the predominant effect
in drag force experienced by the body due to an oscillating
flow. For a sphere excited by an oscillating flow, the viscous
effects are predominant when R,. < 1.
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B. Acoustic Horns

The performance of acoustic sensors can be improved by
use of acoustic horns which lend an improvement due to
increased directivity. We propose the configuration depicted
in Fig. 1(a) to establish the feasibility of vector sensing which
utilises acoustic horns for particle velocity amplification. The
transducer consisting of a cantilever setup is at the center of an
open-ended horn. Viscous effects become important as the size
of the sensor configuration reduces. Many practical horn acous-
tic systems utilize Webster horn equations [21] in performance
predictions. But key assumptions used in its derivation such as
absence of viscosity and uniform distribution of energy across
the wavefront, invalidate it for the current application. Finite
element analysis technique is employed by us to simulate the
effect of horns on the performance of the acoustic sensor.
Figure 1(b) shows an axisymmetric finite element model used
to simulate the sound propagation through horns using the
software COMSOL. A schematic showing the dimensional
parameters of the horn is shown in Fig. 2. We define the length
ratio Ry, = I;—’ and radius ratio R, = TrT’ where L, refers to
horn length, and r; and r,, refer to radius of throat and mouth
of the horn respectively.
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Fig. 3: (a) RMS pressure and (b) particle velocity distribution
in horn for a plane wave. RMS particle velocity of plane wave
in water with 1 yPa RMS amplitude is 6.67 x 1073 m/s

Since we focus on viscous effects in our current study, the
traditional wave equation needs to be modified to include the
effect of viscosity. As the particle velocities are very small,
the velocity convection terms in the Navier-Stokes equation
can be neglected to simplify the governing equations. These
equations can be further simplified by performing the analysis
in the frequency domain. Hence, the continuity and momentum
balance given in equations (5) and (6) are solved in COMSOL
in the vicinity of the sensor, marked as thermo-acoustic domain
in Fig. 1(b). As the effect of viscosity is negligible further away
from the sensor configuration, the conventional wave-equation
is employed in this region, marked as pressure-acoustic domain
in Fig. 1(b). In equations (5) and (6), po is the background
density, p’, u’, and p’ represent fluctuations in pressure,
velocity and density over their background values. A boundary
layer region exists due to viscosity of the fluid. Meshing of
the boundary layer with sufficient resolution is essential in the
current finite-element analysis.

iwp' = —po(A.a') 5

2
iwpou’ = A. <u (Au' + (AW)") = p'T— (up — g)(A.u’)I
(6)

TABLE I: Parameters used in the analysis

Feature Value
Throat radius 7 2.5 mm
Length of Throat L; 20 mm
Radius ratio R, 5
Length ratio Ry, 10
Fluid medium water

Figure 3(a) shows the pressure distribution for a plane wave
at 10 kHz with 1 pPa root-mean-square (RMS) amplitude
propagating along the axis of the horn, and Fig. 3(b) plots the
corresponding particle velocity distribution, for a configuration
showed in Fig. 1(a). The dimensions of the horn are as
specified in table I. It can be observed that at the frequency
considered, which is much lower than the acoustic resonance of
the horn, the axial variation of pressure in the horn (Fig. 3(a))

Pressure
amplification
o
o
i

102 10° 10*
Frequency (Hz)

—_
]
—
o
-
EN

w
w

Particle velocity
amplification

w

N

o

[l

2

w
i
n

w

N
o
o |

—_
o
—
-
o

Frequency (Hz) 0

-0.027+ 1

o
X
X

-0.04 -

Particle velocity
phase (radians)

-0.06 B e ——
10" 10° 10° 10*
) Frequency (Hz)

—
(9]

Fig. 4: Variation in (a) acoustic pressure amplification, (b)
particle velocity amplification and (c) phase of the particle
velocity at throat of the horn, with frequency.

is negligible. But there is a significant amplification of particle
velocity at the throat of the horn, which reduces in the axial
direction as one moves outward from the throat towards the
mouth and exterior of the horn (Fig. 3(b)). This might appear
counter intuitive with reference to acoustic pressure horns used
in electro-acoustic speakers. But the analysed configuration has
an open throat unlike acoustic pressure horns, where the throat
is blocked by a high impedance electro-acoustic device.

The frequency response of the acoustic field measurements
in the horn over a frequency range of interest was computed.
Figure 4 shows the variation of (a) pressure amplification and
(b) particle velocity amplification with frequency at the throat
of the horn. We see that the analysed horn configuration can
provide uniform amplification in particle velocity over a wide
frequency range. Figure 4(c) shows the variation in phase of
the particle velocity at the throat of the horn with the frequency.
It can be noted that the phase change is minimal and smooth.
Hence, the particle velocity at the throat of the horn exhibits
a frequency response favorable to sensing.

III. SIMULATION STUDY
A. Effect of viscosity

Viscosity plays a major role in the proposed sensing
scheme. The effect of viscosity becomes more pronounced as
the horn dimensions reduce. Viscosity effects are predominant
in the region closer to the wall called Stokes layer. In the outer
region an inviscid core is formed. The order of magnitude of
thickness § of the Stokes layer is given in (3). Note that the
Stokes layer thickness has a direct dependence on viscosity
and its thickness reduces with increase in frequency.

We undertake further simulations to understand the effect
of viscosity on the particle velocity amplification by horns. The
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Fig. 5: Variation of velocity amplification (dB) at throat of the
horn with frequency and dynamic viscosity
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Fig. 6: Variation of velocity amplification at throat of the horn
with radial distance at different values of dynamic viscosity p

value of dynamic viscosity was varied from 0.001 to 1 Pa.s,
which covers a range of fluids from water to castor oil. Figure 5
shows the variation of acoustic particle velocity amplification
at the throat of the horn with frequency and dynamic viscosity,
with the horn dimensional parameters as specified in table I.
Although the effect of viscosity is negligible at very high
frequencies, the acoustic particle velocity amplification reduces
significantly at low frequencies for the analysed configuration.
This arises due to the fact that the thickness of the viscous
layer increases with viscosity.

Figure 6 shows the radial profile of the acoustic particle
velocity amplification at the throat section of the horn at
different values of dynamic viscosity using the parameters
described in table I, for a plane wave of frequency 10 Hz. The
maximum particle velocity occurs beyond the central inviscid
core where the velocity is uniform (eg. at a radial distance of
2.1 mm for y = 0.001). At low frequencies or high viscosities,
the effect of viscosity dominates the entire throat section and
significantly reduces the particle velocity at the throat. For
example, Fig. 6 shows that at 10 Hz, an acoustic horn with
a throat diameter of 5 mm filled with castor oil will result in
particle velocity reduction rather than amplification.

Figure 7 plots the variation of the particle velocity ampli-
fication with (a) horn throat radius 7; for a range of values of
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Fig. 7: Variation of particle velocity amplification with (a)
throat radius r; at different values of dynamic viscosity u,
and (b) dynamic viscosity u for different values of r;
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Fig. 8: Variation of particle velocity amplification with R,. and
R, for frequency f = (a) 10 Hz (b) 100 Hz, (c) 1000 Hz, (d)
10000 Hz

u, and (b) with p for a range of values of r;. The frequency
of the plane wave is assumed to be 10 Hz. Figure 7 makes it
clear that for good amplification by the horn, diameter of the
horn should be sufficiently large as the viscosity increases. For
example, application of castor oil (¢ = 1) requires a minimum
throat diameter of the order of 10 mm at low frequencies (of
the order of 10 Hz) for good amplification.

From Figs. 5-7, we see that for designing the sensing
system, the effect of viscosity forces us to make a trade-off
between the dynamic viscosity p of the fluid, size of the horn
(dependent on throat radius r;) and the sensing performance
at low frequencies. This trade-off affects the low frequency
operating range.

We now undertake a parametric study to investigate the
variation in particle velocity amplification with the dimensional
ratios R, and Rj;. The throat radius is fixed at 2.5 mm and
material properties of water are used in the simulation. Figure 8
shows the results from the parametric study. It can be observed
that in general, the velocity amplification increases with both
Ry and R,. The amplification is independent of R; at low
R, values. But as R, increases, increase in Ry, also provides
additional amplification. We also observe that at very high



frequencies there is a deviation in the velocity amplification
trend. This arises due to the fact that as R, increases, the horn
dimensions are comparable to the acoustic wavelengths. Hence
the acoustic modes of the horns could be contributing to this
observed behaviour. This discussion outlines another trade-off
to be tackled while choosing the operating range of the horn-
based sensor, which is that of sensor size (determined by R,
and Ry ) against velocity amplification of the horn and the high
frequency operating limit.

B. Directivity

A 3D acoustic analysis was carried out to study the
directivity pattern from the acoustic horn. The direction of
the plane wave was varied to study the directivity pattern
of the horn. Figure 9 shows the directivity pattern (velocity
amplification plotted against direction of the plane wave) for a
horn with dimensions given in table I for frequencies 100 Hz,
1000 Hz and 10000 Hz.

IV. TRANSDUCTION AND SENSING

A. Transduction scheme

TABLE II: Parameters used in the analysis

Feature Value
Throat radius 7; 4.5 mm
Length of Throat L, 20 mm
Cylinder radius 1.25 mm
Radius ratio R, 7.2
Length ratio Ry, 14.4
Density of fluid 1000 kg/m?
Speed of sound 1480 m/s

Dynamic Viscosity (0.001, 0.01, 0.1,1) Pa.s

While horns can act as particle velocity amplifiers, we are
interested in the development of a suitable transduction scheme
which can sense the particle velocity at the throat of the horn.
As explained in section II, a transduction mechanism which
can sense the viscous drag forces can give direct measurement
of particle velocity at the throat of the horn. To understand
the performance of such a transduction scheme, a concentric
cylinder which acts as a drag generator was placed at axis
of the horn in the throat area in the analysed model. The
shear stress 7 acting on the cylinder can be calculated from
the velocity gradient as

du
T=pg )

where p is the dynamic viscosity, w is the axial velocity and
r is the radial displacement. The shear stress calculated from
equation (7) can be integrated over the cylinder surface to
estimate the skin friction drag force Fl,qq4. The basic assump-
tions used here are that the motion of the drag generating
cylinder is negligible in comparison to particle velocity and
the cylinder dimensions are small compared to the wavelength
of the acoustic wave. The cylinder radius is considered to be
equal to 0.8 times the horn throat radius. Figure 10 plots the
variation in drag force with frequency for different values of
u for the parameters given in table II. A wave of 1 Pa is

—100 Hz
—1000 Hz
—10000 Hz

270

Fig. 9: Directivity pattern for the horn with dimensional
parameters given in table |

assumed to be incident on the sensor. We see that using castor
oil (u = 1) yields the highest drag force for the setup.

B. Optical measurement scheme

Acoustic particle velocity sensing is very challenging,
especially in an underwater scenario due to the very high
acoustic impedance of water. As estimated in the previous
section, the viscous drag force levels experienced by a drag
generator is only of the order of picoNewtons for sea state
zero ambient noise conditions. Although challenging, the op-
tical sensing techniques can achieve such fine measurement
resolutions. A setup consisting of fibre lasers mounted on a
suitable cantilever or set of cantilevers is one such plausible
measurement technique.

Fibre lasers are Fabry-Perot resonance cavities created on
an active fibre (rare earth element doped fibre) by writing
spectrally matched Bragg gratings. They absorb the light
energy from an external pump source and generate laser at
wavelengths which depend on the grating pitch, effective re-
fractive index of the resonance cavity and emission bandwidth
of the dopant used in the fibre. Changes in the grating structure
due to strain or temperature results in corresponding changes
in the fibre laser output wavelength. Multiple fibre lasers can
be connected on a single optical fibre line using wavelength
division multiplexing scheme through careful design of grating
structure of individual fibre lasers. Interferometric systems
along with phase demodulators are usually employed to con-
vert the fibre laser wavelength changes into electrical signals.
A detailed review of the operating principles of a fibre laser
sensors and associated interferometric techniques can be found
in [22] and [17].

Figure 11 shows a feasible sensing configuration based on
cantilever structure. The application of cantilever in sensing
provides us with the flexibility to select the dimensional
parameters of the cantilever to achieve required performance
characteristics of the sensor system. The fibre laser is mounted
on the bottom side of the cantilever and the drag generating
cylinder on the top side as shown in Fig. 11. The drag
generating cylinder is offset from the cantilever to generate
bending moment which results in strain on the fibre. Consider
an acoustic horn used in conjunction with a cantilever config-
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Fig. 10: Skin friction drag on the cylinder due to an incident
plane wave for different values of dynamic viscosity p

uration. The strain acting on the fibre can be calculated as
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where M = Fj,.44 X ys is the bending moment at an offset
ys, I is the elastic modulus and [ the area moment of inertia
of the beam cross section.

The phase resolution and noise floor characteristics of the
fibre laser hydrophone system depend directly on three major
parameters: measurement resolution of the opto-electronic
instrumentation, inherent frequency noise of the fibre laser and
the optical path imbalance used in the interferometer [17].
Commercial phase demodulation systems that can achieve
measurement resolutions of the order of a few micro radians
are available off the shelf.

C. Sensitivity of the overall system

Based on our understanding from the discussions in sec-
tions III-A, IV-A and IV-B, we can choose suitable parameters
for the sensing system that yield desirable characteristics
within the operating range chosen. As an example, we consider
a particle velocity sensor with specifications similar to a
commercially available vector sensor from Microfine Materials
Technologies [23]. The velocity sensor is designed to work
in the frequency range 100 Hz to 3000 Hz. The medium
is chosen as castor oil (x = 1 Pa.s) to maximize the drag
force on the drag-generating cylinder. For this medium, we
find that the throat radius must be atleast 4.5 mm in order
to achieve nearly uniform amplification by the horn over all
frequencies and avoid the effects of the viscous layer. R, and
Ry, are chosen as 7.2 and 14.4 respectively, so we obtain a
horn with diameter and length of 65 mm. Thus, we obtain the
dimensional parameters given in table II.

For transduction, a cylinder with radius equal to 0.8 times
the throat radius is considered. Consider the T-section setup
given in Fig. 11 with a beam section with a Young’s modulus
of 10 GPa. At a frequency of 1000 Hz, a strain output on
the order of 10~'! can be achieved at an offset of 5 mm for
an incident wave of 1 Pa, using a drag force value of 7 x
1079 N as observed in Fig.10. This sensitivity figure could be

Neutral Axis

Fibre Laser

L.

Fig. 11: Fibre laser mounted on a cantilever to act as particle
velocity sensor

improved by optimising the design of cantilever structure and
drag generators.

Fibre laser hydrophones have been shown to be able to
detect strains of 8 x 10715 at 1000 Hz [24]. From this,
we can compute that the minimum particle velocity level
detectable by the system is 55 dB re 6.67 x 10~ m/s. This
level is quite small, and is an order of magnitude more than
sea state zero ambient noise conditions. Hence, the simple
example considered by us demonstrates the effectiveness of
the sensor setup. Further improvements to the system are
possible by optimizing the parameters of the T-section and
horn dimensional parameters.

V. CONCLUSIONS

We explored a method of acoustic vector sensing using
bionic hair sensors for transducing acoustic particle velocity.
This method can provide gains in terms of sensor size over
other methods. One of the challenges faced in this technique
is its low sensitivity. This problem can be overcome by using
an acoustic horn to amplify the particle velocity sensed, and
a highly sensitive laser-interferometric sensing system to pick
up the transduced strain output from the sensor.

The acoustic horn provides good amplification in particle
velocity that is uniform over a wide frequency range, with
minimal phase distortion. The effect of viscosity imposes some
limitations to the operating range and performance of the horn
due to the thickness of the viscous layer. The dimensions of
the horn and the fluid medium used, determine the operating
frequency range and amplification. By suitably choosing the
horn parameters, it is possible to obtain the good performance
within the low frequency and high frequency operating limits.

The transducer, a hair-based cantilever system, is placed at
the center of the throat of the horn. If a laser-interferometric
sensing system is used, we show that it is possible to achieve a
measurable output from the cantilever-based transducer which
is within the sensing threshold of the laser interferometer. Thus
we have demonstrated the good sensing capabilities of the
proposed sensing configuration
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