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ABSTRACT

This thesis presents an analysis of a unique Micro Electrical Mechanical
System (MEMS) sensor adapted for underwater sound detection and localization. The
sensor is inspired by the hearing system of the Ormia ochracea parasitoid fly
and is being investigated to serve as a miniature replacement, or supplement, to
traditional underwater sound detection systems such as hydrophones and
hydrophone arrays. The sensor operates at its resonant frequency as a single-
axis, in-plane, capacitive sensing accelerometer with two mechanically coupled
sensing elements, and it possesses inherently dipole directionality. The mechanisms
for sound detection using this sensor are discussed, and an engineering approach to
underwater sound detection in a neutrally buoyant configuration is demonstrated.
The sensitivity of the sensor was 0.81 V/mg (-131.9 dB re 1V/uPa), and its noise
spectral density was 95 pV/VHz. Cross-axial sensitivity was -13 dB. Measurements
verified that the sensor’s characteristics operating in air did not change while operating

underwater in a neutrally buoyant configuration.
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l. INTRODUCTION

A BACKGROUND

From the first submarine used in combat with the hand-powered H. L. Hunley during
the American Civil War, to the modern threat of silent submarines, submarine technology has
established itself among the most viable of weapon systems. As long as there are weaponized
submarines and other undersea vehicles that continue to improve, then advancements in anti-
submarine warfare technology, including new sensors, is critical to successful naval

operations [1].

Historically, the U.S. has not always been capable of countering undersea threats. At
the start of the Cold War, U.S. naval leadership assessed antisubmarine warfare capabilities
as lacking, including weapons, doctrine, and sensors [2]. Submarine development and
proliferation continues today. The Office of Naval Intelligence projects China will grow its
submarine fleet to 76 vessels by 2030 [3]. Although the U.S. Navy as part of 355-ship force-
level goal sets to achieve and maintain 78 submarines [4], this may not be enough vessels to
counteract the undersea threat from China in addition to the rest of the world.

Just as the undersea threat is well-established, so is the sensor technology. The existing
technologies for detecting submarines and other undersea vehicles include sonobuoys [5],
which are a system of multiple sensors and hydrophones, which are the underwater
equivalent of a microphone. Hydrophones are sensors that often exist as part of large
arrays that are towed behind ships [6]-[8]. Most hydrophones are passive devices that
transduce the pressure fluctuations from acoustic waves, and sonobuoys combine signals from

accelerometers and hydrophones to detect sound.

Despite the maturity of these sensors, the Navy continues to invest in new underwater
sensor technology [9]. These investments embody Chief of Naval Operations’ priorities
including “mastery of the undersea domain” by “driving technical development,” and
“modernizing our sensors,” which is described in the CNO strategic guidance for the future
Navy, FRAGO-19 [10].



B. CURRENT PROBLEMS WITH UNDERWATER DETECTORS

Localizing undersea threats is challenging with the current technology. Since
traditional hydrophones may exhibit limited directionality and there is ambiguity in
the relative bearing to the sound. As a result, localizing undersea threats can be problematic.
For passive underwater acoustic detectors, vector sensors have been a good alternative
“since they are sensitive to both magnitude and the direction of the acoustic wave” [6];
however, more than one sensor is typically required, as is the case with sonobuoys.
Processing data from multiple sensors is computationally heavy and may require complex
algorithms [11]-[12].

Another problem with hydrophones is their size and weight. Current towed array
hydrophones have a diameter of several inches and require a large shipboard space for a
powerful handling and stowage system [13]. Reducing the size and weight of any particular
shipboard equipment increases the hull’s stability, weight margin, and may provide flexibility
for key weapons system additions [14]. Additionally, the total weight of equipment on a ship,
or payload, is an especially important factor in the capability of smaller vessels. There is a
non-linear relationship between a ship’s size and its total payload—as the ship size decreases,
the payload “can often decrease more quickly, making the smaller ship not just less capable
than the larger ship, but proportionately less capable” [15]. In order to maintain capability in

smaller ships, innovative equipment solutions are necessary.

C. STATUS OF RESEARCH

Since these limitations of hydrophones are well known, much underwater acoustic
detector research focuses on improving the directionality characteristics of hydrophones and
designing small form-factor sensors. New technology presented in research generally involves
combining sensors into small arrays and algorithmically determining sound pressure level and
direction of sound arrival [16], or designing inherently directional sensors, such as Micro
Electrical Mechanical System (MEMS) (accelerometers) or other vector sensors [6].

Previous underwater sound detection research at the Naval Postgraduate School

(NPS) Sensor Research Laboratory (SRL) explored inherently directional, Ormia ochracea

(Ormia)-based MEMS sensors. To support the Navy’s needs for technological development,
2



studies are investigating if Ormia-based sensors can be an effective alternative for more
complex or bulky systems. Experimentation on this sensor began with goal of detecting and
localizing acoustic sources in air; however, the NPS Ormia-based sensor was recently adapted
for underwater operation. Previous research concludes that because of the Ormia-based
sensor’s small size (<4 mm), low-power consumption, and promising performance, it has the

potential as a next-generation underwater sensor [17].

A unique aspect of the Ormia-based sensor is that from a single sensor, directional
information can be retrieved, which reduces data collection, signal processing and
computational efforts. Minimizing the load on data transportation and computational systems
is imperative as “it is anticipated that the ... amount of data produced by unmanned systems
will continue to exponentially increase” [18].

Two MEMS sensor configurations have been studied at the SRL. One configuration
included submerging the Ormia-based sensors in silicone oil and housing them in a flexible,
sound-transparent enclosure. This configuration proved to work well underwater [17]. In
addition, researchers investigated a near-neutrally buoyant configuration, where the Ormia-
based sensor was housed in an air-filled, hermetically sealed enclosure which allowed the
sensor to operate as a directional accelerometer. Building on the latter, the objective of the
thesis is to determine if Ormia-based MEMS sensors can be used in a neutrally buoyant
(NB) configuration to measure the particle acceleration as well as the direction of arrival
of sound.

To accomplish this objective, the following research questions must be answered: Will
the Ormia-based sensors maintain the same characteristics in a NB configuration as in air? Is
it possible to test directionality of a neutrally buoyant configuration using NPS facilities?
What are the characteristics of a NB sensor assembly and how do they compare with other

sensor technology that is looking to detect and localize underwater sound?

In order to answer these questions, a review on NB designs and previous research was
performed, a NB enclosure was designed and fabricated following previous research best

practices, and the sensors and enclosure were thoroughly characterized in air and underwater.



D. THESIS ORGANIZATION

Research focused on improving current underwater, Ormia-based sensor technology,
as well as building on the understanding of the sensor’s localization and sensitivity
performance. Chapter Il provides a literature review, highlighting sensor configurations,
performance, as well as advantages and disadvantages. Chapter Il outlines the basic
principles of the Ormia-based sensor and provides details on a neutral-buoyant sound
detection scheme. Chapter IV presents experimental results summarizing the Ormia-based
sensor’s capabilities as an underwater sensor in a neutrally buoyant configuration.
Experiments included characterization of the sensor’s frequency sensitivity and directional
responses both in air and underwater as well as noise spectral density measurements. Chapter
V summarizes the observations and experimental results and offers further insight into the

sensor’s overall performance as well as recommendations for future work.

E. BENEFITS OF THIS STUDY

Although hydrophones and sensor array technologies are still serving as reliable tools,
they still have limitations, as previously emphasized. Current systems are physically large or
require computationally intensive signal processing, require multi-sensor arrays, or may even
require the ship to maneuver in order to detect and localize sound. A small sized-sensor would
take up less space and tonnage on a ship. Additionally, smaller sensors have the potential to
be carried by unmanned vehicles as either a permanent system on larger vehicles, or as part
of a “leave behind” surveillance sensor [19]. Similarly, a small, lightweight sensor could even
be used as part of a towed array on glider [20]. Finally, it is possible that more sensors could
be carried in the limited space onboard anti-submarine warfare capable aircraft. If smaller,
directional sensors are deployed, a single helicopter would be able to carry more sensors and

interrogate a greater area [21].

By studying a new, compact sensor that can detect the magnitude and direction of
sound, there is a potential for developing an affordable, highly scalable Advanced Undersea

Warfare System [22] that works toward achieving strategic future Navy goals.



II. CURRENT RESEARCH OF ACOUSTIC PARTICLE
VELOCITY AND ACCELERATION DETECTORS

This chapter outlines some of the research into directional underwater acoustic
sensors. A well-established method of detecting sound is measurement of the medium’s
particle velocity under oscillatory motion from an acoustic pressure wave (pressure
gradient-sensors) [23]-[25]. This sensed pressure is then proportional to the sound
pressure level. Hydrophones are the primary sensor used for detecting acoustic waves, but
they have bearing ambiguity. Most sound detection schemes rely on two or more sensors
to determine the direction from which sound is originating. The information from each
sensor in the array is then processed via a time difference of arrival or finite difference
measurement technique. Even still, there can be ambiguity between which side of the
sensor array the sound originated. The following paragraphs present previously
researched techniques that sought to overcome these challenges.

In 1956, Leslie et al. were among the first to document efforts to measure the
particle velocity of water using a neutrally buoyant hydrophone. Their theoretical and
experimental results concluded that a velocity pickup mounted in a neutrally buoyant, rigid,
spherical shell is capable of measuring particle velocity. The theoretical analysis
determined that the sensor and enclosure need not be neutrally buoyant, although a negative
buoyancy decreases sensitivity, and positive buoyancy increases sensitivity. Additionally,
their research presented sensitivity measurements that were consistent with changes in
static pressure and temperature, and the response was flat from 15-700 Hz with a
sensitivity of 0.18 V/(cm/s). They also concluded that the directional response of the
velocity sensor is better at low frequencies than high frequencies, proving over -20 dB of
cross-axial sensitivity. The researchers attributed this to a lack of the hollow brass sphere’s
mechanical rigidity at higher frequencies resulting in “appreciable transverse response”
[26]. With their promising results, the authors laid the groundwork for further research on

neutrally buoyant directional sensors.

Ten years later, Bauer and DiMattia continued research on directional underwater
sound sensors using “moving-coil transducers under mass control that impedance matches

5



the fluid medium” [23]. Bauer and DiMattia claimed the hydrophone exhibited “high
sensitivity and precise polar patterns” [23]. This research on a mass controlled, moving-
coil transducer was also studied by others later.

Similar to both Leslie and Bauer’s research, in 1985 Gabrielson et al. sought to
measure the acoustic particle velocity of the surrounding water with a neutrally buoyant,
“glass-microballoon-and-epoxy composite” cylinder [27]. Their underwater enclosure
encased a commercially available geophone, which worked on the identical principle as
Leslie’s [26]. Compared to Leslie’s work, Gabrielson’s efforts were designed to reduce
distortion of the acoustic field in an easier-to-build underwater enclosure. As a result, their
sensor presented a strong agreement in source level measurements when compared to the
reference hydrophones. The authors note that a single sensor used to measure the particle
velocity can be beneficial in cases where the pressure gradient must be measured, but

insufficient separation between two hydrophones is impractical [27].

A different approach in designing a sensor with intrinsic directivity is a
polyvinylidene fluoride (PVVF2) biomorph, as studied by Josserand and Maerfeld in 1985.
Their researched showed that a flexible PVF2 biomorph’s piezoelectric properties allowed
for a dipole directional response at 60 Hz with a 25 dB signal level difference between
sound incident at 0° and 90°. The bimorph’s sensitivity was -190 dB re 1V/uPa from 1 to
4 kHz, although it was not completely flat [28]. The significance of this research is that it
presented a new type of hydrophone that measures direction and absolute sound intensity

with a single sensor.

Another approach for an underwater, MEMS, direction-finding inertial sensor as
studied by Rockstad et al., in 1996, was an “electron-tunneling transduction mechanism”
[29]. The micromachined sensor was made up of a hinged, cantilevered proof mass with a
tunneling tip. To sense proof mass vibrations on its cantilever, the edge of the proof mass
contains an electrode that interacts with a second cantilever tunneling electrode. Their
research goal was to develop and test a miniature directional sensor “with a self-noise
below 100 nano-g/vHz from 5 to 1000 Hz” [29]. The two orthogonally packaged sensors

were to be housed in a neutrally buoyant spherical shell. Shaker table laboratory testing of



a single-axis electron tunneling sensor showed “a noise floor from 1 micro-g to 10 nano-
g/NHz” [29], which the authors noted was an order of magnitude lower than similarly sized
traditional cantilever accelerometers. Although the authors expressed plans to test a two-
axis “neutrally buoyant directional hydrophone,” they did not publish any further articles
[29]. Since the ambient ocean noise floor is quiet, this research is significant in that the
authors documented a unique development in designing a low-noise underwater,

directional sensor.

Similarly, Moffett et al., at the Naval Undersea Warfare Center, Newport studied a
“piezoelectric, flexural-disk accelerometer” in a neutrally buoyant configuration [30]. In
their 1998 paper, they presented the detailed design parameters and experiments of two
lead zirconate-titanate disks with a resonant frequency of 11 kHz. The accelerometer
sensitivity was -22 dB re 1 V/g with a “spectral noise-equivalent acceleration floor” of -51
dB re 1 g per VHz, and the pressure sensitivity was approximately -240 dB re 1V/Pa [30].
Since Moffett et al.’s research exploits similar detection schemes to those explored in this

thesis, their results offer a good source of comparison.

In 2004, Kim et al. published yet another common technique utilizing a pressure-
acceleration, or “p-a intensity probe” [31]. They proposed system of sensors, or “vector
sensor,” that included a near-neutral buoyant piezoceramic cylinder which houses two
accelerometers. The cylinder detects the acoustic pressure while the accelerometers detect
the acoustic particle acceleration. The authors note that their findings are important in that
their vector sensor is compact and thus can be used for “near field intensity mapping,” and
it also has the capability to extract the “active, propagating intensity of a source from a
reactive field due to reverberation,” which would be not be possible with an
omnidirectional hydrophone [31]. Kim et al., in 2008, continued studying this p-a sensor
and proved its ability to determine directionality and sound energy in a complex, near-field
acoustic field containing two sound sources of different sizes at different distances from
the sensor. Such a conclusion is important for real-world sound radiation mapping to

“reveal localized regions of sound production” [32].



Recently, Hari and Chandrika presented a unique development with particle
velocity measurements with a sensor that “utilizes nature-inspired bionic hair-based
transduction” [33]. The authors note that hair-based acoustic vector sensors generally
suffer from low sensitivity. Instead, they focus on simulations of a cantilever, transducer-
mounted fiber laser interferometer that takes advantage of a horn-style particle velocity
amplifier. Their simulations found that the horn velocity amplifier, depending on fluid
dynamic viscosity, resulted in between 90% attenuation and 3.6 times gain. [33]. Perhaps
the horn-style amplifier technology could be exploited for stationary sensors, it is

impractical as mobile, deployable sensor.

In 2017, Bahreyni et al. presented a “wideband, low-noise accelerometer intended
to replace existing hydrophones in towed arrays” [34].The researchers designed a silicon-
on-insulator MEMS sensor displaying a sensitivity of 4.0V/g, a low noise spectral density
(NSD) of 350 ng/\Hz, and a dynamic range of 135 dB. Not only did the micromachined
accelerometer present an ability to measure the sound intensity, but it also exhibited a
directional response with a cross-axial sensitivity of 30 dB. The resonant frequency of the
tested sensor was 4.4 kHz and had a sensitivity of approximately -197 dB re 1V/uPa [34].
Their results offer improvements in sensitivity and noise from Moffett’s results two

decades earlier.

In 2018, Choi et al. researched the possibility of determining acoustic direction of
arrival through an array of sensors (two hydrophones and an inertial measurement unit) by
making a “probabilistic estimation of time delay that was formulated and calculated using
a Bayesian update process” [35].Although their research offered a relatively reliable
method to determine the incident angle of sound, their method required multiple sensors

and complex signal processing algorithms.

Also in 2018, Roh et al. studied a “shear type accelerometer,” used in conjunction
with hydrophones to use for localization and characterization of acoustic sources [36].
Their efforts focused on the detailed structural design of the accelerometer to optimize the
vector sensor system. The researched accelerometer produced a dipole response with a

cross-axial sensitivity of -20 dBV, and when the accelerometer was paired with an



omnidirectional hydrophone, a cardioid polar response was produced. Their accelerometer
also proved to have a receiving voltage sensitivity of -204.9 dB (re 1V/uPa). Comparing

to Bahreyni, Roh’s sensor showed similar performance.

Researchers in China presented a unique bio-inspired MEMS vector sensor in 2009,
outlining a “four-beam-cilia” based off of fish lateral line system [37]. Although their
structure’s directional response did not accurately determine the direction of sound arrival,

the sensor concept is interesting.

Also in China, Zhang et al. in 2014 studied an Integrated Circuit Piezoelectric
accelerometer encapsulated in a polyurethane, possibly neutrally buoyant cylinder, that
was designed to “move freely along with the sound wave.” The researchers claimed a
sensitivity of -185 dB re 1V/uPa at 100 Hz, and unstable results beyond 1000 Hz (due to
“high sensitivity” of the sensor). The accelerometer measured 20 mm by 20 mm and
required a large, co-vibration, elastic mounting system measuring 1.7 inches by 5 inches.

The sensitivity measured on a shaker table was approximately 7.8 V/g [38].

Another Chinese approach taken by Lieu et al. in 2016 was measuring the particle
acceleration of sound by employing an “acoustic dyadic sensor” made of an array of two
accelerometers mounted in a large, acoustically transparent, neutrally buoyant sphere [39].
The sensitivity of the sensors was not reported, and the directivity diagrams showed
asymmetric responses. The authors indicate the influence of fabrication on directivity, as

well as numerous “theoretical and engineering design problems” [39].

Despite the many efforts to develop a simple, easy to manufacture, and small-sized
vector sensor with good performance characteristics, there has been limited openly
published success. Armed with the knowledge from previous research, we conducted

experiments on an Ormia-based sensor to detect and localize sound.
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I11. MEMS NEUTRALLY BUOYANT INERTIAL SENSOR
DESIGN AND CONSTRUCTION

1. Introduction

A unique type of specially designed acoustic sensor is presented in this thesis in the
form of a biomimetic MEMS-based device. By mimicking the unique, mechanical structure
of the Ormia Ochracea parasitoid fly’s hearing system, a MEMS sensor can detect both
the magnitude and direction of incident sound [40]. A scanning electron micrograph of
such a sensor used in this thesis is shown in Figure 1. The micrograph shows the sensor
construction of two wings (1) which are connected via a bridge (2). The wings and bridge
are then connected to the substrate (4) by two torsional legs (3). Under sound excitation,
the wings vibrate into and out of the “plane of the page.” These vibrations are transduced
to an electrical signal via comb-finger capacitors (5) that are attached at the ends of the
wings [41]. Two identically designed sensors of the same family are presented in this
research, 6-1-2 and 6-1-3, where “6-1" represents the sensor family, and “2” or “3”

represents the sensor serial number.

Previous Naval Postgraduate School (NPS) research for sound detection exploited
this phenomenon using Ormia-based MEMS sensors as pressure gradient detectors [41]-
[45]. In these studies, the wings of the sensors were directly exposed to acoustic pressure
waves, either in air or sealed underwater in an enclosure filled with a dielectric oil. In each
case, the acoustic wave would propagate through the medium and the pressure from the
oscillating fluid particles would impart a force on the sensor’s wings allowing for sound

detection.
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(1) Wings. (2) Bridge (mechanically couples both wings). (3) Torsional leg (couples the
bridge, and thus the wings, to the substrate). (4) Substrate (where the structure is anchored).
(5) Interdigitated comb finger capacitors (provide differential capacitance for electronic
readout).

Figure 1.  Scanning Electron Microscope micrograph of the MEMS

Not only can the Ormia-based sensor be used in direct contact with a sound wave
in fluid, but it can also be used to measure the acceleration of the medium’s particles as
they oscillate back and forth with an acoustic pressure wave. Since the Ormia-based
MEMS operate similar to cantilever accelerometers, they are directionally sensitive. The
Ormia-based MEMS sensor (here on referred to as “the sensor”) can operate as an
underwater inertial sensor when packaged within a neutrally buoyant shell, or “enclosure”

(the shell’s mass is equal to the mass of the displaced fluid).

As a sinusoidal longitudinal wave passes through a medium, particles will oscillate
about its equilibrium position, which is between t1 and t2 in Figure 2. Under the influence
of a wave, a particle, shown in red, will accelerate from its position at t1 to its position at

t2. It will continue to oscillate back and forth in a sinusoidal motion with the acoustic wave.
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Particle Position (t,) Particle Position (t)

A single particle is shown in red. As the wave propagates, the particle oscillates
sinusoidally about its equilibrium position.

Figure 2.  Particle oscillation in a longitudinal wave. Adapted from [46].

The particle motion velocity-potential is “interpreted physically as impulsive
pressure,” and that “immersed solids may be free to take the motion imposed upon them
by the fluid pressures” [47].As such, a neutrally buoyant enclosure in an underwater
acoustic field will undergo an oscillatory motion as a result of the fluid pressure, and its
motion will be “identical to the motion of the water particles” if the enclosure was removed
[26]. Alternatively stated, “if the sensor body is neutrally buoyant, then the sensor body

acceleration is equal to the fluid particle acceleration” [31].

2. Design of the NB enclosure

To operate underwater, the sensor must be mounted inside a watertight enclosure.
If this enclosure is neutrally buoyant, then it will undergo acoustically stimulated
oscillations, and the sensor will transduce these oscillations. One important aspect to

achieve this transduction is the sensor (Figure 1) must be rigidly mounted to its underwater
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enclosure. In this configuration, as the enclosure oscillates with the acoustic wave, the
sensor’s wings (acting as proof masses) deflect via the torsional legs from the inertial force
imparted by the moving substrate. As a result, the distance between the moving comb
fingers at the wings’ tip and the fixed combs changes. Total capacitance increases as the
combs are closer to each other, and decreases as they move apart, and this capacitance is
electronically read out [48]. Further details on this sensor’s operation are well-
documented in [40]-[41] [49]-[50].

As shown in Figure 3, the sensor is mounted on an in-house developed printed
circuit board (PCB) that contains a charge amplifier based electronic readout. The PCB is
rigidly mounted with bolts to a 3D printed housing. Also placed on the PCB is a Meggitt
Model 22 piezoelectric type accelerometer (here on referred to as “the accelerometer”)
which operates in the shear mode, and is positioned to operate along the same axis as the
sensor [51]. The accelerometer is positioned on the PCB approximately 5 mm beneath the
sensor using the manufacturer’s petrol-based mounting wax. Though typically mounted
rigidly, accelerometers can be mounted using manufacturer-supplied petrol wax with
assumed minimal sensitivity deviation. Specifically, due to the accelerometer’s small size
(3.76 mm diameter casing) and light weight (0.14 grams), the mounting wax is assumed to
only attenuate the response at higher frequencies outside of the frequency bandwidth of
interest [52]. The Meggitt 22 accelerometer was chosen because of its low mass, which
limits its interference from mass-loading effects [51]. A detailed view of the 3D printed
housing is shown in Figure 4. The sensor’s PCB slides into the slot and is secured in place

with nylon bolts. A cavity underneath supplies space for cabling.
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Cable penetrations

NB Enclosure NB Enclosure
endcap

- .

All photos show an assembly of the sensor mounted on the PCB rigidly held in a 3D printed
mount, which is in turn rigidly bolted to the PVC NB enclosure end cap with a double O-
ring seal. Left: Rear of the PCB showing the accelerometer mounted with petrol wax.
Middle: Front side of the PCB showing the sensor, charge to voltage conversion circuit,
and four conductor micro HDMI connector. Right: The assembly loading process.

Figure 3. MEMs sensor in 3D printed mount

Left: Front side of the 3D printed mount. Middle: Back side of the mount. Right: Underside
of the mount. The underside has a cavity to allow for coiling excess signal cables.

Figure 4. 3D printed PCB and sensor mount
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The PCB mounted sensor and the accelerometer are encapsulated in a watertight
enclosure NB enclosure. The PCB is bolted to the 3D printed mount, which is bolted to a
removable PVC plug with a double O-ring seal. This plug seals into one end of a 2-inch
PVC pipe that is sealed off permanently on the other end with a cemented hemispherical
PVC pipe fitting. PVC was chosen for simplicity of construction. Due to the tight double
O-ring seal, a vent plug is provided on the lower endcap to maintain atmospheric pressure
in the enclosure during assembly. A 3D printed stabilizing ring provides for an anchoring

point stabilizing string, described later. The assembly scheme is outlined in Figure 5.

PCB

Upper cap

- e

Stabilization ting

Top row, left to right: PCB and sensor (white cutout); PCB in 3D printed mount; 3D printed
mount attached to NB enclosure removable end cap with vent plug. Bottom row, left to
right: Removable cap in cylindrical tube (gray); permanently cemented endcap (white);
enclosure with stabilizing ring.

Figure 5.  NB enclosure design and construction
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The enclosure is ballasted to be nearly neutrally buoyant. Important design
characteristics of this watertight enclosure include (a) ability to finely adjust the buoyancy,
(b) symmetrical shape so the sensor’s directional response is easily interpreted and is
undistorted by the enclosure orientation. Additionally, the suspension system should
stabilize the enclosure underwater and should (a) not interfere with vibrational response of
the enclosure, (b) maintain a desired sensor orientation, and (c) allow for the enclosure,
and thus the sensor to move in response to the acoustic wave [31].

The enclosure is stabilized with thin, multi-filament string suspending the enclosure
from a support bar. The support bar is attached to a rotatable rod extending to the water’s
surface. A CAD representation of this setup is presented in Figure 6. The stabilizing strings
are attached to a 3D printed support ring and constrain the rotation of the NB enclosure so
that the sensing plane and directional response is not influenced by enclosure rotation.

Figure 6. CAD representation of NB enclosure underwater
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Ballasting of the enclosure is achieved by a bolt that is glued to the upper PVC end
cap. Fine adjustments are made to the ballast by adding or removing mass, in the form of
nuts and washers, to the bolt. The sensor’s signal and power were fed through the enclosure
with a four conductor, 32AWG shielded wire that was loosely coiled beneath enclosure to
minimize affecting enclosure motion. The ballasting scheme is shown in Figure 7. For mass

and volume characteristics of the enclosure see Appendix G.

Figure 7.  Ballasted NB enclosure underwater with transducer
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IV. EXPERIMENTAL RESULTS

This chapter describes experiments carried out to characterize the sensor’s
performance, both in its spectral sensitivity and its directionality. To understand the sensor’s
inherent characteristics, experiments were first conducted in air without the NB enclosure. In
order to quantify the effect of the enclosure on the sensor’s response, experiments were then
conducted in air but with the sensor encapsulated within the NB enclosure. Finally, in order to
answer the main research questions, characterization of the sensor’s performance was carried
out underwater. This chapter presents a comparison between in-air and underwater responses,

as well as offers a comparison to other neutrally buoyant underwater sensors.

A SENSOR CHARACTERIZATION IN AIR

First, the sensor was tested in air in the anechoic chamber without its PVC NB
enclosure. In this configuration, the sensor acts as a pressure gradient microphone [53]. The
functional diagram showing the basic equipment set up for this characterization in the anechoic
chamber is shown in Figure 8. Signal conditioners for the reference microphone and for the

accelerometer are not shown.

Anechoic Chamber

Loudspeaker
Microphone
f—— D MEMs Sensor

Accelerometer

|
I
1 Control Room T 1

|
: Lock-in I
J ) Amplifier I
1 .»\Impllﬁ(*d ,,,,,,,,, ls)c Power "
| Sine Wave Ldle. Tackin upply I
I Amplifier |
I
| Amplifier \ Lockin I
1 B Sine Wave Amplifier :
i .

I

Figure 8.  In-air sensor characterization functional diagram
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Figure 9 shows the experimental setup with the sensor, accelerometer, reference
microphone, and speaker in the anechoic chamber. Both the sensor and the accelerometer are
pictured on the PCB, and the microphone is above the PCB at the same distance from the
speaker. Reference pressure for signal normalization is provided by the calibrated
microphone’s response. +/- 5 VDC from an Agilent DC Power supply model E3620A powered
the sensor. The sensor’s signal output from the charge-to-voltage converter circuit was read by
a Zurich Instruments Multi-Function Lock in Amplifier (MFLI). An Endevco Signal
Conditioner Model 2775A converted the accelerometer’s charge to voltage, and also passed
the accelerometer voltage to a second MFLI. Finally, a PCB Piezotronics Model 482C Signal
Conditioner with a gain of 100 fed the microphone’s response to a third MFLI. Zurich
Instruments LabOne software controlled and synchronized all three MFLIs, which permitted
simultaneous measurements of the sensor, the accelerometer, and the microphone. The master
MFLI also served as the sine wave signal generator. A Techron power amplifier Model 5507
amplified this sine wave and passed it to a JBL 2380A Bi-radial horn inside of the anechoic
chamber. The horn was positioned 2 meters away and its height and direction were aligned

directly on axis to the sensor, microphone, and accelerometer.

Top left: Front view of the sensor and microphone. Top right: Rear view of the sensor and
microphone facing the speaker. Bottom: Wide angle view of both the sensor and the
speaker

Figure 9. In-air sensor characterization experimental setup
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1. Frequency Response

In order to measure the frequency response of the sensor, microphone, and
accelerometer, the LabOne software swept through 200-2000 Hz to excite the JBL horn.
To prevent saturating the sensor output at resonance, the MFLI and the power amplifier
settings were adjusted. It was found that that pressure at the sensor needed to be less than
6 mPa at 1 kHz for preventing saturation. Figure 10 shows the sensor’s frequency
sensitivity (V/Pa), and the peak at 692 Hz corresponds to its mechanical bending mode.
The sensitivity was obtained by dividing the voltage output of the sensor by the applied
sound pressure as recorded by the calibrated reference microphone (see Appendix A). The
frequency response’s shape is typical for sensors of this kind [44].
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Figure 10. In-air frequency response (6-1-2 sensor)

Figure 11 shows the acceleration of the PCB normalized to the applied sound

pressure. Using the approach described in Appendix B., the accelerometer’s voltage output
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was converted to acceleration in milli-g’s. Due to the low sound level from the speaker for
frequencies lower than 500 Hz, the PCB acceleration was not measurable and the
accelerometer’s output was only noise. Above 500 Hz, however, the speaker provided
sufficient sound pressure to consider the data in Figure 11 as valid. The sound excitation
resulted in approximately 50 mg/pascal of PCB acceleration at the sensor’s resonance of
692 Hz. This acceleration could couple with the response of the sensor. PCB vibrational

modes are further explored in Section 3(b) of this chapter.
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Figure 11. In-air frequency response (PCB mounted accelerometer)

2. Directional Response

The JBL speaker was excited at a fixed level and frequency (692 Hz) while the
turntable rotated the sensor and the accelerometer at constant speed of 1 degree per second.
Figure 12 shows the sensor and accelerometer’s resulting directional response. The

sensor’s directional output is typical for sensors of this nature [44], with a dipole response
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and over -30 dBV cross-axial sensitivity. The slight asymmetry between the response at
+90° and -90° is likely due to either small asymmetries in the hand-applied, UV adhesive
mounting of the sensor to the PCB, or from slight offsets in the mounting angles on the
turntable. Since the accelerometer’s output is very close its noise floor, there is no
observable correlation between incident angle and accelerometer output. A small ripple is
observed in the sensor signal output, and this ripple is likely due to mechanical coupling
between the sensor and the motor of the turntable via the pole connecting the sensor board

to the rotator (See Appendix D). When the turntable motor is off, there is no observable

ripple.
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Left: Sensor and accelerometer’s directional measurements in which both devices outputs
were normalized by their maximum output. Right: The same data displayed in a polar plot
in units of dBV, and the maximum device voltage was normalized to 0 dBV.

Figure 12. In-air directional response at 692 Hz (6-1-2 sensor and
accelerometer)

3. In-air Linearity Test

In addition to a frequency sweep, the linearity of the sensor’s response was tested.
The JBL speaker was driven at the sensor’s resonant frequency of 692 Hz, and the sound

pressure was lowered in steps by decreasing the power amplifier’s output voltage. Figure
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13 shows that the sensor’s output increases linearly with an increase in applied sound

pressure, as observed earlier for such Ormia-based sensors [41].
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Figure 13. In-air linearity test (6-1-2 sensor)

The PCB acceleration was simultaneously recorded by the accelerometer as the
sound pressure was varied, but the acceleration was constant near zero. There were no

observable steps coinciding with the changes in applied sound pressure.

B. SENSOR CHARACTERIZATION WITH THE NB ENCLOSURE

To test the sensor’s operation as an accelerometer, the sensor was placed in its
hermetically sealed NB enclosure as in Figure 3 (right photo) and Figure 5 (bottom right

photo), and measurements were conducted in the anechoic chamber.
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1. Frequency Response

To measure the frequency sensitivity of the sensor in its enclosure, an experiment
was set up as illustrated Figure 14 and Figure 15. The speaker’s power amp was adjusted
to achieve approximately 1 pascal of sound pressure at 1 kHz as recorded by the calibrated
reference microphone. The NB enclosure’s support bar was perpendicular to the direction
of the acoustic wave propagation (top left of Figure 15) and the speaker was excited by the
MFLI from 200-2000 Hz, and the outputs of the sensor, accelerometer, and reference

microphone were once again recorded.

Anechoic Chamber Turntable
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Figure 14. In-air sensor characterization with NB enclosure functional
diagram
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Top left: Support bar mounted perpendicular to the direction of acoustic wave propagation.
Top right: Support bar mounted in line with the direction of acoustic wave propagation.
Bottom: Wide angle view of the experimental setup.

Figure 15. In-air sensor characterization with NB enclosure experimental
setup

Figure 16 shows the results of the sensor frequency response experiment. In
contrast with the sensor without the housing, which only had one resonant peak at the
sensor’s resonant frequency, the response presented several distinct peaks in this test,
including peaks at 255 Hz, 1050 Hz, 1440 Hz, 1920 Hz, in addition to its resonant
frequency of 692 Hz. The origin of these extra peaks, which will be further explored later,
are due to both structural resonances of the enclosure, and the PCB on which the sensor is
mounted. Sensitivity of the sensor at 692 Hz was 1.26 V/Pa, which is two orders of
magnitude less than its sensitivity measured without the enclosure. The decrease in
sensitivity is expected since the sensor in this case was only measuring the oscillation of

the enclosure rather than directly measuring the acoustic pressure wave.
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Figure 16. In-air frequency sensitivity with NB enclosure (6-1-2 sensor)

The accelerometer’s response was also recorded and is shown in Figure 17.
Common with the sensor’s response, peaks presented at 255 Hz, 1440 Hz and at 1920 Hz.
The accelerometer’s null at 1075 Hz is not consistent with the calibration curve of the
accelerometer, nor does the null correlate with a null in the sensor’s response at the same
frequency. Additionally, this null does not coincide with a null of the sound source. As
such, it may be a limitation of the accelerometer or the signal conditioner. More
experiments are required to verify the source of this null. Note that the reason the
accelerometer does not show a peak at 692 Hz like the sensor is because the PCB where

the accelerometer is mounted is not resonating at this frequency.
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Figure 17. In-air PCB acceleration with NB enclosure (accelerometer)

To better understand the sensor’s inertial sensing capabilities, the acceleration of
the PCB was used to normalize the sensor’s response, as shown in Figure 18. This figure
shows the sensor’s inertial sensitivity in units of VVolts/milli-g, and the curve was obtained
by dividing he results of Figure 16 by those in Figure 17. The sensor’s resonant sensitivity
was 1.2 V/mg and its sensitivity was relatively flat at 10 /g above 1200 Hz, as indicated.
The peak at 1075 Hz is a result of the null at the same frequency in the accelerometer’s

response.
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Figure 18. In-air acceleration sensitivity with NB enclosure (6-1-2 sensor)

2. Directional Response

The directional response of the sensor in its NB enclosure was tested at the sensor’s
resonance of 692 Hz with the same experimental setup. In this test, the sound pressure was
held constant at 1 Pascal and the turntable was rotated at 1 degree per second for one full
revolution. Simultaneously, the sensor and accelerometer’s outputs were recorded. Their
directional responses are shown in Figure 19. The polar plot shows a dipole pattern with
approximately -18 dBV difference between the on-axis and off-axis response of the sensor.
There is a noticeable angular shift between the sensor and the accelerometer responses,
which is most likely due to asymmetries in the hand-mounting of the accelerometer with
the petrol-wax. Small offsets in the mounting scheme affect its directional response (see

Figure 29 and Figure 30 for directional responses showing less angular shift).
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Left: Sensor and accelerometer’s directional measurements in which both devices outputs
were normalized by their maximum output. Right: The same data displayed in a polar plot
in units of dBV, and the maximum device voltage was normalized to 0 dBV.

Figure 19. In-air directional response with NB enclosure at 692 Hz (6-1-2
sensor and accelerometer)

3. Stimulus and Resonant Behavior Study

Since the sensor can operate as both a microphone and as an inertial sensor, it is
important to understand what physical stimulus the sensor is responding to. The aim of this
thesis is to understand the operation of the sensor as an underwater accelerometer, and as
such, it is important to verify that the stimulus is indeed acceleration and not sound
transmitted through the housing. Additionally, it is important to understand the influence
of the NB enclosure, as well as the sensor’s PCB mount on the sensor’s frequency response.

a. Sound Transmission through the NB Enclosure

Measurements were again taken in the anechoic chamber to determine the amount
of sound transmission through the PVC NB enclosure. Following work in the aircraft
industry measuring sound transmission through fuselages [54]-[55], two test conditions
were compared: A sound pressure measurement using a the reference microphone directly
in contact with the acoustic pressure wave, and a sound pressure measurement using the

same microphone within the sealed NB enclosure, as shown in Figure 20.
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Figure 20. Sound transmission test functional diagram

The center of the microphone’s element was positioned at the same height in the
cylinder as the MEMS sensor is when it is enclosed. Care was taken to ensure that the
microphone was centered close to the axis of the cylinder so that it does not touch the
enclosure’s walls when sealed in. To eliminate sound transmission into the enclosure
through diffraction around the microphone’s cable penetration through the end cap, the
microphone’s cable penetration was sealed using a wad of silicon synthetic earwax. The
JBL 2380A Bi-radial horn sound source was positioned directly on axis from the
microphone and enclosure, two meters away. This experimental setup is shown in Figure
21.
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Left: Exposed microphone. Right: Encapsulated microphone.

Figure 21. Sound transmission test experimental setup

The sound pressure from 200-2000 Hz was recorded inside and outside of the PVC
enclosure is displayed in Figure 22. The enclosure was rotated along the long axis of the
cylinder and re-secured at different angles of incidence, but the results showed no
measurable difference, which is expected due to the symmetric enclosure shape and the
omnidirectional response of the microphone. As such, it is assumed that the sound
transmission through the shell is likely diffuse, and small angular offsets in the mounting
of the microphone within the enclosure have little effect [56]. The pressure that the
encapsulated microphone recorded at 692 Hz (the resonance of the 6-1-2 sensor) was 0.175
mPa compared to approximately 1 Pascal measured by the exposed microphone.
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Figure 22. Sound pressure in and outside of NB enclosure

The percentage of the sound wave that is transmitted through the enclosure is
calculated by dividing the sound pressure internal to the enclosure (encapsulated
microphone) by the sound pressure outside of the enclosure (exposed microphone). This
percentage is called the transmission coefficient, and it is shown in Figure 23. It is

observable that the enclosure significantly attenuates the incoming sound.
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Figure 23. Sound transmission coefficient of NB enclosure
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Figure 23 shows that the PVC enclosure provides approximately 0.02%
transmission at the 6-1-2 sensor’s resonant frequency of 692 Hz. The noticeable decrease
in transmission loss around 1900 Hz is likely from the enclosure’s structural resonance
[57], which is discussed in the next section. The multiplication of the response of the sensor
at resonance without enclosure (450 V/Pa) by the obtained transmission coefficient
(0.02%) results in 0.09V/Pa. This is the portion of the sensitivity of the sensor inside the
enclosure due to sound and not to vibration. Since the total response with enclosure was

1.26 V/Pa, approximately 7% may be due to the transmitted sound.

This experimental procedure provided adequate insight on the transmissivity of the
enclosure; however, further investigation may be required to verify the accuracy of
obtained results [55] [57].

b. Resonant Characteristics of the NB Enclosure

Aside from transmission of sound through the enclosure, another factor that could
influence the sensor’s response is vibrational modes of the NB enclosure. Since the in-air
response of the sensor in the NB enclosure exhibited extra resonant peaks not characteristic

of the sensor’s intrinsic frequency response, the origin of these peaks was explored.

To measure the true vibrational response of the enclosure, the NB enclosure was
placed in the anechoic chamber for laser vibrometry, as shown in Figure 24. The PolyTec
OFV 534 Laser Vibrometer was focused on a small mirror fixed with UV cured adhesive
to the upper endcap. The enclosure was excited by sound at a discreet set of frequencies,
and the acceleration was normalized to the sound pressure via a calibrated reference
microphone. Additionally, as shown in Figure 25, the accelerometer was placed on the
outside surface of the enclosure at several different locations, and a discreet frequency

sweep from 200-2000 Hz was conducted for each location.
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the vibrational responses presented in Figure 26. Right: depicts the accelerometer in
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Figure 25. Enclosure vibrational response experimental setup (accelerometer)
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The measured vibration amplitude using laser vibrometry along with the
accelerometer measurements at different locations on the housing surface are plotted in
Figure 26. This figure illustrates a few important findings. First, the resonance feature at
1440 Hz observed in Figure 16 and Figure 17 is not observed in Figure 26, therefore this
resonance is not due to the enclosure. Second, the enclosure’s vibrational response is
different at different heights along the enclosure. This may be due to either a torqueing
effect on the stabilization ring relative to the center of mass of the enclosure (the lower end
cap is more massive and may be dampening out vibrations in this region), or it may be a
result the rigidity of the lower end cap (tight fitting O-rings). More experimentation is
required to understand the exact mechanism. Third, the peak at 1015 Hz in Figure 16
correlates with an increase in vibration amplitude as measured by the laser vibrometer at
the same frequency. Fourth, the relatively strong peak at 1950 Hz, which is explored more
later, is most likely due to a structural vibrational mode of the enclosure. As a result, we
can conclude that the resonant peaks shown in Figure 17 that can be attributed to the circuit
board are 255 Hz, and 1440 Hz, while the peaks at 1040 Hz and 1920 Hz are due to
vibrational modes of the enclosure. The peak at sensor resonance (692 Hz) is solely a result

of the sensor’s bending frequency.
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in Figure 25.

Figure 26. In-air enclosure vibrational response (accelerometer and laser
vibrometer)

The vibrational mode of the enclosure at 1950 Hz was verified by performing a
directional response measurement with the accelerometer on the outside of the enclosure
and the sensor on the inside. Figure 27, which shows a rotational response of the sensor
and accelerometer at 1925 Hz, agrees with the notion of the enclosure is experiencing a
structural vibrational mode that can influence the sensor’s response. Although the external
vibrations are large compared to other frequencies, the sensor’s general directional
response shape was maintained. It is worth mentioning that the accelerometer data is
compatible with a cylindrical cavity inherent oscillatory mode, where a compression in one
direction is countered by an expansion on the orthogonal direction. In this case, every 90
degrees the oscillation is aligned with the accelerometer axis, resulting in the maxima

shown in red in Figure 27.
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The sensor was located inside of the enclosure in its 3D printed mount, and the
accelerometer was located on the outside of the enclosure at the approximate height of the
sensor.

Figure 27. Directional response at 1925 Hz (6-1-3 sensor and accelerometer)

Since the enclosure vibration measurements did not reveal any resonant peaks
between 1400 and 1500 Hz, yet the sensor showed a resonance in this region (Figure 16),
a directional response measurement was performed. A directional response would reveal
if either the 3D printed PCB mount or the enclosure itself was inducing additional
vibrational modes. With the 6-1-3 sensor mounted in the inside, and the accelerometer
mounted on the outside of the enclosure, the speaker was excited at 1490 Hz while the NB
enclosure was rotated. Figure 28 shows the resulting directional response of the internal
sensor. The sensor maintained its expected directionality, and the accelerometer, which is
omitted from the plot for clarity, showed a relatively weak directional response at a
structural mode. Since the sensor’s response maintained its inherent directionality, it
appears that the influence of the structural mode at this frequency is minor. This conclusion
is supported by the previously discussed lack of external vibration (Figure 26) at this

frequency.
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Because external structural modes are not the source of the resonant peak between
1400 and 1500 Hz in Figure 16, it is likely that the PCB and the PCB mount themselves
are acting as a cantilever under the influence of the oscillatory motion of the acoustic wave.
As the enclosure oscillates with the sound wave, the mount is potentially amplifying this
motion like a cantilever. As the enclosure turns towards 90°, the cantilever no longer moves

with the sound wave, which in turn generates the nulls in the response at £90°.

0 L 1 Il
-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

Angle [degrees]
Figure 28. Directional response at 1490 Hz (6-1-3 sensor)

To further verify that the resonant peak of the sensor (675 Hz for sensor 6-1-3) is
not influenced by any structural modes of the enclosure or orientation of the support bar,
rotational tests were performed with the accelerometer again on the outside and the sensor
inside (Figure 29). The test was repeated with the support bar rotated in line (or on-axis)
with the direction of acoustic wave propagation (Figure 30). Since both the accelerometer
and the sensor show the expected directional dependence, it is reasonable to infer that when
excited at 675 Hz, or near the generation 6-1 sensor resonant frequency, there are no
additional structural resonant modes influencing the sensor’s response and the enclosure is

moving in an oscillatory motion with the sound wave.
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Figure 29. Directional response at 675 Hz (6-1-3 sensor and accelerometer)
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were normalized by their maximum output. Right: the same data displayed in a polar plot
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Figure 30. Directional response at 675 Hz (on-axis support bar; 6—1-3 sensor
and accelerometer)

The slight asymmetry in the both of the directional responses in Figure 29 and

Figure 30 is likely due to the asymmetries associated with adhering the sensor to the PCB
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or other asymmetries in mounting the PCB, the PCB mount, or the hanging of the enclosure
from its support bar. There is a noticeable improvement in cross-axial sensitivity for the 6—
1-3 sensor—for the same directional test at sensor resonance, the 6-1-2 sensor showed
approximately 18 dBV difference between 0° and 90° (Figure 19), while the 6-1-3 showed
between 30 and 50 dBV (Figure 29 and Figure 30). The root cause of these differences
requires further investigation. It may be possible that small structural differences between

the sensors and mounting are influencing the cross-axial response.

The effects of the adding mass to the enclosure, as well as changing the orientation
of the support bar were also studied and show no significant impact. The results are

presented in Appendix F.

C. SENSOR CHARACTERIZATION UNDERWATER

The accelerometer and Ormia-based sensor within their NB enclosure were then
tested underwater using the NPS water tank in the sonar lab. The functional diagram and
experimental setup are shown in Figure 31 and Figure 32, respectively. The test tank is two
meters deep and the NB enclosure was placed one meter deep and separated one meter
apart from an ElectroVVoice UW30 underwater speaker. A Briiel and Kjaer Type 8103D100
calibrated hydrophone was positioned approximately 2 inches from the top of the NB
enclosure (4 inches above the sensor’s depth). The speaker was powered by an HP467A
Power Amplifier and the hydrophone’s signal was amplified by a Stanford Research
Systems SR560 pre-amplifier (see Appendix C).
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Figure 32. Underwater sensor characterization experimental setup

The NB enclosure was ballasted to be slightly negatively buoyant (to aid in
stabilization) by adding mass (nut and washers) to the ballast bolt, as shown in the right-
hand picture in Figure 32. The ballasting was achieved by placing the enclosure in the
water, and adding or removing mass until the enclosure maintained a steady depth. Once a
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neutral, steady depth was achieved, an extra 13 grams (2 washers) was added to make it

slightly negatively buoyant.

1. Underwater Frequency Response

Since the goal is to characterize the sensor underwater, the characterization
procedures from Section B(1) and (2) from this chapter were repeated. First, a frequency
sweep was conducted to record the sensor’s spectral sensitivity. The measured sound
pressure near the location of the sensor is shown in Figure 33, as measured by the
hydrophone (for sound pressure calculations, see Appendix C). Since the hydrophone’s
response is flat in this frequency range, this sound pressure level is effectively the acoustic
stimulus at the sensor’s location. The displayed sound pressure level does not distinguish
between non-linearities in the underwater speaker, or effects of reflections from the tank

walls and the water’s surface.
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Figure 33. Measured sound pressure level using hydrophone
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Figure 34 shows the sensitivity of the sensor in the 200-1275 Hz frequency range.
The data is displayed in both mV/Pa and in dB re 1V/uPa for ease of analysis and
comparison. Underwater resonant peaks were recorded at similar frequencies as in air
(recall Figure 16). The peak at 692 Hz, is attributed to the sensor resonance. The peaks at
255 Hz and 1050 Hz are attributed to the PCB vibrations. This indicates that the main
characteristics of this system did not change while underwater when operated in a neutrally
buoyant configuration. As before, structural resonant peaks presented themselves beyond
1275 Hz, but for clarity they are omitted from the underwater frequency response curves.
There is a noticeable decease in sensitivity between the sensor’s response in air and
underwater. Underwater, the peak sensitivity was 254 mV/Pa compared to in-air of 1.26
V/Pa. It is apparent that there are additional phenomena affecting the enclosure vibration
underwater compared to in air. These differences can likely be attributed to forces caused
by either drag, entrained water, or acoustic radiation effects on the underwater enclosure
[27].
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Figure 34. Underwater frequency response (6-1-2 sensor)

Figure 35 shows the accelerometer measurements of the PCB vibrations within the
same frequency range (200-1275 Hz). To obtain this graph the accelerometer’s output in
Volts was converted to units of gravity, then divided by the pressure as recorded by the

calibrated hydrophone. Familiar peaks at 259 Hz and 1035 Hz presented themselves as
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they did in air, although the frequency of these peaks is approximately 1.5% different from
that in air. The exact cause of the slight shift of resonant frequencies associated with the

PCB requires further investigation.
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Figure 35. Underwater PCB acceleration (accelerometer)

It is possible to present the inertial sensitivity of the sensor in VV/mg by dividing its
response in V/Pa by the reference accelerometer’s response in mg/Pa, as shown Figure 36.
Like the sensor’s response in air, which is presented on the same graph for comparison, the
maximum response of the sensor occurred at its resonant frequency. In air, the peak
sensitivity was 1.02 VV/mg, and it reduced underwater to 0.81 VV/mg. Ideally, the responses
should be coincident; however, given that the accelerometer response was generally noisy,
higher sensitivity accelerometer is needed to further quantify the differences between the

sensor’s underwater and in air acceleration sensitivity.
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Figure 36. Underwater acceleration sensitivity (6-1-2 sensor)

Table 1 summarizes the sensor’s peak maximum response for different units of

measurements.

Table 1.  Underwater sensitivity in NB configuration (6-1-2 sensor)

mV/Pa dB re 1V/uPa V/mg

254 -131.9 0.81 V/mg

The sensitivities given are all taken at the sensor’s resonant frequency of 692 Hz. The sensor’s
output was normalized against the calibrated hydrophones and accelerometer’s response.
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2. Underwater Directional Response

Once again, the sensor and accelerometer’s directional responses were measured
by sending a single tone to the underwater speaker while rotating the NB enclosure using
a Haas HASC rotator with a Haas Brushless Rotary Servo Control. The excitation

frequency for the directional tests was at the sensor’s resonance of 692 Hz.

The directional response measurements were taken at several rotation rates,
however only the response at 0.5 degrees per second is shown in Figure 37. Both the
accelerometer’s and sensor’s directional responses are shown in a cartesian and polar plot
in Figure 37. The ripple across the sensor’s directional response is due to vibration induced
by the rotator and it was observed for all rotation speeds. The rotator’s motor noise was
confirmed as the source of the noise by recording the sensor’s directional response with

the speaker turned off. The sensor showed similar ripple resulting from the rotator.
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Left: the sensor and accelerometer’s directional measurements in which both devices
outputs were normalized by their maximum output. Rotation speed: 0.5°/second. Right: the
same data displayed in a polar plot in units dBV, and the maximum device voltage was
normalized to 0 dBV.

Figure 37. Underwater directional response at 692 Hz (6-1-2 sensor and
accelerometer)
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In general, the sensor’s directional response magnitudes were the same for all
rotation speeds, resulting in approximately -13 dBV of attenuation off-axis at 90°.
Compared to the in-air cross-axial sensitivity of -18 dBV (recall Figure 19), the underwater
directionality decreased. Considering that in some tests (recall sensor 6-1-3’s directional
response in Figure 29 and Figure 30), better than -30 dBV cross-axial sensitivity was
achieved, there are sources of error that significantly affect the directional measurements.
These errors may be attributed to mechanical coupling between the acoustic source and the
sensor, reverberation effects from the tank, asymmetric hanging of the NB enclosure from
its support bar, etc. Further experimentation is required to verify the source of these errors.

The accelerometer’s response was too low to show any directionality.

3. Underwater Linearity Tests

In order to determine if the linearity of the sensor’s response would be different
underwater than in air, the sensor’s output was measured at a constant frequency (692 Hz)
with a discreet set of sound pressures. Voltage supplied to the speaker was held steady for
enough time to record the hydrophone, sensor and accelerometer’s responses, and the
speaker voltage was subsequently lowered in steps. To generate a plot of the sensor’s
linearity normalized to PCB acceleration, the mean of both the sensor and accelerometer’s
output were calculated over each time interval for which the sound pressure was held
steady, as shown in Figure 38. As expected, both the sensor and accelerometer responses
decrease with the reduction in pressures, although only the sensor shows the discrete steps.
The standard deviation of the accelerometer’s response over each region was also

calculated and plotted as error bars.
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Figure 38. Sensor and accelerometer underwater response for various
excitation pressures at 692 Hz
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For each region, mean values of the signal were computed for both the sensor and
accelerometer. Figure 39 shows the sensor signal versus acceleration at different
sound pressures along with a linear fit. The red line represents sensitivity (V/mg) of
the sensor obtained from the sensor’s response in air at 692 Hz in Figure 18. It is
expected that if the accelerometer had a better resolution and sensitivity, then the
sensitivity (V/mg) measured underwater in the NB configuration would exhibit a linear
response with a slope closer to 1.2 VV/mg.
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The 6-1-2 sensor was normalized against the reference accelerometer while both were
excited at discrete sound pressures at 692 Hz.

Figure 39. Underwater linearity test of 6-1-3 sensor (accelerometer reference)

Figure 40 shows the sensor voltage plotted against the pressure as measured by the
hydrophone for the same linearity test. The sensor operating underwater in the NB
configuration exhibited a linear response just as it did in air (Figure 13) with a sensitivity
of 0.26 V/Pa. It is important to notice that the sensitivity for underwater operation is about
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20% of the estimated sensitivity for in air operation, which is shown in red. The estimated
sensitivity of 1.26 VV/Pa is the peak sensitivity taken from the in-air frequency sweep shown
in Figure 16 on page 27. This decrease in sensor sensitivity is likely due to higher viscous

forces on the enclosure, preventing it from moving as much as it does in air [27].
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The 6-1-2 sensor was normalized against the reference hydrophone while both were
excited at discrete sound pressures at 692 Hz.

Figure 40. Underwater linearity test of the sensor (hydrophone reference)

D. SIGNAL-TO-NOISE MEASUREMENTS

The noise spectral density (NSD) of the sensor was measured in the anechoic
chamber to determine its noise performance as well as to determine the signal-to-noise
ratio. The MFLI and LabOne software were used to measure the noise in accordance with
the settings in Appendix E. Figure 41 shows the noise spectral density of the 6-1-3 sensor.
The NSD rolls off in the low frequencies because there is an active high pass filter on the
sensor readout electronics board with a cutoff frequency of 300 Hz. The noise is

predominantly from the readout electronics [41]; however, the two humps between 600
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and 800 Hz are most likely due to intrinsic mechanical noise (thermal agitation) of the

sensor associated with its fundamental modes.
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Figure 41. Noise spectral density (6-1-3 sensor)

Although the NSD result is for 6-1-3 sensor, it is of the same family as the sensor
that was tested underwater, 6-1-2. The 6-1-2 sensor was damaged before NSD
measurements were completed. Applying 6-1-3’s NSD measurements to 6-1-2’s
underwater frequency response, we can determine the signal-to-noise ratio, expressed in
dB as

SNRyp = 20log, o(-2anaty (4.1)

Vnoise

where Vs;gnq is the output of the sensor in Volts when the sound stimulus is 1 Pa at all
frequencies, and V,,,;. is the total noise between the desired frequency bandwidth. The

total noise, V,,,ise , IS given by
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’ f2
Vnoise = ffl NSDzdf' (4"2)

where f; and f, are the frequency limits in Hertz, and the NSD is the noise spectral density
measured in Figure 41. Applying equation 4.2, Figure 42 presents the sensor’s underwater
signal to noise ratio from 200-1275 Hz. The SNR shows a local maximum at 255 Hz (31
dB) and a global maximum at 692 Hz (37 dB).
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The signal to noise ratio represents a sensor signal excited by 1 Pascal.

Figure 42. Underwater signal-to-noise ratio (6-1-3 sensor)

The dynamic range of the sensor, which is the “ratio between the highest and the

lowest detectable signal levels” [48], is defined as

DNRz = 20logy (2242 (4.3)

Vnoise

where V., IS the maximum voltage output in which the sensor responds linearly.
Considering a V,,,,, = 4.5 Volts [58], and V,,,;cc = 3.44 * 10~3 (previously calculated
over 200-1275 Hz from Equation 4.2), the sensor’s dynamic range (DNR) is 62.3 dB.
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V. CONCLUSION

A SUMMARY

A biomimetic, directional, MEMS acoustic sensor designed to operate near
resonance with capacitive-based readout was demonstrated to operate underwater in a
neutrally buoyant configuration. Many previous studies on sensors that mimic the hearing
organ of the parasitoid fly Ormia ochracea focused on detecting and localizing sound by
exposing the sensor directly to oscillating particles from an acoustic pressure wave.
Investigating a different approach to sound detection with Ormia-based sensors, this
work’s objective was to determine if it was possible to measure the acceleration of a
neutrally buoyant enclosure whose movement was under oscillatory motion as a result of
the pressure force from an acoustic wave. This study demonstrated through various
experiments that the NPS-developed MEMS sensor can operate in a neutrally buoyant

configuration.

A neutrally buoyant enclosure and a sensor mounting system was designed and
fabricated, and experimentation was conducted to characterize the sensor’s frequency
response, sensitivity and directionality, both in air and underwater. The obtained results

support the answers for the three posed research questions as follows:

Will the MEMS sensors maintain the same characteristics in a NB

configuration as in air?

The inherent operation of the sensor does not change when sensing the
underwater enclosure acceleration. The acceleration sensitivity in [V/g] is nearly
coincident in air and underwater. The pressure sensitivity in [\V/Pa] measured
underwater is only about 20% of the measured pressure sensitivity in air due to the
differences in viscous forces between the two media. The frequency response of the
sensor-enclosure system exhibits extra resonant peaks when compared to the
frequency response of the sensor. This was proven to be due to the natural

vibrational modes of the enclosure and vibrational interaction with the mounting
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system; however, the frequency responses of the sensor-enclosure assembly in air

and underwater show a good match.

Is it possible to test directionality of a neutrally buoyant configuration using
NPS facilities?

All in-air characterizations were conducted at the NPS acoustic anechoic
chamber, which were adequate in terms of the absorption and noise floor
characteristics. In addition, the instrumentation included high-end lock-in

amplifiers and calibrated microphones, which assured repetitiveness and accuracy.

All underwater experiments were conducted at the NPS sonar lab water
tank. The measurements showed good repetitiveness despite the tank’s small size
when compared to the wavelengths of interest. Although mechanical coupling
between the acoustic projector and the device under test were minimized by several
dampeners, the effects of wall and surface reflections still need to be further

investigated.

What are the characteristics of a NB MEMS sensor assembly and how do
they compare with other sensor technology that is designed to detect and

localize underwater sound?

The main figures of performance of the neutrally buoyant assembly can be

summarized as:

(a) Sensitivity at resonance (692 Hz): 0.81 V/mg (-131.9 dB re 1V/uPa);
sensitivity off-resonance (400-600 Hz): 0.18 VV/mg (-157 to -146 dB re
1V/uPa); and sensitivity off resonance (>900 Hz): 0.01 VV/mg (-160 dB re
1V/uPa).

(b) Signal to noise ratio (for 1 Pa signal) at resonance (692 Hz): 37 dB

(c) Noise spectral density (200-1275 Hz): ~ 95uV/v Hz
(d) Dynamic range (200-1275 Hz): 62.3 dB

(e) Directionality: dipole pattern with ~13 dB cross-axial sensitivity.
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These results are comparable to those obtained in similar research with a peculiarity
that the Ormia-based MEMS sensors are designed to operate at their natural frequencies to
maximize performance in specific applications. Although the sensor is operating at resonance
and its frequency response is not flat, this characteristic could be exploited for situations that
do not require high sensitivity across the full frequency spectrum. Such specially designed
narrow-band detection schemes with the Navy’s Sound Surveillance System (SOSUS) were
exploited as early as the 1970s [1].

Experiments completed at NPS yielded promising results in both spectral sensitivity
and directionality measurements. The results offer improvements, both in sensor size and
performance, when compared to previous underwater tests at NPS using the same sensor.
Addressing the needs of the Navy, a nascent miniature sensor capable of detecting the
intensity of sound with inherent directionally may prove valuable for gaining a scalable

technological advantage in the undersea acoustic domain.

B. RECOMMENDATIONS FOR FUTURE WORK

Follow-on work studying Ormia-based MEMS sensors in a neutrally buoyant
configuration may offer improvements in enclosure design, sensitivity, and directional

responses.

Enclosure design improvements may simplify the analysis of frequency response and
directionality measurements. Although the enclosure design presented in this work is
economical and easy to fabricate, the complex asymmetries can be improved in order to limit
any interference between the enclosure and the surrounding water. Ideas to improve the design
include fabrication using a specially designed syntactic foam, ceramic, or moldable plastic.
This could allow for integration of multiple parts into one complete structure, be it cable
penetrations, ballasting systems, sensor board mounts, or stabilization strings. The
stabilization strings could be improved by incorporating a greater ability to adjust the length
of the strings, as well as possibly testing a four-string design. Structural resonances should be
minimized by ensuring an even greater rigidity between the sensor board and the enclosure.
Ballasting could be improved by using a low-melting point metal to add ballast inside of the

enclosure instead of outside, although this is a more difficult process.
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Another improvement which is already underway is the miniaturization of the sensor’s
electronics board. Although the demonstrated enclosure could have been made smaller with
the current sensor board, further miniaturization would allow for an even smaller enclosure
compared to the wavelength of sound. This may lead to increased sensitivity and more
accurate measurements as a result of reducing viscous drag forces and ensuring lateral field
uniformity [27]. One disadvantage of miniaturizing the enclosure is that for a deployable
sensor, a smaller enclosure will likely result in larger amounts of noise caused by
hydrodynamic flow, since the Ormia-based sensor is extremely sensitive to motion and all
sources of noise [29]. Additional improvements to the sensor’s readout electronics should be
considered in order to lower the sensor’s electronic noise, either by reducing the onboard gain
or by other means.

If improvements to the enclosure and PCB mounting design eliminate structural
resonances, directionality measurements should be conducted at multiple frequencies rather
than just at sensor resonance. It is hypothesized that the Ormia-based sensor will maintain its
inherent directional response at all frequencies so long as the vibrational modes are not

influencing the response as demonstrated in this thesis.

Regarding equipment choices, it is recommended that a more sensitive accelerometer
in the frequency range of interest is used. The accelerometer used in this thesis’s experiments
had the advantage of being lightweight with a small footprint, but the sensitivity was
inadequate in order to collect clean measurements. Additionally, a special cable should be
acquired that is thin, flexible, and has a waterproof jacket. The sensor’s cable that was used
for all experiments was a four-conductor, 32 AWG cable with a non-waterproof jacket. It is
suspected higher pressure environments may cause compression of the jacket and subsequent

water intrusion via the enclosure penetrations.

Finally, since the current directional response is a dipole, there is still bearing
ambiguity. This ambiguity could be resolved by restricting the backside cavity, or by using a
canted angle sensor design. Either of these detection schemes could be implemented in the
same enclosure used in this study.
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APPENDIX A. MICROPHONE CALIBRATION AND PRESSURE
CALCULATIONS

The reference microphone system was a 1/2” element PCB 378A21 microphone
with PCB 426E01 pre-amplifier. The microphone’s signal passed through a PCB 482C

Signal Conditioner with 100 times gain.

To calibrate the system, a Larson Davis CAL200 Handheld Sound Level Calibrator
output 94 dB (1 Pascal) onto the microphone at 1 kHz. This one pascal of pressure excites
the microphone and the microphone’s voltage was then measured at 1 kHz on the MFL.I.

This number was recorded as the Sensitivitys,s.m in V/Pa and was typically on the order

of 1.1 V/Pa. The applied pressure is then determined by

Vmic
Sensitivitysystem '

Pressure (Pa) =

where V,,,;. is the output of the microphone in RMS voltage measured after its 100 times

gain signal conditioner. The sound pressure in dB is defined as

Vmic
Sensitivitysystem *Pref

SPLgg re 20 uPa = 201og1o(

where P, = 20 pPa [59].
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APPENDIX B. ACCELEROMETER SETUP, CALIBRATION, AND
NORMALIZATION

The Endevco Model 22 accelerometer does not have an onboard charge to voltage
converter, and as such its output must pass through the Meggitt 2775A signal conditioner.
From the manufacturer’s manual [60], the acceleration in units of gravity is calculated

based off of the system sensitivity in VVolts/g given by

Full Scale Output (Vpg)
Full Scale Range (gpg) '

S eNSsystem =

where the full-scale output is 0.9956 V (set by the 2775A AC ADJ Pot) and the full-scale

range is set to 100 g. The acceleration measured by the accelerometer follows

. . : 4
g (engineering units) = —2<et |
Senssytem

where V,...; IS the RMS voltage of the accelerometer as read on the MFLI.

The settings of the 2775A signal conditioner for all tests are shown in the following

table.

Full scale range 100
Mode switch OP
Filter IN
Input Gnd
Lo Freq <1lHz
Multiplier 0.1
Sensitivity [pC/g] 4.90
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APPENDIX C. UNDERWATER CALIBRATION, SENSITIVITY,
AND PRE-AMPLIFIER SETTINGS

The B&K Type 8103 hydrophone has a flat response over all frequencies tested in
this thesis, and its calibrated sensitivity is 22.3 uV/Pa. The 8103 hydrophone’s output was
conditioned by a Stanford Research Systems SR560 pre-amplifier with 1000 times gain
applied. The calculation for the sound pressure follows

(Vhyd/1000)
Sensitivitysystem '

Pressure (Pa) =

where V4 is the voltage output of the hydrophone as read on the MFLI (includes 1000x
gain) and the Sensitivtysysem IS 22.3 wV/Pa (based on the hydrophone calibration). The
sound pressure level in units of dB re 1 uPa is

Pressure
Pref

SPLyg re1ppa = 201og;( ),

where P,.., = 1 pPa. The sensitivity of the hydrophone in units of dB re 1 pPa is

fp e SensSpressure
Sensitivit =201lo — =
YdBre1pPa g10( 1V /uPa ),

where Sensp,.ssure 1S the pressure sensitivity of the sensor in units of V/uPa.

The settings for the SR560 pre-amplifier are shown in the following table.

Low-pass filter OFF
High-pass filter OFF
Coupling AC

Invert OFF
Gain mode Low Noise
Gain 1x10"3
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APPENDIX D. TURNTABLE INFLUENCE ON NSD

Since the rotational directional response data exhibited noisy signals
uncharacteristic to other Ormia-based sensors with higher resonant frequencies, it was
important to research the source of the excess electronic noise. To test this, the 6-1-3 was
placed in its mount and on the rotator as shown in Figure 43, and the NSD was measured
for three different conditions with the speaker OFF (no sound excitation). The first
condition was measuring the NSD with the turntable on but not rotating, and no
accelerometer on the PCB. The second was with turntable rotating at 1°/second, also
without the accelerometer on the PCB. The final condition was the turntable rotating, but

this time with the accelerometer placed on the PCB.

Figure 43. Turntable influence on noise spectral density (6-1-3 sensor)

Figure 44 shows the influence of the turntable on the sensor’s response with a
significant vibration at 375 Hz and the associated harmonic frequencies of this vibration.
Even with the turntable on but not turning, the sensor senses the extra noise (the NSD from
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Curve 1 is greater than the NSD shown on page 52). Adding mass to the PCB (in the form
of the accelerometer) shifted the resonances and their harmonics to higher frequencies
(Curve 2 is shifted to the right from Curve 3). Since removing the accelerometer from the
PCB shifts the frequency of vibration, this indicates that the PCB and its mount is
undergoing some form of pendulum action when under the influence of an acoustic
pressure wave. It is noted that the sensitivity of the accelerometer is not great enough to
show a significant difference in its NSD between any of these three tests --its response was

at its noise floor. The unlabeled curve was rotation without the mass at the accelerometer,
but the rotation rate was higher faster than Curve 3.

X2:761Hz
A=386Hz

Spectral Density FFT(R) (V/¥Hz)

0

Freq (kHz)

Curve 1 is the NSD of the sensor with no sound stimulus and with the rotator turned ON
but not rotating. Curve 2 is the sensor response with the turntable turning (1°/second) and
the accelerometer placed on the PCB. Curve 3 is the sensor’s response with the turntable
turning and the accelerometer removed.

Figure 44. Turntable influence on noise spectral density (6-1-3 sensor)
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APPENDIX E. MFLI NSD MEASUREMENT SETTINGS

The following LabOne software settings were used for the NSD measurements.

Signal Input Coupling AC
Range AUTO
Low Pass Filter Order 1
Lock-In | For each BW 3dB 8000 Hz
tab device Data Transfer PC ENABLED
Trigger Enabled/continuous
Reference 8000 Hz
Frequency
Horizontal Frequency Span | 16 kHz
Refresh Rate 5Hz
Spectral Density | Enabled
Control tab Vertical Signal Type Demod R
Signal Demod 1 Sample
Spec Dens FFT (R)
FFT Length 16,384
Spectrum Window Hann
tab Grid Settings Rows 1
Averages 10,000
Settings tab Waterfa_ll ENABLED
Overwrite ENABLED
Display Plot type ROW
Palette Default
Mapping Log
Scaling Auto
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APPENDIX F. ENCLOSURE VIBRATIONAL MODES

Another sensor from the same family, 6-1-3, was placed in the NB enclosure and
three different frequency sweeps were performed. First, a frequency sweep without extra
mass on the upper endcap. Second, a frequency sweep was performed with 66.6 g of mass
added to the ballast bolt on the upper endcap. Third, the 66.6 g mass was removed and the
support bar was rotated so that it was on-axis with the direction of sound propagation, as

shown in the top right of Figure 15.

The first and third tests show that the effect of changing the orientation of the
support bar exhibited little difference in the sensor’s normalized sensitivity response, as
shown in Figure 45. The green curve represents this third test and the sensor’s response is
nearly identical at sensor resonance. This is important because it eliminates the effect of
the support string orientation on both frequency response tests.

The second test proved that the sensor’s sensitivity was doubled when the extra mas
was added to the ballast bolt (see the detailed view in Figure 46). Although the exact
mechanism causing this difference requires further investigation, it is hypothesized that
when the mass is added, the center of mass of the enclosure was raised to approximately
the top third of the enclosure, which is also the approximate location of the sensor inside.
As a result, it is suspected that a shift in the enclosure center of mass influences possible
changes in torque about stabilizing ring when the acoustic wave imparts its pressure on the
shell.
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Figure 45. In-air (NB enclosure) frequency response with various testing
conditions (6-1-3 sensor)
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This figure is a detail view from 600-800 Hz of the data presented in Figure 45

Figure 46. Detail view of in-air (NB enclosure) frequency response at sensor
resonance
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The effects of the extra 66.6 g mass on the ballast bolt as well as the support bar
orientation was further investigated by studying the accelerometer’s response on the
outside of the enclosure. A frequency sweep from 200-2300 Hz was conducted for various
testing conditions. With the accelerometer placed both on the back and on the side of the
enclosure, in Figure 47, the frequency sweep was conducted for different conditions of

ballasting weight and support bar orientation.

Accelerometer

Accelerometer

The left photo shows the accelerometer on the back of the enclosure, while the right photo
shows the accelerometer on the side. image shows the accelerometer at various locations
on the NB enclosure. The top left photo is the accelerometer placed on the mirror. The
large photo on the right shows the accelerometer placed on the side of the enclosure.

Figure 47. Enclosure vibrational response experimental setup (accelerometer)

Figure 48 shows the enclosure vibration for these frequency sweeps as measured
by the accelerometer. The green curve represents the accelerometer on the back of the
enclosure and no extra mass added to the ballast bolt, and the support bar was oriented
perpendicular to the direction of acoustic wave propagation. The solid red line represents
the enclosure vibrations with the accelerometer on the back, with 66.6 g added to the ballast
bolt. Removing the 66.6 g and moving the accelerometer to the side, the vibrational
response was recorded and is shown in the red-dashed line. The solid blue line shows the
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effect of rotating the support bar 90° and no extra mass added. With the support still at 90°
and without mass, the accelerometer was moved to the side and once again the frequency
response was measured and is shown by the dotted blue line.

70 T T T T T T T T T T

On back; unweighted
== On back; weighted
60 [ = m m On side; unweighted .
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i U
o o

Enclosure vibration
L]
o

(Accelerometer [mg/Pa])

b2
o

0 . 1
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“On back” and “on side” refers to the accelerometer’s position on the enclosure relative to
the speaker’s position. “On side” is at the same vertical position on the enclosure, but
rotated 90° on the enclosure.

Figure 48. Effects of weight and support bar orientation on enclosure
vibrational response (accelerometer)

The enclosure vibrational response as a function of frequency reveals a strong
vibrational peak at 1950 Hz and no peak 1490 Hz, further indicating that peaks between
1400-1500 Hz are from the PCB or PCB mount, and not the enclosure. Since the peak at
1950 Hz correlates with the data in Figure 26, and there was a significant vibrational
response for all positions of the accelerometer, the enclosure itself is further verified to be
experiencing a vibrational mode. If the enclosure was not experiencing a structural mode
at 1950 Hz, the accelerometer would have a minimal response when positioned on the side

of the enclosure. Additionally, it is shown that the support bar orientation does influence
72



the vibrational mode of the structure at 1950 Hz, but the vibrational mode is still present.
Although the sensor’s directional response at its resonant frequency is not influenced by
the support bar orientation (recall Figure 29 and Figure 30), further experimentation
underwater is required to characterize the sensor’s directional response across the full

frequency spectrum.

73



THIS PAGE INTENTIONALLY LEFT BLANK

74



APPENDIX G. BUOYANCY CHARACTERISTICS OF THE NB
ENCLOSURE

To quantify the buoyancy characteristics of the NB enclosure, the enclosure and its
parts were weighed on a laboratory scale as shown in Table 2. The component volumes
were recorded by observing the amount of water displaced when the enclosure and parts
were submerged in a beaker. The volume of cabling was estimated by a cylindrical volume
calculation based on the diameter of the accelerometer signal cable (1.5 mm) and sensor

cable (2.0 mm) based on 1 meter of submerged cabling.

Table 2. Mass and fluid displacement of the NB sensor system

Component Mass (g) Volume (cc)?
PVC enclosure® 443.3 470

Ballast (nuts and washers) 24.55 23.5
Cabling 11.15 4.9

Sensor, accelerometer, and sensor mount 37.28 -

Total 517.3 (cc)* 498.4

a\/olume of the displaced fluid.

® The mass and volume of NB enclosure, its endcaps, ballast bolt, hot-melt glue, and permanently
installed cables were measured as one hole unit

¢ Based off the density of water at 20°C = 0.998g/cc

Due to the capacity graduation width on the beakers, the volume measurements are
estimates to within approximately 2%. In practice, the amount of ballasting required was
determined by placing the assembled enclosure in the water, and then ballast (nuts and
washers) was added in order to achieve the desired buoyancy. In order to maintain a
relatively stable enclosure position underwater, the enclosure was ballasted to be

negatively buoyant by approximately 10 grams.
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