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ABSTRACT

A microelectromechanical system (MEMS)-based directional sound sensor has
been developed to operate both in air and underwater. The sensor consists of two wings
that are attached to a substrate using two torsional legs at the middle as detailed in several
previous theses. Though it was highly successful in operating in the air application, its
underwater operation required it to be immersed in a liquid with impedance matching
housing. The fluid strongly alters the operating characteristics of the sensor and reduces
the sensitivity due to added viscous damping. In this thesis, two new MEMS sensors,
designed to operate at 300 Hz and 520 Hz, were characterized both in air and underwater.
For the measurements, the MEMS sensors were first integrated with newly designed
readout electronics, which were needed to overcome the problems encountered with the
off-the-shelf electronics employed in earlier studies. The new electronics were found to
be highly stable and operated well when immersed in silicone oil used for underwater
packaging of the sensors. The measured frequency responses were found to match with
that of the simulations carried out using COMSOL finite element modeling. In addition,
the sensors also show expected cosine directional characteristics. The research findings
show that the MEMS-based sensors can be successfully operated in an underwater

environment for determining the bearing of sound sources.
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I. INTRODUCTION

Detection of sound sources has been the primary method of identifying and
combating submarines since the introduction of the first German U-boat in World War 1.
The two detection methods, passive and active, operate on the same physical principle; a
source generates sound, which propagates through a medium, until it reaches a detector.
Most detection is done passively, because active detection requires the tracking submarine
to reveal its presence to the target. Submarines have also become increasingly quieter.
Improvements in sound dampening materials on submarine hulls and machinery, longer
running batteries, and improved hull design all contribute to reducing the acoustic profile
of a target. As noise cancellation technology improves, innovations in passive sound
detection are necessary to maintain the competitive edge for tracking underwater contacts.
One innovation is an underwater sensor derived from the auditory functions of the Ormia

ochracea fly, in development at the Naval Postgraduate School (NPS).

A. BACKGROUND
1. Current Underwater Sound Detection Technology

Typical underwater sound sensors, or hydrophones, are omnidirectional
microphones that can be assembled into an array to determine the bearing of sound [1].
The array generates signal due to time-dependent pressure changes that can be analyzed to
determine the bearing. Directionality of the sound source is determined by the physical
spacing of the hydrophones and at what time a pressure wave reaches each of the individual
hydrophones. The most common form of sonar array used onboard surface ships and
submarines is the towed array (TA). Additional array types, such as the spherical array,
bow array, and flank array are employed on submarines around the world; however, only
the towed array will be discussed here. Towed arrays are comprised of linearly spaced

hydrophones along a cable as illustrated in Figure 1.
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Figure 1.  Sectional diagram of a TA. Source: [2].

The length of the towed array is dependent on the strength of the materials
comprising the towed array cable. The hydrophone spacing is determined by wavelength
of the incident sound. In addition to the sensing portion of the cable, an additional length
of wire containing cable is attached to distance the hydrophones from the towing vessel,
usually multiple kilometers away [3]. This reduces the background noise levels at the
hydrophones and improves the Signal-to-Noise Ratio (SNR) of the TA [2]. Advances such
as fiber optics have allowed the number of hydrophones in an array to increase
dramatically, without significantly impacting cable weight or cable width, which became

prohibitive with copper wiring [4].

The human hearing system can resolve directionality to a single location [5], while
the TA can only resolve directionality to two possible locations. Because a TA is a linear
array, the incident sound wave arrives along a conical bearing to the TA. Underwater, this
results not only in the true bearing of the sound source, but also an additional ambiguous

bearing as illustrated in Figure 2.



Left contact

Array heading

Source N
Array receiver

Right contact

Due to receiving sound along a conical bearing, the TA interprets incident sound pressure
as coming from two possible locations. The true bearing (in red) and the ambiguous bearing
(in blue). The magnitude of the angle between the array heading (green) and each of the
bearings is the same, only the direction is different.

Figure 2. Diagram of how a TA receives sound. Adapted from [6].

Alternative direction sensing methods include the use of vector sensors, which are
designed to acquire vector quantities associated with the sound field [7]-[12]. Commonly,
these sensors operate via the measurement of a pressure gradient [9] or particle velocity
due to motion of the medium [10]. The Hydroflown vector sensor measures particle
velocity by measuring the temperature difference between two parallel platinum hot-wire
resistors [12]. The Wilcoxon vector sensor uses three lead magnesium niobate-lead titanate
(PMN-PT) crystal-based axial accelerometers and a lead zirconate titanate (PZT)
omnidirectional hydrophone to determine directionality [13]. The measurement of particle
velocity using neutrally buoyant objects that are displaced by the incident acoustic pressure

wave has also been explored [14].

2. MEMS Sensor Based on the Ormia Ochracea

The Ormia ochracea is a parasitic fly that lays its eggs on a cricket. The fly has
eardrums that are approximately 0.5 mm apart and the cricket emits a chirp of 4.8 kHz [5].
The chirp frequency corresponds to a wavelength of about 7 cm. Because the wavelength
of the sound is about two orders of magnitude larger than the eardrum separation of the fly,

the fly’s eardrums cannot operate on the same physical principles as human hearing.
3



The Ormia ochracea has evolved a novel way of hearing the high frequency chirp
of the host cricket. Instead of having separate eardrums, the fly’s eardrums are connected
by a cartilaginous bridge [5]. When in incident pressure wave acts on the eardrums, the
bridge allows the transfer of some of the mechanical energy between them. This
mechanical system allows the eardrums to oscillate in a bending mode at one frequency
and a rocking mode at a different frequency. A photograph of the fly’s eardrums along with

the mechanical model of the eardrums are shown in Figure 3 [5].

Figure 3. Eardrums of the Ormia ochracea and the mechanical model.
Source: [5].

The bending mode of the fly’s eardrums is excited by the overall sound pressure

level (SPL) of the incident sound, while the rocking mode is excited by the pressure
4



difference between the eardrums [5]. The superposition of these two modes allows the fly
to accurately localize sound sources having wavelengths multiple orders of magnitude

longer than the separation distance between the fly’s eardrums [5].

3. NPS Developed MEMS Sensor in an Underwater Environment

A Microelectromechanical system (MEMS) based directional sound sensor has
been in development at the NPS Sensor Research Lab since 2006. Swan [15] created the
first MEMS sensor design for an underwater application. The sensor needed to be housed
in an acoustically permeable container for the desired sound frequency and the housing
needed to be filled with a medium that had an acoustical impedance close to that of
water [ 16]. The medium also needed to be electrically insulating to allow the sensor readout
electronics to operate. In addition, the medium needed to have low viscosity to minimize
fluid damping on the moving structures of the sensor. Figure 4 shows the first generation

of the MEMS sensor developed at the NPS Sensor Research Lab for underwater operation.

NPS - ONR - GEN 13 UM - 1@

Figure 4.  First generation of the underwater MEMS sensor. Source: [16].

Multiple iterations of the sensor housing have been created since the first design in
2016. Originally, the MEMS sensor housing used a boot comprised of Flexane-80, which
has a speed of sound of 2400 £ 25 m/sec and a density of 1045 kg/m®. Da Re [16] found
that the Flexane-80 attenuated sound transmission in some regions of the frequency
spectrum between 50 and 600 Hz, while enchasing sound transmission in other regions of

5



the spectrum. Figure 5 shows the measured sound signal using a hydrophone with and

without the housing (boot) attached to it [16].

1

i — B&K 8103 Ref
12 | n —— B&K 8103 w/Boot -

Amplitude (V)

P IR (T ST ST ST T T T _—
S0 100 150 200 250 300 350 400 450 3500 3550 600

Frequency (Hz)

Comparison between the reference hydrophone with and without enclosure. The presence
of the boot reduces the response in the low frequency range (50-200 Hz) while gaining
between 225400 Hz. This effect is minimal above 400 Hz.

Figure 5. The effect of Flexane-80 boot on transmission between 50 and 600
Hz. Source: [16].

Da Re [16] recommended replacing the Flexane-80 with another castable material,
whose properties would allow for unity or near unity transmission through the boot in the
tested frequency range. Subsequent research showed that PMC-780 yielded near unity
transmission over the frequency range from 50 to 600 Hz [17] as shown in Figure 6.
Additionally, multiple boot thicknesses were also tested by Espinoza [17]. It was found
that for PMC-780, the transmission through the boot was independent of the thickness of

the boot wall, allowing for robust sensor packaging without impacting sensor performance.
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Comparison of signals from the B&K 8103 reference hydrophone submerged in water
(black) and the reference hydrophone encased in the sensor housing with a PMC-780 boot
thickness of 1.5 mm (red), 3.0 mm (blue), and 5.0 mm (teal).

Figure 6.  Sensitivity comparison for PMC-780. Adapted from [17].

The original housing design also used PSF-2c¢St silicone oil as an insulative
medium in which the sensor could be submerged [15]. This silicone oil was chosen due to
its low viscosity (2 cSt) and because its density was close to that of pure water (873 kg/m?)
[18]. Subsequent housing iterations changed from PSF-2cSt to PSF-1cSt silicone oil to
further reduce the damping though it resulted in a decrease in the density of the insulative
fluid (818 kg/m?) [19].

The sensor has also been updated since the first-generation design used by Swan.
The new design uses two wings, with capacitive comb fingers on the outer edges, attached
by a single bridge. The bridge is attached to the silicon substrate by two torsional legs. This
allows the sensor to operate in both the bending modes and rocking modes. Due to the

longer wavelengths associated with underwater sound, the sensor response at the rocking



mode frequency is orders of magnitude less than the response at the bending mode

frequency.

B. OBJECTIVE AND THESIS ORGANIZATION

The objective of this thesis is broken into two parts. First, modifications to the
Ormia based sensor will be explored using finite element modeling software to improve
sensor response in subsequent experimental trials. Second, the effects of improvements to
sensor housing, packaging, and electronic readout on the experimental sensor performance

will be analyzed.

This thesis is organized into five parts. Chapter I presents a discussion on currently
employed TA sensor technology, the Ormia ochracea basis for the sensor construction,

and a brief evolution of the Ormia based sensor at the NPS Sensor Research Lab.

Chapter II discusses the parameters of the current generation of the MEMS
direction-based sound sensor for air and underwater purposes. It also discusses the finite
element model used in COMSOL as well as simulated performance of the current

generation sensor and suggested optimization.

Chapter III covers the experimental setup for testing the Ormia based sensor in the
anechoic chamber for air testing and the underwater anechoic chamber for underwater tests.
This section also discusses development and design of the sensor housing and circuitry for

both air and underwater testing.
Chapter IV discusses the results of testing the sensor both in air and underwater.

Chapter V presents research conclusions and recommendations for future work.



II. SENSOR EVOLUTION AND MODELING

A. CURRENT SENSOR DESIGN

Multiple changes have been made from the sensors used by Swan [15] and
Da Re [16]. The current sensor generation (Gen 6), as shown in Figure 7, no longer consists
of a single wing sensor, but two wings connected by a bridge to two torsional legs attached
to the Silicon substrate. This design allows for detection of both the bending and rocking
modes and more closely matches the Ormia’s hearing structure. Previous sensor
generations attached the bridge to the inner edge of the wing. When the wing was etched
to release from the substrate, the wing would flex vertically, due to the residual stresses in
the Si substrate [20], [21]. This reduced the region of overlap between the wing and
substrate comb finger pairs. Generation six attaches the bridge to approximately the middle
of the wing. This reduces the warp of the sensor structure, increasing the overlap between
the wing and substrate comb finger, resulting in a larger capacitance when the sensor is
under no load. The sensor also no longer employs the trapezoidal wing configuration that
was used by Swan [15]. Instead, the sensor has square wings that allows for better response
control. Figure 7 shows a micrograph of a Gen 6 MEMS based direction finding acoustic

sS€nsor.



Sensor components: (1) leg, (2) bridge, (3) wing, (4) capacitive comb fingers.

Figure 7. Gen 6-3 sensor designed at NPS (left). Zoomed in view of (4)
(right).

The two sensors used for this research are generation 6-3 and 6-4. At the end of
each wing is a set of interdigitated capacitive comb fingers that allow for a voltage readout
when electrical power is supplied to the sensor. The sensors are fabricated using a 400 pm
silicon-on-insulator (SOI) substrate with a device layer of 25 um. The sensors are mounted
in a recessed location in the readout circuit board that is approximately 1.0 mm thick.
Table 1 shows a comparison between the sensor specific parameters of the 6-3 and 6-4
MEMS acoustic sensors. The two sensors are identical except the size of bridges and legs.

Figure 8 shows corresponding dimensions on the 6-3 sensor.
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Table 1.  Design parameters of the 6-3 and 6-4 MEMS acoustic
sensors. Units are pm.

Parameters 6-3 Sensor Dimension | 6-4 Sensor Dimension
Bridge Length 3000 3000
Bridge Width 150 500

Leg Length 200 300

Leg Width 400 200

Wing Length 1095 1095

Wing Width 3000 3000

Comb Finger Length 500 500
Comb Finger Width 10 10
Comb Finger Channel Width 5 5
Sensor Channel Width 20 20
Overall Sensor Length 5400 5400
Overall Sensor Width 3040 3040

950 pm 3000 pm

3000 pm

Figure 8. Dimensions for the 6-3 sensor corresponding to Table 1.
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B. FINITE ELEMENT MODELING

Finite element modeling of both sensors was performed using COMSOL
Multiphysics, version 5.4 [22]. The modeling for this research focuses only on the bending
mode of oscillation for the MEMS sensors since it is difficult to observe the rocking mode
underwater due to the long sound wavelengths involved and damping generated by the use
of PSF-1cSt silicone oil for packaging the sensors. This allows the model to be cut in half
along the torsional leg axis since the bending mode is symmetric with respect to the bridge
axis. In addition, further reduction of the structure in the simulation can be done due to the
symmetry of the sensor geometry along the bridge axis. The simulation model is a
quartered version of the total structure with symmetry boundary conditions that can
substantially reduce the simulation time. Figure 9 shows the 2D geometry of the simulated

sensor. Figure 10 shows the 3D reduced geometry used for the simulation

Figure 9. Two-dimensional geometry of the Gen 6-3 sensor used in the
COMSOL model.
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Figure 10. Three-dimensional geometry of the 6-3 sensor and circuit board
used in COMSOL.

The simulation employs three sets of physics for modeling the MEMS sensor. The
sensor is modeled using solid mechanics applied to anisotropic silicon (2330 kg/m?) using
a stress tensor [22]. In the far-field, pressure acoustics is employed. In the regions including
and immediately surrounding the flexing wing of the sensor, thermoviscous acoustics is
employed to correctly model the viscous fluid flow around the wings and in between the
interdigitated comb fingers. In the region where the comb fingers fully overlap, Couette
flow is expected. In the region where the comb fingers do not overlap at all, Hagen-
Poiseuille flow is expected. Both types of flow occur in between full overlap and no overlap
[23]. Figure 11 shows a fluid model diagram of the Couette and Hagen-Poiseuille flows.
The thermoviscous physics employs Navier-Stokes equations as well as drag damping to

take these into effect.
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Figure 11. Flow profiles experienced by the interdigitated comb fingers. a)
Couette flow b) Hagen-Poiseuille flow. Source: [23].

C. EXECUTED SIMULATIONS AND RESULTS

Four studies are conducted for each of the 6-3 and 6-4 sensors. First, the frequency
response is determined for each sensor in air. Second, the directional response of each
sensor is simulated. It is expected that at the bending mode, each sensor exhibits a dual
lobe pattern, with displacement peaks when the sound source is either directly in front of
or directly behind the sensor and valleys when the sound source is perpendicular to the face
of the sensor. These two simulations are repeated with the sensor immersed in PSF-1cSt
silicone oil instead of air. The final simulation is carried out using the 6-3 sensor and
explores the optimum spacing between the comb fingers to maximize the displacement of

the sensor when operated at its resonant frequency.

1. Gen 6-3 Sensor Simulated in Air

The simulated frequency response of the 6-3 sensor is shown in Figure 12. The
simulated frequency peak occurs at 1488 Hz with a displacement amplitude of 1.83 um/Pa.
The bandwidth at Full Width Half Maximum (FWHM) is about 66 Hz. Figure 13 shows
the normalized simulated directional response of the 6-3 sensor. The simulation predicts a
two-lobe pattern with response peaks at the 0° and 180° positions and troughs at the 90°

and 270° positions as expected for a pressure gradient microphone [24].
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Figure 12. Simulated frequency response of a Gen 6-3 sensor with bending
resonance at 1488 Hz.
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Figure 13. Simulated normalized directional response of the 6-3 sensor in air
at resonance (1488 Hz).
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2. Gen 6-3 Sensor in Oil

Figure 14 shows the simulated frequency response of the 6-3 sensor when
immersed in PSF-1cSt silicone oil. The maximum displacement of the sensor is about 24
nm/Pa. The simulated frequency peak occurs at 248 Hz, six times smaller than the
simulated frequency peak in air. The shift of the peak position to a lower frequency is
primarily due to mass loading by higher density (818 kg/m?) silicone oil. The FWHM of
the sensor at is found to be about 121 Hz, which is about a factor of two times larger than
the simulated value in air of 66 Hz originated from higher viscous damping generated by
silicone oil. Figure 15 shows the simulated normalized directional response of the 6-3
sensor when operated in oil. The two-lobe pattern remains when replacing the operating

medium (air) with the silicone oil.
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Figure 14. Simulated frequency response of the 6-3 sensor in PSF-1cSt.
Resonance occurs at 248 Hz.
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Figure 15. Simulated normalized directional response of the 6-3 sensor in
PSF-1cSt at resonance (248 Hz).

3. Gen 6-4 Sensor in Air

The simulated frequency response of the 6-4 sensor is shown in Figure 16. The
simulated frequency peak occurs at 2676 Hz with a displacement amplitude of about 22
pm/Pa. The higher bending resonance frequency is due to the thicker bridge used for the
sensor. The FWHM is found to be about 77 Hz, which is close to that of the 6-3 sensor.
Figure 17 shows the normalized simulated directional response of the 6-4 sensor. Similar
to the 6-3 directional simulation, it shows a two-lobe pattern with response peaks at the 0°

and 180° positions and troughs at the 90° and 270° positions.
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Figure 16. Simulated frequency response of the 6-4 operated in air. Frequency

peak occurs at 2676 Hz.
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Figure 17. Simulated normalized directional response of the 6-4 sensor
operated in air at resonance (2676 Hz).
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4. Gen 6-4 Sensor in Oil

Figure 18 shows the simulated frequency response of the 6-4 sensor when operated
in its underwater boot apparatus. The maximum displacement of the sensor is 13.58 nm.
The operating fluid here is the PSF-1cSt instead of air. The simulated frequency peak
occurs at 450 Hz, 5.88 times smaller than the simulated frequency peak in air. The
bandwidth of the sensor at FWHM is also simulated to increase when operating in the
silicone oil. Bandwidth increased to about 223 Hz; 2.9 times larger than the simulated air
value of 77 Hz. Figure 19 shows the simulated normalized directional response of the 6-4

sensor when operated in oil.
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Figure 18. Simulated frequency response of the 6-4 sensor in PSF-1¢St.
Frequency peak at 450 Hz.
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Figure 19. Simulated normalized directional response of the 6-4 sensor in
PSF-1cSt. Response simulated at 450 Hz.

S. Comb Finger Gap Optimization

The final simulation performed in COMSOL was an optimization of the gap
between comb fingers used for the electronic readout using the 6-3 sensor operated in PSF-
IcStsilicone oil. The original design of the 6-3 sensor has a gap width of 5 um. It is desired
to maximize the displacement of the comb fingers for a given sound pressure to generate
the highest output voltage. The simulation was performed by adjusting the spacing between
the comb fingers (from 2 um to 10 pm), while setting the total number of comb fingers to

fit the width of the sensor wing. Figure 20 shows the results of the optimization simulation.
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Figure 20. Simulated displacement amplitude for the 6-3 sensor by varying
comb finger gap 2—10 um.

The COMSOL optimization suggests that a channel gap between 5 um and 7 pm
will yield the maximum displacement amplitude for the 6-3 sensor. The peak displacement
of about 25 nm/Pa corresponds to a 7 um gap width. In practice, the narrower gaps are
better because of the increased capacitance. Inside the 5-7 pm interval the optimal finger

gap is 5 pm.
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III. ASSEMBLY AND EXPERIMENTAL SETUP

A. SENSOR AND READOUT CIRCUIT ASSEMBLY

The 6-3 and the 6-4 MEMS sensors are assembled the using the same process. In
earlier studies, a commercial off the shelf capacitance-to-voltage converting integrated
circuit (an MS3110) was employed. In this thesis, a newly designed readout electronic
circuit by the Sensor Research Lab was employed to overcome the shortcomings of the
previous approach. The sensor is attached to a printed circuit board (PCB) containing the
readout electronics using a Norland Optical Adhesive 68 (NOA68) [25], a UV curable
adhesive. The PCB is fabricated with a milled rectangular hole to expose the backside of
the MEMS sensor to sound and a countersunk groove to provide a fixed location to set the
sensor in place. The adhesive is applied to the countersunk region with a precision
applicator and the sensor is placed onto the PCB. Figure 21 shows a cross-sectional
diagram of the PCB with the sensor adhered to it. After the adhesive has cured, the sensor
is electrically connected to the board using a wire bonder. Figure 22 shows the front and

back side of a 6-4 sensor attached to a PCB.

-

C,f"

PC board (A) attached to the MEMS sensor (B) using UV cured adhesive (C).

Figure 21. Cross-sectional diagram of the sensor adhered to the board.
Adapted from [26].

The power to the electronics and output signal from the sensor are harnessed via a

male HDMI-D connector, located at the base of the PCB. This connector is also used to
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attach the PCB/sensor assembly to either a mount for air characterization or a boot housing

for underwater characterization.

Figure 22. Front (left) and back (right) of a 6-4 sensor attached to a PCB
using NOAG68 adhesive.

B. SENSOR ASSEMBLY FOR TESTING IN AIR

For characterization in air, the PCB is attached to a 3D printed mount and held in
place with a plastic screw. A female HDMI-D to female HDMI-A cable is connected to the
circuit board at the HDMI-D end. At the HDMI-A end, an HDMI-A to 20-pin connector is
attached. The mount used for characterization is shown in Figure 23. The 20-pin connector
is connected to the direct current (DC) power supply and MFLI Lock-In Amplifier using

the layout shown in Figure 24.
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Figure 23. 3D printed mount used for characterization in air (left) and mount
with sensor and PCB attached (right).

Figure 24. Layout of the HDMI-A to 20-pin connector. Vout is the sensor
output.
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C. AIR CHARACTERIZATION SETUP

The schematic test setup used for characterization in air is shown in Figure 25.
Measurements were performed in an anechoic chamber located at NPS. The mounted
sensor is attached to an externally controlled turntable, which allows for directional
characterization of the sensor. A PCB Piezotronics, model 378 A21 reference microphone
(sensitivity: 11.26 mV/Pa) [27] is attached in the circular hole of the sensor mount during
frequency response measurements to eliminate any inconsistencies produced by the sound
source. The reference microphone is removed during directional measurements to facilitate
the rotation. The 378A21 is powered by a PCB Piezotronics, model 482C16 signal
conditioner [28]. The DC power supply to the MEMS sensor is an Agilent Technologies
E3620A dual-output power supply [29]. The “+VDC” and “-VDC” terminals are both set

to a magnitude of six volts.
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Figure 25. Schematic diagram of the test setup in the anechoic chamber at
NPS. Adapted from [26].
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Figure 26 shows the physical layout of the sensor assembly and speaker used for
generating sound inside the anechoic chamber. The minimum separation between the

sensor and speaker was determined using the far-field equation [30] given in Equation (3.1)

wa’

d>

(3.1)

where d is the distance between the source and sensor, A is the wavelength of the highest
measured sound frequency (this is the most limiting corresponding wavelength) and a is
the radius of the speaker. The speaker has a radius of 3” (7.62 cm) and the maximum
expected frequency is 3 kHz (A = 11.43 cm). From Equation 3.1, the minimum separation
between the speaker and MEMS sensor must be about 16 cm. Testing was performed in
the anechoic chamber with a separation distance of 215 cm, satisfying the far-field

requirement.

Figure 26. Layout of the speaker and sensor assembly in the anechoic
chamber.

D. SENSOR ASSEMBLY FOR TESTING UNDERWATER

For underwater characterization, the PCB/sensor is attached to a housing,

assembled at the Sensor Research Lab at NPS, using commercial off-the-shelf components.
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The housing structural components consist of vacuum components corresponding to the
1.5-inch diameter standard size, purchased from the Kurt J. Lesker Company. The
components consist of an aluminum half nipple, an aluminum centering ring (with a
fluorocarbon O-ring), an aluminum flange blank, and a stainless-steel chain clamp. The
flange blank is drilled and internally threaded using an M16x1.00 mm tap. A waterproof
female HMDI-D to HDMI-D passthrough connector is threaded into the backside of the
flange blank. The PCB HDMI-D connector is connected to the internal side of the
waterproof passthrough connector. Figure 27 shows the individual structural components

used to construct the underwater housing.

Half-nipple (1), centering ring (2), flange blank (3), chain clamp (4), passthrough connector
and cap (5), and boot attached to half nipple (6).

Figure 27. Structural components used for the underwater housing.

A boot made from PMC-780 is attached to the half nipple using Flexane-80 as an
adhesive. The boot was molded to have an internal diameter of 1.5” using the process

described by Espinoza [17]. Flexane was chosen due to its combination of strong adhesion
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between aluminum and PMC-780 as well as flexibility under the stresses imposed by the
chain clamp. Figure 28 shows the final steps for assembling the underwater housing with

a S€nsor.

Before inserting sensor into housing (left). Fully assembled sensor in the underwater
housing (right). Not shown: addition of the PSF-1cSt silicone oil.

Figure 28. Final assembly step of the underwater housing.

E. UNDERWATER CHARACTERIZATION SETUP

The underwater characterization was performed using the water tank at NPS. The
sensor assembly is connected to the testing equipment using a waterproof HDMI-D to
HDMI-A cable. The same HDMI-A to 20-pin connector used for the air characterization is
used for the underwater characterization. Figure 29 shows the diagram for the underwater

characterization test layout.
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Figure 29. Schematic diagram of the underwater test setup.

A B&K 8103 omnidirectional hydrophone (26.61 nV/Pa)[31] is used as a reference
for frequency measurements. Appendix A lists the specifications of the B&K 8103 used
for this research. The reference hydrophone is enclosed in an underwater housing similar
to that of the sensor to replicate the sound environment the sensor operates in. The
hydrophone is used in order to eliminate artifacts created by the underwater projector. The
reference hydrophone output is passed to a Stanford Research Systems, model SR560
Amplifier (labelled pre-amplifier) [32] and then to the MFLI Lock-In Amplifier. The sound
projector is an Electro-Voice, model UW30 underwater loudspeaker [33]. The sound
projector is powered by a Hewlett-Packard HP467A power amplifier (labelled amplifier)
[34]. Settings for the SR560 and the HP467A are outlined in Appendix B. The
specifications of the UW30 loudspeaker are detailed in Appendix C. The same Agilent
Technologies, model E3620A power supply is used to power the sensor for underwater
testing. The power supply settings for the sensor were also the same as that used in the

characterization in air.

Figure 30 shows the physical layout of the test setup in the water tank. Using

Equation 3.1, the far-field distance can be calculated for underwater testing. The speaker
30



radius is 4.125” (10.48 cm) and the maximum expected frequency is 600 Hz (A = 57.17
cm). The minimum separation distance, d, to maintain the far-field assumption in the
underwater chamber is 1.38 cm. Testing was conducted with a separation distance of

28 cm.
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Figure 30. Physical layout of the underwater test setup.
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A. CHARACTERIZATION IN AIR

The frequency and directional responses of the generation 6-3 and 6-4 sensors were
measured in the anechoic chamber at NPS. Figure 31 shows the experimental and simulated
frequency response of the 6-3 sensor. The bending resonance peak for the 6-3 sensor occurs
at approximately 1487 Hz. The bandwidth at FWHM is about 88 Hz. The experimental and
simulated directional responses are shown in Figure 32. The experimental response closely

agrees with the simulated response. The close agreement of the experimental and simulated

IV. MEASUREMENTS AND RESULTS

sensor characteristics indicates accuracy of the developed COMSOL model.
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Figure 32. Normalized directional responses (measured and simulated) of the
6-3 sensor in air.

Figure 33 shows the measured and simulated frequency responses for the 6-4
sensor. The measured frequency peak occurs at 2665 Hz with a bandwidth at FWHM of
about 90 Hz. As with the 6-3 sensor, the experimental response closely agrees with the
simulated response for the 6-4 sensor. For both sensors, the small difference in frequency
peak and bandwidth can be explained by small variations in the sensor dimensions from
that of designed due to manufacturing processes. The measured and simulated directional

response is shown in Figure 34.
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B. UNDERWATER CHARACTERIZATION
1. Gen 6-3 Sensor

Initial underwater testing of the Gen 6-3 sensor did not match with the expected
behavior based upon previous generations of the sensor developed at the Sensor Research
Lab. The sensor exhibited higher sensitivity at its designed resonant frequency. It was
expected to have a sensitivity of less than 1 V/Pa. Additionally, the bandwidth at FWHM
was a fraction (~36 Hz) of the simulated value (~222 Hz). Figure 35 shows the measured

frequency response of the Gen 6-3 sensor in underwater along with that of the simulation.
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Figure 35. Measured and simulated frequency responses of the 6-3 sensor
underwater.

In addition, no clear directionality was observed as the 6-3 sensor was rotated in
underwater. When operated at the resonant frequency of 300 Hz, the sensor was equally as
responsive at normal sound incidence as it was when rotated 90° to the incident sound.

From the poor directional response, it was suspected that the PCB containing the
36



electronics has a mechanical resonance at approximately 300 Hz. Similar effects were also
noticed when characterizing the Gen 6-4 sensor. Mechanical resonances were observed
across all tested frequencies and consistently resolving the frequency and directional
response of the 6-4 sensor did not occur. Unexpected resonant modes were noticed at
frequency multiples of 300 Hz and erratic directional response was achieved at all

frequencies in between these resonant modes.

Two sources for this resonance were suspected. First, the location where the PCB
mount into the surrounding structure was not rigid. Second, the boot used for housing the
sensor assembly can resonate at its normal modes affecting both frequency and directional
responses of the sensor. It was suspected that this effect was dependent of the thickness of

the boot wall.

The loose connection between the PCB and the housing was corrected using a
marine adhesive sealant [35] at the junction where the PCB HDMI-D connector is plugged
into the passthrough connector (see item (5) in Figure 27). The sealant was built up so that
it covered the entire HDMI-D connector and made contact with the PCB. Figure 36 shows
the modifications made using the marine sealant. This modification was done to both Gen
6-3 and Gen 6-4 sensors. In addition, a 3 mm thick boot was also fabricated to assess the

effect of boot thickness on the sensor characteristics.
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Figure 36. Gen 6 sensor assembly modified with marine sealant.

2. Underwater Characterization Using a S mm Thick Boot

With the connection point between the PCB and the passthrough connector better
supported, a comparison of the sensor response between using a 5 mm thick boot and a 3
mm thick boot could be conducted. This would determine any effects the boot thickness
had on the sensor characteristics. Testing was conducted at the water tank at NPS for both
the 6-3 sensor and the 6-4 sensor. Directionality was assessed at 45° intervals from 0° to
360° via hand-positioning of the sensor. Bearing accuracy was assessed to by £5°.
Figure 37 shows the frequency response of the modified Gen 6-3 sensor, encased in a 5

mm thick boot, at normal sound incidence compared to the COMSOL modeled response.
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Figure 37. Comparison of measured and COMSOL simulation of Gen 6-3
sensor frequency responses using a 5 mm thick boot.

The simulated peak response for the 6-3 sensor occurred at 248 Hz. The
experimental response occurred at 292 Hz. The peak amplitude is 0.93 V/Pa, which is
consistent with previous generations of sensors developed at the Sensor Research lab at
NPS. The frequency peak at ~120 Hz is attributed to mechanical resonance for the 6-3
sensor. The bandwidth at FWHM is about 45 Hz, which is smaller than the simulated
response of the sensor. It is suspected that the PCB still oscillates at ~300 Hz but the
mechanical resonance is considerably more damped by the marine sealant. Directionality
at resonance still could not be achieved; however, off-peak directional response was
achieved in a small frequency range beyond the resonant peak. Figure 38 shows the

frequency response, in 45° increments, for the Gen 6-3 sensor with the 5 mm thick boot.
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Figure 38. Gen 6-3 sensor frequency response in 45° increments with 5 mm
boot thickness.

At resonance (300 Hz), the marine sealant successfully damped the mechanical
oscillations when the sound is incident at 90°, as seen in Figures 38 and 39. The sensor
inconsistently indicated directionality when measured at angles between the normal and
90° at resonance; however, the frequency range between 335 Hz and 375 Hz exhibited
consistent directionality. Figure 39 shows the directional response of the Gen 6-3 sensor at

the off-peak frequency of 355 Hz.

40



90

120 60
0.8
150 0.6 0 30
-0 N
.- =N 04 » N
N
- \\ / \
/ 02 \
i
180 @ Z bo
\ ;
\ 7\ ;
AN ’ \
~ ”’ /
-~ O - ~ L _ 2 »
210 330
O Measured Points o
== == Theoretical Profile
240 300
270

Figure 39. Normalized directional response of the Gen 6-3 sensor with a 5
mm boot thickness measured at 355 Hz.

At 355 Hz, the 6-3 sensor shows expected directional response to the sound source.
The 90° to 270° lobe (backside lobe) has 84% of the response of the 270° to 90° lobe
(frontside lobe).

The Gen 6-4 sensor also exhibited improved response with the addition of the
marine sealant. A peak resonance range occurred between 468 Hz and 534 Hz. Figure 40
shows the frequency response of the modified Gen 6-4 sensor, encased in a 5 mm thick

boot, at normal incidence of sound compared with the COMSOL simulated response.
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Figure 40. Comparison of measured and simulated Gen 6-4 sensor responses
using a 5 mm boot.

The simulated peak response for the Gen 6-4 sensor occurred at 450 Hz while the
measured response showed a broad peak close to expected frequency response. The peak
response amplitude reached approximately 0.16-0.20 V/Pa. The bandwidth of the 6-4
sensor was simulated to be approximately 223 Hz and measurement shows a bandwidth of
about 144 Hz. Directional response was also achieved within the resonant frequency range.
Figure 41 shows the frequency response, in 45° increments, for the Gen 6-4 sensor with

the 5 mm thick boot.
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Figure 41. Measured frequency response of Gen 6-4 sensor in 45° increments
with 5 mm thick boot.

The Gen 6-4 sensor showed directionality within the peak resonance region
compared to that of the Gen 6-3 sensor. This can be attributed to the lack mechanical
resonance of the assembly in the peak resonance region of the 6-4 sensor. Figure 42 shows

the directional response of the Gen 6-4 sensor at an operating frequency of 500 Hz.
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Figure 42. Normalized directional response of the Gen 6-4 sensor with a 5
mm boot thickness measured at 500 Hz.

At 500 Hz, the Gen 6-4 sensor exhibits directional response close to that of the

expected behavior. The backside lobe has 93% of the response of the frontside lobe.

3. Underwater Characterization Using a 3 mm Thick Boot

For understanding the effects of boot thickness on frequency and directional
responses, the 5 mm thick boot was exchanged for a 3 mm thick boot. The marine sealant
modified Gen 6-3 and Gen 6-4 sensors were used in these experiments. Tests were
conducted in the water tank at NPS. The Gen 6-3 sensor exhibited improved frequency
response when the 3 mm thick boot was utilized. The resonant peak remained at 292 Hz,
but the severity of the trough regions (see Figure 37) surrounding the resonant peak were
reduced, confirming that the boot thickness had some effect on the response of the sensor.
The sensitivity of the sensor also decreased to approximately 0.7 V/Pa. This can be
attributed to a reduction in the mechanical oscillation of the boot near the sensor resonance.

The bandwidth of the sensor increased to about 69 Hz. Figure 43 shows that the frequency
44



response of the modified Gen 6-3 sensor, encased in a 3 mm thick boot, at normal incident

sound closely matches with that of the simulated response using COMSOL.

Simulated 6-3 Response
6-3 w/ 3 mm boot

25

Simulated Wing Deflection [nm]
Sensor Response [V/Pa]

0 1 1 | | 0
100 200 300 400 500 600

Frequency [Hz]

Figure 43. Comparison of measured and simulated responses of the Gen 6-3
sensor using a 3 mm thick boot.

Directional response of the Gen 6-3 sensor was also measured using the 3 mm thick
boot. Figure 44 shows the measured frequency responses, in 45° increments, for the Gen

6-3 sensor with the 5 mm thick boot.
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Figure 44. Frequency responses of Gen 6-3 sensor in 45° increments with 3
mm thick boot.

Replacing the 5 mm thick boot with the 3 mm thick boot further reduced the impact
of the mechanical resonance at 300 Hz. This reduction allowed for directional response to
be achieved in the peak resonance region. Additionally, directionality is achieved across a
wide range of frequencies for the Gen 6-3 as compared to the small range of frequencies
achieved using the 5 mm thick boot. Figure 45 shows a polar plot of the directional

response of the Gen 6-3 sensor at an operating frequency of 292 Hz.
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Figure 45. Normalized directional response of the Gen 6-3 sensor with a 3
mm thick boot measured at 292 Hz.

At the peak resonance region, the Gen 6-3 sensor using the 3 mm boot thickness
shows expected directional response to the sound source. Additionally, the backside lobe
strength improved when compared to that of the 5 mm thick boot. The backside lobe

response for the 3 mm thick boot was 95% of the frontside lobe response.

The Gen 6-4 sensor also showed improvement in frequency response when using
the 3 mm boot thickness. The peak response range using the 3 mm thick boot occurs
between 482 Hz and 567 Hz with response amplitude reaching 0.15-0.21 V/Pa. The
bandwidth for this sensor is approximately 149 Hz. Figure 46 shows the frequency
response of the modified Gen 6-4 sensor, encased in a 3 mm thick boot, at normal incident
of sound compared with the COMSOL simulated response. The response shows that
mechanical vibrations of the boot and circuit board is still present, which requires further

optimization of the assembly.
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Figure 46. Comparison of measured and simulated Gen 6-4 sensor responses
using a 3 mm thick boot.

Directionality for the Gen 6-4 sensor using the 3mm thick boot is exhibited across
nearly the entire operating range of the sensor. Figure 47 shows the frequency responses,
in 45° increments, for the Gen 6-4 sensor with the 3 mm thick boot. Figure 48 shows polar
plot of the directional response of the Gen 6-4 sensor at an operating frequency of 523 Hz.
Using the 3 mm boot thickness, the backside lobe response is found to be about 77% of the

frontside lobe response.
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Figure 47. Measured Gen 6-4 sensor frequency responses in 45° increments

Figure 48.

with the 3 mm thick boot.
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Normalized directional response of the Gen 6-4 sensor with a 3
mm thick boot measured at 523 Hz.
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4. Comparison of Responses for Different Boot Thickness

Figure 49 shows a comparison of the frequency responses for both boot thicknesses
using the Gen 6-3 sensor. It can be seen that the Gen 6-3 sensor response improved with
less mechanically induced oscillations using the 3 mm thick boot compared to that of the
5 mm thick boot. The peak response amplitude reduced from 0.93 V/Pa to 0.70 V/Pa, but
the higher peak response was being driven by the mechanical oscillations of the PCB/boot
combination at 300 Hz using the 5 mm boot. Additionally, the bandwidth of the sensor
widened when using the thinner boot. Bandwidth increased from 45 Hz to 69 Hz.

T T T

6-3 w/ 5 mm boot
09l 6-3 w/ 3 mm boot | |

0.8

Sensor Response [V/Pa]

100 200 300 400 500 600
Frequency [Hz]

Figure 49. Frequency responses of the Gen 6-3 sensor using the two boots
with different thicknesses.

Directionality could not be achieved in the peak region using the 5 mm boot,
whereas it could be achieved using the 3 mm boot. Peak region directionality also allows
for increased sensitivity of the sensor due to the increased response amplitude. Directional

response could also be achieved in a wider range of frequencies when using the 3 mm boot.
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The Gen 6-4 sensor performance also slightly improved when reducing the boot
thickness to 3 mm. The peak response region widened from 468—534 Hz (66 Hz) to 482—
567 Hz (85 Hz). Peak amplitude also increased from 0.2 V/Pa to 0.21 V/Pa. The bandwidth
of the Gen 6-4 sensor also increased from 144 Hz to 149 Hz. Figure 50 shows a comparison

of the frequency responses for both boot thicknesses using the Gen 6-4 sensor.

6-4 w/ 5 mm boot

02t 6-4 w/ 3 mm boot i
‘©
o

> 0151 b
[0)
(7))
c
]
o
3

r 01r -
o)
D
C
[
9)]

0.05r i

0 1 L | |
200 300 400 500 600 700

Frequency [Hz]

Figure 50. Frequency response of the Gen 6-4 sensor using the two boot
thicknesses.

The directional response amplitude of the Gen 6-4 sensor was largely unchanged
by reducing the boot thickness; however, a larger range of frequencies exhibited consistent
directionality in the 3 mm thick boot compared to the 5 mm thick boot. The results
presented here show that the sensor performance is affected by both the circuit board used
for integrating it with readout electronics as well as the housing used for underwater
operation. The two sensors employed showed that the frequency of detection can be tuned

by adjusting the mechanical parameters of the sensor. The measured directivity patterns
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show that the MEMS based sensors can be used for determining bearing of sound with

wavelengths much larger than the sensor dimensions.

52



V.  CONCLUSIONS

A. SUMMARY OF RESULTS

In this thesis, the performance of two MEMS directional sensors was characterized
both in air and underwater environments. In addition, sensor characteristics were simulated
using COMSOL Multiphysics finite element modeling software and compared with the
measurements. The two MEMS sensors were designed to have their bending resonant
modes at 300 Hz and 520 Hz when operated in underwater environment. The
characterization of the sensors in air was found to have the expected resonant frequencies
and directional responses. For underwater operation, sensors were housed in a custom-

made boot containing silicone oil that has acoustic impedance close to that of the water.

Challenges were presented when performing the underwater characterizations, but
were overcome via revisiting the structural components of the housing used for underwater
packaging of the sensor. A structural housing to protect the sensor from the environment
is required for any sensor operation to occur. The underwater housing of the MEMS
acoustic sensor presents additional challenges in reducing vibrational influence on the
sensor readings. Robust structural support and analysis of mechanical vibrational modes is
critical to the high-fidelity operation the MEMS acoustic sensor in an underwater
environment. Finally, a directional MEMS acoustic sensor was shown to be viable path for

further exploration into new Navy acoustic sensors.

The development of new acoustic sensor technology is critical to maintaining
dominance in the undersea operating environment. Higher sensitivity sensors allow for
platforms to detect and mitigate threats earlier and potentially before counter-detection
occurs. Smaller form factor sensors allow for an increase in the number of employed
sensors, improving the durability of platforms, allowing them to sustain more damage and
operate longer. The benefit of a low-cost, low-profile, directional MEMS based acoustic

sensor is critical to continuing the dominance of the U.S. Navy at sea.
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B. RECOMMENDATIONS FOR FUTURE WORK

The COMSOL simulation accurately predicts the behavior of the Gen 6-3 and Gen
6-4 sensors in air. Further refinement to the model is required to increase the accuracy with
respect to the sensor response underwater. Additional simulation modifications to include
the surrounding underwater housing will be necessary to reduce any discrepancies between

the simulation and experimental results.

Furthermore, identification and elimination of mechanical resonance modes from
the housing/circuit board is critical to measuring intrinsic performance of the sensor.
Simulation of the underwater housing resonant frequencies, both with and without the
sensor, would need to identify these resonant modes. Then, additional measures can be
implemented to minimize or shift the resonance out of the region where the sensor is most
likely to respond. Modifications to the structural mating of the PCB and housing showed
improvement in reducing mechanical resonances. Further structural changes to the PCB
and to how the PCB is secured inside the housing are necessary for improved sensor

performance.

The underwater testing facility at NPS is not designed for testing at the frequencies
that the MEMS based sensors are designed for. Interference from the testing environment
could not be entirely eliminated and contributed additional artifacts in the experimental
data. Verification of these results at a facility designed to operate at low frequencies should

be conducted to confirm these findings.

This research simulated an optimum comb finger spatial density to maximize sensor
output. Experimental verification of the simulation is needed to ensure that the model is

robust.

Finally, the operating fluid used in the underwater housing could be improved to
more closely match the acoustic impedance of the surrounding underwater environment.
Additionally, the operating fluid is not something commonly found on Naval platforms.
Use of a non-conducting medium is required to prevent electrical shorting of the sensor
inside the underwater housing. An alternative operating fluid, such as de-ionized water,

could be explored.
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APPENDIX A. B&K 8103 REFERENCE HYDROPHONE
SPECIFICATIONS

This appendix provides the manufacturer specifications for the B&K 8103

reference hydrophone used in this research [31].
Sensitivity: -211.5 dB re 1V/uPa, 26.61 uV/Pa

Dimensions:
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Directional Response:
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APPENDIX B. UNDERWATER AMPLIFIER SPECIFICATIONS

This appendix provides the settings used for amplification during the course of this

research.

SR560 PRE-AMPLIFIER FOR HYDROPHONE
Model: Stanford Research Systems SR560 Low-Noise Amplifier
Gain: Variable in 1, 2, or 5 x 102, x 10%, or x 10* values. 2x10° setting was used.
Low-Pass Frequency: 1000 Hz
Low-Pass Roll Off: 6 dB/oct
High-Pass Frequency: 100 Hz
High-Pass Roll Off: 6 dB/oct
Coupling: AC

Low Noise Gain: Enabled

HP467A FOR UW30 UNDERWATER SOUND PROJECTOR
Model: HP467A Power Amplifier

Gain: 10X
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APPENDIX C. UW30 UNDERWATER LOUDSPEAKER

This appendix provides the manufacturer specifications and dimensions for the

UW30 underwater loudspeaker used in this research [33].

Specifications:

Varsions Available:

Operating Depth: _...Up o 3.0 m (10.0 ft) below surface of water

W30 e e 000 Teel of cable (15.24 m) Recommended Installation Depth: . ovevvennennn 1,2 (4.0 1)
Systam Type: ... Undarsater loudspeaker system Fimish: o i TR - - T
Freguency Response: ... ... 100-90,000 Hz Bimensions,

Power Handling, (500-5,000 Hz pink noise): .. ... .. 30 walls Crvarall Diameter: ... L A82Emm (719100
Impedance: cesimimemieonsNOMINEL. & ohms Dapthe oo e BE. S MM (2061 00
Dispersion: PARIdIRRGlonal underwaber Shipping Weight: ... o 1.8 KG (4.0 M)
Dimensions:
66.3 mm
{2.61 In.)
~ 1.50 in,
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