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ABSTRACT

Acoustic-structural interaction is the key to understand a wide range of engineering
problems such as membrane-based dynamic pressure sensors, hearing devices for
sound source localization, and acoustic absorbers for noise reduction. Despite
tremendous developments in the last decades, there is still a fundamental size limitation
in these areas. In the case of dynamic pressure sensors, sensitivity usually suffers for
miniature sensors; the available acoustic directional cues proportionally decrease with
size, which adversely affects the localization performance; thick panels are required to
achieve superior sound attenuation, particularly for low frequency sound. It is the
motivation of this dissertation research to address the abovementioned size limitation

that involves acoustic-structural interaction.

The overall goal of this dissertation work is to achieve an enhanced understanding of
the acoustic-structural interaction between diaphragms and air cavity and to apply this
understanding to develop high-performance miniature acoustic sensors and noise
reduction metamaterials. First, a finite element method (FEM) model and large-scale
device are developed to understand how the interaction between the diaphragm and its
backing air cavity affects the equivalent mass, stiffness, and damping of air-backed
diaphragms. The numerical and experimental study shows that the complex interaction
cannot be captured by the commonly used lump model. Then, air-backed graphene
diaphragms are used to develop fiber optic sensors with sub-millimeters footprint and

high sensitivity. Two different configurations are designed to enhance the sensor
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sensitivity limited by the backing air cavity. One is to increase the mechanical
sensitivity by using a larger backing volume, the other is to increase the optical
sensitivity by using silver-graphene composite diaphragm. Next, acoustic
metamaterials with air-coupled diaphragms as unit cells are developed to achieve
perfect acoustic absorption with thickness much smaller than the sound wavelength,
which cannot be realized using natural materials. Finally, an expanded configuration of
two diaphragms coupled by an air-filled tunnel is experimentally developed to mimic
the hearing system of small vertebrates. The goal is to amplify the small directional

cues available to the small animals so that a high angular resolution can be achieved.

This dissertation provides a quantitative and mechanistic explanation for the interaction
between the diaphragms and the sealed air cavity. It offers several frameworks for the

development of miniature pressures, directional sensors, and thin sound absorbers.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Problem of Interest and Motivation

1.1.1 Dynamic Pressure Sensors

Highly integrated and miniature systems are desired in acoustic sensing. Although there
are several sensing mechanisms for dynamic pressure sensors, such as piezo-resistive,
capacitive, and optical techniques (Eaton and Smith 1997), the main component of the
vibrating structure is still typically a thin diaphragm that vibrates in response to pressure
excitation, which is converted to an electrical output. For example, in dealing with
audio-frequency, generally established from 20 Hz to 20 kHz, a flexible diaphragm can
be easily found in condenser microphones, as shown in Figure 1.1. The vibration of the
diaphragm involves acoustic-structural interaction (ASI) between a circular diaphragm

and its backing air cavity.

ASI has profound effects on the dynamics of the diaphragm. In one previous study (M.
Yu and Balachandran 2005), the sensor diaphragm involving acoustically caused
dynamic vibration in the audible range has been generally modeled as a circularly
clamped plate under certain in-plate tension. Describing the air cavity using scalar wave
equation, Gorman et al. (Gorman et al. 2001a) found that a strong ASI occurs when the
acoustic and structural subsystems have close natural frequencies and affined mode
shapes. However, the damping, due to the viscous loss of the boundary between fluid

air and cylinder walls, was considered to be negligible. This assumption is valid when



the dimensions of the backing cavity are much larger than the thickness of viscous
boundaries. For the prototypes used by Gorman, the diameter is 76 mm, the cavity
length is 81 mm for the sample with short cavity (255 mm for the one with long
cavity). In comparison, the thermal/viscous boundary layer thickness is 49 pm at 2 kHz.
On the other hand when the air cavity is very thin, Reynolds equations are usually used
to study ASI (Skvor 1969; Bao and Yang 2007a), where the viscous loss, referred as

the squeeze film damping (Andrews 1993), has to be considered.

Regardless of the equations used to model ASI, it can be lumped as a single-degree-of-
freedom system with an equivalent mass, spring, and damper. Compared with the
diaphragm in vacuo (i.e., neglecting the effects of the backing air cavity), it is important
to investigate the change of the abovementioned equivalent parameters. In another
study (Liu, Olson, and Yu 2014), an analytical model is developed to predict sensor
performances (including the working bandwidth and mechanical sensitivity), which is
validated by finite element simulations. On the scaling of natural frequency with
decreasing air cavity length, it has a rather complicated three-stage relationship with
the cavity length. This study is important for designing miniature acoustic sensors when

traditional models are inadequate to predict the sensor performance.
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Figure 1.1: Two types of microphones: (a) Omni-directional pressure microphone (b)

Directional pressure different receiver (Beranek 1954).

1.1.2 Directional Acoustic Sensors

Directional acoustic sensors are used to determine the direction of sound source, which
has two main approaches. One is to form an array of the omni-directional microphones
shown in Figure 1.1a, the other is to use an inherently directional microphone, as shown

in Figure 1.1b, which has both surfaces of the diaphragm exposed to the external source.



The simplest form of the first approach is a microphone pair, from which the time
difference of arrival (TDOA) can be used to determine the sound source direction
(Benesty, Chen, and Huang 2008). A similar example is human’s auditory system with
two symmetrically located sensors (i.e., ears). For an adult with average head width of
20 cm, TDOA is 0.6 ms. In order to determine the sound source direction, the
separation of microphones needs to be larger than a critical value, which is affected by
various factors such as signal-to-noise ratio (SNR), choice of estimator, and number of

samples.

On the other hand, the pressure gradient microphone is an inherently directional system
(Figure 1.1b). A cardioid shape directional pattern, which shows the pressure variations
as a function of azimuth angles, can be generated. However, as the effective distance
AL decreases to be much smaller than the wavelength, the directional pattern will
reduce to be omni-directional. In other words, the sound source localization

performance also will suffer when the size decreases.

To address the fundamental size constraint, one may look into nature for inspiration,
particularly small animals such as reptiles (Wever 1987) and birds (Dooling, Lohr, and
Dent 2000). In the auditory system of these animals, an interaural channel through their
oral cavity connects two eardrums. For each eardrum, both the outer and inner sides are
exposed to the sound stimuli: the sound reaches the inner side of one eardrum through
the vibration of the other eardrum and propagation through the connecting channel. In

other words, these are internally coupled ears (ICE). Deep understanding of ASI is the
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key to apply the bioinspired ICE mechanism for developing miniature directional

acoustic sensors.

1.1.3 Membrane-Based Metamaterials for Sound Absorption

The term metamaterial was initially defined as man-structured composites, which can
manipulate waves beyond the prescribed limits found in nature (G. Ma and Sheng 2016).
It was first derived and practiced to manipulate the electromagnetic waves through a
periodical structure called photonic crystal (Yablonovitch 1987; Yablonovitch 1989).
Similarly, acoustic metamaterials (AM) are also built by the periodically arranged unit
cells. Since the first realization of AM (Sheng et al. 2003), AM has evolved from
realizing the negative effective mass (Milton and Willis 2007) and negative bulk
modulus (J. Li and Chan 2004), to real applications such as the acoustic super-lens
(Kaina et al. 2015), acoustic cloaking (Zhang, Xia, and Fang 2011), phase manipulation

(Y. Lietal. 2013), and sound absorption (G. Ma et al. 2014).

Due to the lightweight and simple configuration, membrane-based metamaterials
(MAM) have dominated the applications operating at a low audible frequency regime,
specifically from 0.05 kHz to 2 kHz (G. Ma and Sheng 2016). In this frequency range,
the sound wavelength is from few meters to hundreds of millimeters, much larger than
the size of membranes, which is no more than a few centimeters generally. Hence, this
deep sub-wavelength characteristic of MAM makes it an excellent candidate to address

the fundamental size constraint, e.g., in sound absorption. Conventional absorption



foams made by sponges, wools, or fibers dissipate sound energy by the internal frictions
due to the interaction between sound’s flow and foams’ microstructure, which makes
sound dissipation much more difficult for low frequency sound. To this end, MAM
provides a new approach to address the size limitation in low-frequency sound
absorption. However, current reported MAM suffers from the very limited bandwidth
of absorption. For example in one of the recent studies (G. Ma et al. 2014), three total
absorption bands are achieved at three frequencies, 261 Hz, 310 Hz, and 419 Hz, but

the bandwidth is only 1 to 2 Hz.

1.2 Objectives and Scope of the Proposed Work

Although the acoustic-structural interaction is essential in a variety of fields, this
dissertation seeks to answer the following critical question in relationship to the size
limitation: 1) How does the miniaturization affects the performance of pressure sensors
constructed with air-backed diaphragms? i1) If sensor performance is constrained by the
backing cavity, are there solutions to overcome this limitation to achieve high
performance? iii) Can the internal coupling mechanism found in Nature be used to
develop miniature directional acoustic sensors with high performance? iv) Can
acoustic-structural interaction be explored for developing thin but broadband sound

absorbers?

The dissertation research aims to develop a deep understanding of the acoustic-

structural interaction between diaphragm and air and use the gained insights to develop



high-performance pressure sensors, directional sensors, and metamaterials. The

dissertation work includes the following four research thrusts:

*= Thrust 1: Fundamental understanding of acoustic-structural interaction

In this Thrust (Chapter 2), a large-scale pressure sensor consisting of a thin clamped
circular diaphragm and a backing cavity with tunable length will be constructed as a
representative structure to investigate the acoustic-structural interaction. The center
deflection of the diaphragm will be detected by a low-coherence fiber-optic
interferometer system. Different in-plane tension will be applied to the diaphragm in a
parametric study. The goal is to study how the air cavity affects the diaphragm's

effective properties, such as density, damping, and stiffness.

= Thrust 2: Development of fiber optic sensor with air-backed graphene

diaphragm

In this Thrust (Chapter 3), graphene-based acoustic pressure sensors will be developed
on the tip of optical fibers with a sub-millimeter footprint. The goal is to address the
limitation of sensitivity of sensors with short air cavity, where the sensor’s mechanical
sensitivity is limited by the air cavity (in other words, the stiffness of the air cavity
dominates that of the diaphragm). Two approaches will be adopted: one is focusing on

improving the optical reflectivity, the other is to increase the mechanical sensitivity.



= Thrust 3: Development of acoustic sensors mimicking internally coupled ears

In this Thrust (Chapter 4), a directional acoustic sensor will be developed to mimic the
internally coupled ears. Targeting the application of sound source localization, this
inherently directional acoustic sensor will be much smaller than the sound wavelength
but can achieve high directional sensitivity. The key is to utilize the internal coupling

mechanism found in animals like lizards to amplify the directional cues acoustically.

= Thrust 4: Development of acoustic metamaterials with air-coupled

diaphragms

In this Thrust (Chapter 5), the understanding gained from Thrust 1 will be used to
develop membrane-based acoustic metamaterials (AMM). The focus will be on a single
diaphragm with a backing air cavity for perfect absorption. Different ways to realize
100% absorption will be investigated; AMM will be fabricated and characterized in an
acoustic impedance tube. Depending on the pertinent parameters, this design provides

a variety of options to tune the acoustic properties.



CHAPTER 2 UNDERSTANDING ACOUSTIC-STRUCTURAL
INTERACTION

2.1 Introduction

An air-backed diaphragm is the key structure of most dynamic pressure sensors and
plays a critical role in determining sensor performance. The previous analytical model
investigated the influence of air cavity length on the sensitivity and bandwidth (Liu,
Olson, and Yu 2014b). The model found that as the cavity length decreases, the static
sensitivity monotonically decreases, and the fundamental natural frequency shows a
three-stage trend: increasing in the long-cavity-length range, reaching a plateau value
in the medium-cavity-length range, and decreasing in the short-cavity-length range,
which cannot be captured by the widely used lumped model. In this Chapter, we
conducted the first experimental measurements to validate these findings. Pressure
sensors with a circular polyimide diaphragm and a backing air cavity with an adjustable
length were designed, fabricated, and characterized, from which the static sensitivities
and fundamental natural frequencies were obtained as a function of the cavity length.
A further parametric study was conducted by changing the in-plane tension in the
diaphragm. A finite element model was developed in COMSOL to investigate the

effects of thermoviscous damping and provide validation for the experimental study.

For dynamic pressure sensors, the transduction method could be piezoelectric (Ried et
al. 1993; Ko et al. 2003), piezoresistive (Schellin and Hess 1992), optical (Hall et al.

2007; Miao Yu and Balachandran 2003), or capacitive (Pedersen, Olthuis, and Bergveld



1997; Scheeper et al. 2003), but the key component of most sensors is a flexible
diaphragm backed by an air cavity. In light of the recent trend of miniaturizing sensors
to be more portable, integrated, and inexpensive (Dahlin 2012; Hierold 2004), a
fundamental question needs to be investigated in terms of how the miniaturization

affects the sensor performance, such as the sensitivity and bandwidth.

To account for the effects of the air cavity, the most commonly used model is a lumped
element model, where the diaphragm is described by a mass—spring—damper system
and the backing air cavity acts as an effective spring (Beranek 1954). According to this
single-degree-of-freedom (SDOF) model, as the length of the backing cavity decreases,
the “air spring” becomes stiffer and therefore the effective stiffness of the diaphragm
increases, leading to reduced mechanical sensitivity and increased natural frequency.
However, this model breaks down when the cavity length is smaller than some critical

value, as explained below.

To fully capture the acoustic—structural interaction, various analytical mechanics
models have been developed, which are categorized in terms of how the cavity is
modeled: 1) using the Reynolds equation for thin viscous fluid films (also referred to as
squeeze film damping) (Andrews, Harris, and Turner 1993b; Bao and Yang 2007b), or
i1) using the sound wave equation where the viscous term is usually neglected
(Rajalingham, Bhat, and Xistris 1995; 1998). Following the second approach, but in the
context of dynamic pressure sensors, an analytical model was developed to investigate

how the static mechanical sensitivity SS,. and fundamental natural frequency f.;
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change when the cavity length [ continuously decreases (Liu, Olson, and Yu 2014).
Note subscripts d, a,and c¢ areused throughout this chapter to denote the diaphragm,
the air, and the coupled system of the air-backed diaphragm, respectively. Using a
circular clamped diaphragm backed by a cylindrical air cavity as a representative
configuration, as shown in Figure 2.1a, the diaphragm was modeled as a thin-plate with
in-plane tension and the air cavity was described using a wave equation in terms of the
velocity potential. A geometric compatibility condition is assumed at the diaphragm—

air interface, i.e., continuous displacement/velocity in the normal direction.

a b 3 : : :
(a) Diaphragm ( )g,
x £S7 w
S = T 3l ]
) o ? Mod<?1 . Mode 2
A -6
: /
L2 27 Mode 1
<3 gt ]
1 0.5 0 0.5 1

Figure 2.1: Introduction of the studied problem. (a) Schematic of a circular clamped
diaphragm backed by a cylindrical air cavity, which has a rigid sidewall and bottom. (b)
The mode shapes of the first two axisymmetric modes of the diaphragm (top) and air

cavity (bottom)

A key finding from the analytical model was that the air cavity changes the effective

stiffness and mass of the diaphragm. A summary is provided here. Assuming that for
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small sensors, the diaphragm’s radius a is much smaller than the wavelength A (i.e.,
a < A), the transverse (z-direction) displacement excitation at the top of the air cavity
can be expressed as wy(1,60,t) = Yoo Wy nUqn00(0)e/®t, where the displacement
is assumed to be axisymmetric (hence ©, is a constant 0,(0) = 1/+/2m), Ugn(r)
are the mode shape functions in the radial direction (shown in the bottom of Figure 2.1b
for the first two modes along with the first two axisymmetric diaphragm modes at the
top), and W, ,, are the modal coefficients to be determined. The corresponding reaction
pressure from the air to the backside of the diaphragm can be expressed as pg(r,6,t) =
Y o PranUan®0(0)e/“t, where Pg,, are the coefficients to be determined. When
the cavity length is much smaller than the wavelength (I << 1), it can be found that
Hyn = (Pran/Po)/ (Wan/a) is equal to ya/l for the first mode (n = 0), where y is
the ration specific heat (1.4 for air), and p, is the ambient pressure. The effect of this
mode is to increase the effective stiffness of the diaphragm, with the air cavity serving

as an equivalent spring. For the second- or higher-order modes (n=>1), H,, =

a

—Mn,Q%, where My, = — (y ) (T

57 ), Q, = wa/c, is the normalized frequency, c,
is the speed of sound in air, and f3,,, are the roots of the characteristic equation (; =
3.832, 5, = 7.061). The effects of these modes are to increase the effective mass of the
diaphragm. As [ decreases, both the effective stiffness from the first mode and the
effective mass from the second and higher-order modes increase, as they scale with

1/1. Note that if the diaphragm moves like a piston, only the first mode will be excited,

and thus, the closed air cavity can be modeled simply as a lumped spring element.
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However, when the diaphragm’s circumference is clamped, the higher-order modes will
be excited. As such, there is an interplay between the stiffness and mass effects as [
decreases. The following conclusions were reached for the air-backed diaphragm from
the analytical model (Liu, Olson, and Yu 2014), which was validated using finite
element method (FEM) simulations in COMSOL.: (i) As [ decreases, SSc decreases
monotonically. (i1) As | decreases, fc1shows a three-stage trend: it increases in the
long-cavity range, reaches a plateau value in the medium-cavity range, and decreases
in the short-cavity range. It is important to note that the SDOF lumped model cannot

explain these findings.

A related work to experimentally study the effects of an air cavity was carried out by
Gorman et al. (Gorman et al. 2001b). A test rig was developed consisting of an
aluminum plate (380 pum in thickness and 76 mm in diameter) backed by a cylindrical
cavity with a length of 81 mm or 255 mm. The diaphragm was excited by a shaker, its
mode shape was observed by Chladni sand method, and two microphones were inserted
into the sidewall and base to measure the acoustic pressure. Consistent with the
analytical and numerical results, a key conclusion from the study was that strong
acoustics—structural interaction exists when the fundamental natural frequencies of the
two sub-systems (the diaphragm in vacuo and the closed cavity) are close. However, a
comprehensive experimental study is still lacking to systemically investigate the effects
of changing air cavity length, particularly in the context of dynamic pressure sensor

development.
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In this chapter, as a follow-up study to the analytical model (Liu, Olson, and Yu 2014b),
the goal is to conduct the first experimental measurements to systemically validate the
effects of the air cavity on SSc and fc1when [ continuously decreased, serving as a
fundamental guideline for the design and development of dynamic pressure sensors. A
parametric study is conducted by varying the in-plane tension, which is a common issue
to deal with in sensor fabrication. The experiment results are also validated by

comparing them with analytical and numerical simulations.

2.2 Experiment Design

The system used to experimentally investigate the effects of air cavity on sensor
performance is illustrated in Figure 2.2. As shown in the cross-section view (Figure
2.2a), the main components included a machined aluminum housing (outside diameter
(OD): 76 mm, length: 86 mm), a machined aluminum sliding piston, a circular
polyimide diaphragm clamped to a steel shim (inside diameter (ID): 38 mm, OD: 54
mm, thickness: 0.82 mm), and two endcaps (front and back). The housing had an
internal cavity with a diameter of 38 mm and a length of 30 mm. The piston had a
clearance fit with the housing and was pushed against two springs using a micrometer
drive (Newport SM-50 Vernier micrometer, 10 pm increment) attached to the back
endcap, providing a turning mechanism to vary the length of the backing air cavity. The
front endcap was fabricated using a 3D printer (Ultimaker 3 Extended) using a
polylactic acid (PLA) filament. Sound could reach the diaphragm through the large

openings on the front endcap. A ceramic ferrule (Thorlabs CFLC128, ID: 128 um) was
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press-inserted into a center hole on the front endcap, which was used to guide an optical

fiber for detecting the center displacement of the diaphragm.

(a)

Housing Spring Micrometer
= drive

Front

Coupler buT
Speak
- peaker
Reference
microphone
Signal conditioner
Amplifier
system  tynaple fiter Photodetector To computer

Figure 2.2: Experiment design to investigate structural-acoustical interaction: (a) Schematic of

Ferrule p agm on steel shim  Piston

the setup to vary the backing air cavity length; (b) photo image of the polyimide diaphragm
with its edge-glued to a circular steel shim (next to a dime); (¢) photo image of the integrated
device under test (DUT) mounted on a stage; (d) schematic of the measurement system

including a low-coherence fiber-optic interferometer (LCFOI) system in the shaded area.

Thermal stress was generated to adjust the in-plane tension in the polyimide diaphragm
(thickness 50.8 pm). The diaphragm and the steel shim were preheated in an oven
(Thermo Scientific, Model 6050) to a temperature T. Then, the shim was smeared with
2-h curing epoxy (FIS T120023C250) and seated on top of the diaphragm in the oven.
After being heated for two hours, the diaphragm was taken out and cooled down to
room temperature To (~22 °C), which generated in-plane tension in the diaphragm that
was proportional to the temperature difference AT =T — To (referred to as the

shrinkage temperature hereafter); see Figure 2.2b for the photo of the diaphragm.
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Next, with the diaphragm attached, the shim was placed in the groove on the front
endcap (see Figure 2.2a) and pressed against the housing with four screws, aligning the
diaphragm with the internal cavity. A square-shaped aluminum plate (2.3 mm X
2.3 mm X 18 pm) was glued to the diaphragm center as a reflection mirror. A cleaved
optical fiber (Corning SMF-28e) was inserted into the ferrule. The distance between the
fiber tip and the aluminum plate was monitored using a fiber optic interrogator (Micron
Optics Si155-04-ST). When it reached = 60 um, the fiber was fixed to the ferrule
using a UV-curable epoxy (Dymax OP-4-20632); see Figure 2.2c for a photo of the
whole integrated device. The center displacement of the diaphragm subject to acoustic
pressure stimuli was measured using a low-coherence fiber-optic interferometer
(LCFOI) system (Miao Yu and Balachandran 2003), illustrated in the shaded area of
Figure 2.2d. Compared with the conventional laser-based interferometer, LCFOI has
one particular advantage, namely less susceptibility to wavelength and power
fluctuations, which makes it ideal for measuring the displacement down to the
nanometer scale or smaller. The light from a broadband superluminescent diode (SLD)
(Thorlabs SSFC1018S, center wavelength 1310 nm, 40 BW, 30 mW) was delivered
viaa 1 X2 fiber-optic coupler (Gould Fiber Optics, 50:50) to the Fabry—Pérot (FP)
interferometer of the sensor head (i.e., the sensing interferometer). The reflected light
was then sent to an FP-tunable filter (Micron Optics FFP-TF2, as the reference
interferometer) via the same 1X2 coupler. The output light from the tunable filter was
coupled into the photodetector (Newport, model 2011) and converted into an electric

signal. For the whole measurement system shown in Figure 2.2d, a half-inch condenser
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microphone (Briiel & Kjear, model 4191) was used as a reference sensor, from which
the input pressure could be obtained. A data acquisition card (DAQ, National
Instruments, model USB-6366) was connected to a computer to output the sound
stimulus through a speaker (Adam A8x) and to acquire the signals from the reference
microphone and the fiber-optic acoustic sensor. The sampling frequency was 200 kHz,

compared with the test frequency of 500 Hz-2 kHz.

To obtain the mechanical sensitivity in terms of the center displacement per unit
pressure, we followed our previous method detailed in Dong et al. (Dong et al. 2019)
based on the interchangeability of the sensing interferometer and the reference
interferometer in an LCFOI system. When the electric output of the LCFOI system was
converted to the diaphragm displacement, it could be combined with the measured
pressure stimuli from the reference microphone to obtain the frequency response

function, i.e., the mechanical sensitivity as a function of frequency.

2.3 Experimental Results

2.3.1 Finite Element Simulation

In the analytical model (Liu, Olson, and Yu 2014b), the thermoviscous effect of the
backing air cavity was not considered. In this follow-up study, the cavity length was
varied from 0.2 mm to 30 mm. For comparison, the viscous boundary layer thickness
was 69.3um at 1 kHz, room temperature, and standard pressure (Blackstock and

Atchley 2001). To illustrate the size effect and provide a validation for the experimental
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study, a FEM model was developed using the Pressure Acoustics (PA) module or the
Thermoviscous Acoustics (TA) module, in combination with the acoustics—structural
interaction module in COMSOL 5.3a. Note that PA is based on the Helmholtz equation
where it is assumed to be lossless, while TA is based on the linearized Navier—Stokes
equations where the thermoviscous effects are considered. Taking advantage of the
symmetry, as shown in the FEM model (Figure 2.3a), only a 30° segment was
modeled: the air cavity was meshed using second-order brick elements, the shell was
meshed using quadrilateral shell elements, and the boundary layer meshes were added
near the walls. The parameters for the diaphragm are listed in Table 1, which were used
in the simulation and served as the nominal values for the experiments detailed. Note
that the effective coefficient of thermal expansion (CTE) u is the difference between
the CTE values of the stainless shim and polyimide diaphragm (1 = 12.8 X 107°K™1).
For a shrinkage temperature AT, the in-plane tension introduced in the circular
clamped diaphragm with thickness h and Young’s modulus E is EpATh, which is

equal to 114 N/m for AT = 80°C.
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Figure 2.3: Finite element model (FEM) model and simulation results.
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(a) FEM model in

0.3 mm, 3 mm, and

20 mm) obtained using an eigenfrequency study in the COMSOL Pressure Acoustics (PA)

module. (c) Mechanical sensitivity as a function of frequency for the three cavity lengths

obtained using (PA, solid line) and the Thermoviscous Acoustics (TA, dashed line) module.

(d—g) Field distribution of the magnitudes of the velocity in the normal/z-direction (top), the

velocity in the tangential/radial direction (middle), and the acoustic pressure (bottom) for four

cases: (d): PA, 1=0.3 mm; (¢) TA,1=0.3 mm; (f) PA,1=20 mm; and (g) TA, 1 =20 mm. The

frequency for all cases in (d—g) was 1.3.
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Table 2.1: Properties of the polyimide diaphragm

Young’s modulus Ey4 2.2 GPa
Poisson’s ratio v 0.3

Density pa 1290 kg/m?
Radius a 19 mm
Thickness /g4 50.8 um
Expansion temperature AT 80 °C
Coefficient of thermal expansion u 12.8x10°% 1/K
Rayleigh damping a (5= 0) 500 1/s

Point mass at the center m,, 3mg

As shown in Figure 2.3b, the mode shape of the fundamental mode changed with the
cavity length due to the acoustic—structural interaction between the diaphragm and the
backing air cavity, which affected its response to external pressure stimuli. The
mechanical sensitivity was obtained by carrying out a frequency-domain study in
COMSOL, where a uniform pressure (p = poe/®t, p, = 1 Pa) was applied to the
external surface of the diaphragm. The displacement of the diaphragm center was
extracted to obtain the mechanical sensitivity as the frequency was swept from 500 Hz
to 2 kHz for three different cavity lengths (I = 0.3 mm, 3 mm, and 20 mm), as shown in
Figure 2.3c. As the cavity length decreased, SSc decreased; however, fc1 increased

first but then decreased in the short-cavity-length range. These results are consistent

20



with the results from the analytical model (Liu, Olson, and Yu 2014). In terms of the
difference between the simulation results obtained using TA and PA, when the cavity
length was long (I =3 mm or 20 mm), the different was negligible. Only when the cavity
length was closer to the boundary layer thickness (e.g., [ = 0.3 mm), there was
noticeable discrepancy, particularly near the resonance where the damping effect
dominated. This discrepancy was due to the nature of the underlying governing
equations: only the normal velocity was compatible at the acoustics—structural interface
in the PA case, whereas both normal and tangential velocities were compatible in the
TA case. Figure 2.3d—g shows the velocity (normal and tangential) and pressure fields
for the excitation frequency of 1.3 kHz. When the cavity length was small (I = 0.3 mm),
the normal velocity (z-direction) had similar profiles (Figure 2.3d,e top), but the
magnitude was smaller in the PA case (Figure 2.3d top) than in the TA case (Figure
2.3e top). As for the tangential velocity, it was uniform in the depth direction in the PA
case (Figure 2.3d middle), whereas there were clearly boundary layers adjacent to the
solid walls in the TA case (Figure 2.3e middle). As a result, there were significant
differences in their pressure fields (Figure 2.3d,e bottom). When the cavity length was
long (I = 20 mm) and much larger than the boundary layer thickness, the difference
was negligible, as evidenced by the similarity of the velocity and pressure fields shown
in Figure 2.3f,g. To ensure consistency, the COMSOL TA simulation was used for

comparison with the experimental results in the next section.
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2.3.2 Experimental Verification

The device and the FEM model of the previous section were used to parametrically
study the effects of the air cavity on the performances (sensitivity and natural frequency)
of acoustic pressure sensors. Figure 2.4a—d shows the measured dynamic mechanical
sensitivity Sq,, of the center diaphragm displacement in response to acoustic pressure
stimuli as a function of frequency f when [ decreased from 20 mm to 10 mm, 0.8
mm, and 0.3 mm, along with the FEM simulation results. For simplicity, the
mechanical sensitivity can be approximated as a function of frequency f via an
equivalent single-degree-of-freedom system as:

SS¢

1
1=(f/fe1) 21?2 +[28(f / fe)]? ( )

den(f) = NQ

where ¢ is the damping ratio. The measured and simulated sensitivity data can be
curve-fitted to extract SS., f.1, and &, which are shown in Figure 2.4e-g as a function

of [.

As shown in Figure 2.4e, the mechanical sensitivity SSc increased with increasing
cavity length due to the stiffness effect (i.e., the longer the length, the softer the cavity),
and asymptotically approached the value 1/k; in vacuo (i.e., when the effects of the
backing air cavity were neglected), where k; is the effective stiffness of the
diaphragm. The stiffness due to the air cavity alone k, can be calculated from the

adiabatic process as k, = [/(nyp,), where n is a factor to account for the non-
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uniform deflection of the diaphragm contributing to the change of air volume 7 can
be calculated using n = fra=0 ug(r)2mrdr [[us(r = 0)ma?], where u,(r) is the static

deflection of the diaphragm under uniform pressure (n = 0.33 for the circular clamped
diaphragm). Combining the above two yields the sensitivity of the air-backed
diaphragm SS. = 1/(ky + k,), as indicated by the three curves in Figure 2.4¢ top. In
other words, the measured static sensitivity was consistent with the theory that the
stiffness of the air-backed diaphragm is the sum of those of the diaphragm in vacuo and
the air cavity. The bottom of Figure 2.4e shows the slope of SS. with respect to [,

which starts from an almost constant value and then asymptotically decreased to zero.

Different from the monotonic relationship between SS. and [, the fundamental
natural frequency f.; showed a three-stage trend as the cavity length decreased (as
shown in Figure 2.4ftop): it increased in the long-cavity-length range, reached a plateau
value in the medium-cavity-length range, and decreased in the short-cavity-length
range. The slope shown in the bottom of Figure 2.4f shows a sign change at the cavity
length indicated by the arrow, corresponding to the maximum f,;. As derived in Liu et
al. (Liu, Olson, and Yu 2014b), the behavior of an air-backed diaphragm in the short-
cavity-length range can be modeled using two air modes and two diaphragm modes.
The effects of the first and second air modes are to increase the stiffness and mass,
respectively, both of which scale with 1/l. The fundamental mode of the air-backed
diaphragm can be considered a hybridization of the two modes. As [ decreases, the air

cavity becomes stiffer, and the contribution from the second mode increases. The
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analytical derivation further shows that f., scales with V1 in the short cavity length

range, which explains the trend in Figure 2.4f for [ < 1 mm.
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Figure 2.4 Experimental results in comparison with the simulations. (a—d): Frequency
response function (i.e., mechanical sensitivity as a function of frequency) for different
cavity lengths (! = 20 mm, 10 mm, 0.8 mm, and 0.3 mm), where the simulation
results were obtained using the COMSOL Thermoviscous Acoustics module. The

insets show the mode shapes for the fundamental mode. (e—g): mechanical sensitivity
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(e), natural frequency (f), and damping ratio (g) as a function of cavity length. The

curves in the bottom of (e—g) show the slopes

The overall trend of how the damping ratio changes with cavity length is opposite to
that of the natural frequency with some exceptions. In the very short cavity length range
(! < 0.2 mm), as indicated by the simulation data in Figure 2.3, the damping ratio
increases sharply due to the enhanced viscous damping as the cavity length decreases.
In the long cavity length range (/ > =~ 80 mm), the damping ratio starts to drop as the
cavity length increases. This is due to the fact that the fundamental mode in this range
is an acoustic mode. Note that for dynamic pressure sensors, damping can be tuned
post-fabrication by changing the design of the holy plate underneath the diaphragm
(Homentcovschi and Miles 2005; Bao et al. 2003). As such the focus of this section is
on the sensor sensitivity and the fundamental natural frequency, which are the two

important metrics in sensor design.

A parametric study is further carried out to validate the above finding when the in-plane
tension is varied by changing the shrinkage temperature AT from 70 °C to 130 °C (the
corresponding in-plane tension varies from 100 N/m to 186 N/m). As shown in Figure
2.4a-d, both sensitivity SS. and the fundamental natural frequency f.; are plotted as
a function of the air cavity length / and shrinkage temperature A7. Overall, there is a
good agreement between the experiment and simulation results, and similar three-stage

trends in terms of the effect of cavity length are observed for all tested values of AT,
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validating the results in the analytical model (Liu, Olson, and Yu 2014). In the studied
cavity length range, the air cavity is much stiffer than the diaphragm. As such, for a
fixed cavity length, increasing AT will increase the stiffness of diaphragm in vacuo, but
the stiffness of air-backed diaphragm is largely unchanged, as shown in Figure 2.5¢ for
three representative values of / (0.5 mm, 2 mm, and 20 mm). However, increasing AT
will increase the fundamental frequency f,;, as shown in Figure 2.5 for the same values
of [. As discussed in Liu et al. (Liu, Olson, and Yu 2014b), the plateau frequency in the
medium cavity length range is between the first and second natural frequencies fy4
and fy, ofthe diaphragm in vacuo. As shown in Figure 2.5g, when the in-plane tension
increases, both f;; and f;, increase. As a result, f,; of the air-backed diaphragm

increases accordingly.
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Figure 2.5 Parametric study by changing the in-plane tension in the diaphragm via

thermal expansion and cooling: (a,b) Contour plot of sensitivity as a function of cavity
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length / and shrinkage temperature AT (top (a): experiment, bottom (b): simulation (b)).
(c,d): same as (a,b) but for the natural frequency; (e,f): Mechanical sensitivity (e) and
natural frequency (f) as a function of AT for three different cavity lengths 0.5 mm, 2
mm, and 20 mm (scatter points: experiment, lines: simulation). (g) Natural frequencies
of the first two modes of the diaphragm in vacuo (denoted as f;; and f;,) and the first

fundamental frequency of air-backed diaphragm with / = 2 mm, denoted asf_;.

The discrepancy between the experimental data and simulation results can be attributed
to several factors. The first is the nonlinearity and hysteresis of the tunable filter of the
optical detection system when a bias voltage is applied to the reference filter. Second,
although the testing is conducted in a room with absorbing foams on the sidewalls and
ceiling, it is not an anechoic chamber; there are some unwanted echoes during the
testing. The third is the variation of the point mass added to the diaphragm center. Lastly,
the thermal stress in the diaphragm may not be consistently controlled due to the

fluctuation of room temperature and relaxation of the diaphragm.

2.4 Summary

A comprehensive experimental study was carried out to systemically investigate how
the diaphragm in a dynamic pressure sensor interacts with the backing air cavity and
affects the sensor performance. Large-scale dynamic pressure sensors using circular
clamped polyimide diaphragms were fabricated and characterized when the length of

the backing cavity and the in-plane tension in the diaphragm were varied. The
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experimental results compared well with the FEM simulations and validated the
previous findings from the analytical model (Liu, Olson, and Yu 2014b) on the static
mechanical sensitivity and the fundamental natural frequency f,,. As the cavity length
[ decreased, SS. decreased monotonically. When [ was below a critical value, the
stiffness of the air cavity dominated that of the diaphragm. For f_4, it showed a three-
stage trend as [ decreased: increasing in the long-cavity-length range, reaching a
plateau value in the medium-cavity-length range, and decreasing in the short-cavity-

length range.

These experimentally validated findings have a profound implication on how to model
a simple yet common structure of an air-backed diaphragm. Traditionally, the backing
air cavity has been modeled as an effective spring element k,, as taught in acoustics
(Beranek 1954) or sensor design (Antonsson and Cagan 2001) textbooks. However, this
approach of modeling cannot capture the full acoustics—structural interaction between
the diaphragm and the backing air cavity correctly, particularly when the cavity length
is very short. The traditional lumped model will always predict an increased
fundamental natural frequency as the cavity length becomes shorter. However, as
demonstrated in this chapter, the interaction is more complex. The backing air cavity
affected both the effective stiffness and mass of the diaphragm. Shorter air cavity
resulted in larger k, and thus increased the diaphragm’s effective stiffness. A shorter
air cavity also increased the effective mass, although the total mass of the air enclosed

in the cavity was smaller. The combination of these two effects led to a counterintuitive
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phenomenon in the short-cavity-length range where a shorter cavity length caused the

fundamental natural frequency to decrease.

These findings also serve as important guidelines for practically designing dynamic
pressure sensors, particularly for miniaturized sensors where the cavity must be made
short to reduce the overall sensor size. If the configuration is a uniform circular clamped
diaphragm backed by a cylindrical air cavity, the formula provided in Liu et al. (Liu,
Olson, and Yu 2014b) would be useful to determine whether the cavity length falls
within the long-, medium-, or short-cavity-length regimes, and estimate the sensitivity
and fundamental natural frequency. For more complex configurations, FEM

simulations can be used to guide the sensor design.

Research outcome:
Dong, Qian, Xiaolei Song, and Haijun Liu. "Effects of Air Cavity in Dynamic Pressure
Sensors: Experimental Validation." Sensors 20.6 (2020): 1759.
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CHAPTER 3: MINIATURE DYNAMIC PRESSURE SENSORS
WITH A GRAPHENE DIAPHRAGM

3.1 Introduction

Graphene has been known to possess exceptional mechanical properties, including its
extremely high Young’s modulus and atomic layer thickness. Although there are
several reported fiber optic pressure sensors using graphene film, a key question that is
not well understood is how the suspended graphene film interacts with the backing air
cavity and affects the sensor performance. Based on our previous analytical model (Liu,
Olson, and Yu 2014b), we will show that the sensor performance suffers due to the
significantly reduced mechanical sensitivity by the backing cavity. To remedy this
limitation, we will, through experimental and numerical methods, investigate two
approaches to enhance the sensitivity of fiber optic acoustic pressure sensors using
graphene films. First, a graphene—silver composite diaphragm is used to enhance the
optical sensitivity by increasing the reflectivity. Compared with a sensor with pure
graphene diaphragm, graphene—silver composite can enhance the sensitivity by
threefold, while the mechanical sensitivity is largely unchanged. Second, a fiber optic
sensor is developed with enlarged backing air volume through the gap between an
optical fiber and a silica capillary tube. Experimental results show that the mechanical
sensitivity is increased by 10x from the case where the gap side space is filled. For both
approaches, signal-to-noise ratio (SNR) is improved due to the enhanced sensitivity,
and COMSOL Thermoviscous acoustics simulation compares well with the

experimental results. This study is expected to not only enhance the understanding of
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fluid—structural interaction in sensor design but also benefit various applications

requiring high-performance miniature acoustic sensors.

Graphene, a single atomic layer of carbon arranged in a regular hexagonal pattern, has
been demonstrated to possess exceptional mechanical (Lee et al. 2008), thermal
(Balandin et al. 2008), electronic (Castro Neto et al. 2009), and chemical (Loh et al.
2010) properties since its discovery in the free state (Novoselov, Jiang, et al. 2005;
Novoselov et al. 2004; Novoselov, Geim, et al. 2005). For a monolayer graphene with
a thickness of 0.34 nm, its Young’s modulus reaches 1 TPa, establishing graphene the
strongest material ever measured (Lee et al. 2008). It is also known that graphene can
endure a large deformation of up to 20%. Further, graphene can survive at a temperature

as high as 700 °C (Kahng et al. 2012; Kim et al. 2010).

Thanks to the recent development on the fabrication of large-area graphene by
mechanical exfoliation (Hernandez et al. 2008; Novoselov et al. 2004) or chemical
vapor deposition (CVD) (X. Li, Cai, et al. 2009; Reina et al. 2009) and the techniques
of transferring it to a different substrate (X.-D. Chen et al. 2013; X. Li, Zhu, et al. 2009;
Lock et al. 2012; Suk et al. 2011), fruitful progress has been made to not only better
understand the graphene material but also explore its use in a variety of applications
(Geim 2009; Geim and Novoselov 2007). Examples include high speed transistors with
high carrier mobility and large saturation velocity (Y-M Lin et al. 2010; Yu-Ming Lin
et al. 2011) and bio-sensors having large surface areas and high electrical conductivity

(Kuila et al. 2011). While most research efforts thus far have been focused on the
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electronic properties of graphene (e.g., the application of graphene for gas sensors
(Schedin et al. 2007; Hill, Vijayaragahvan, and Novoselov 2011; Basu and
Bhattacharyya 2012)), a few endeavors have been attempted to directly take advantage
of its unique mechanical properties (A. D. Smith et al. 2013; J. Ma et al. 2012; 2013;
C. Li et al. 2014). In one study, a suspended graphene film was exploited as both the
pressure transducer and the electrical signal readout element, whose resistance changes
with the applied pressure on the film (A. D. Smith et al. 2013). In another study, a low
finesse Fabry-Pérot (FP) interferometer was constructed using a-few-layer graphene
covering a fused silica capillary tube which is spliced to the tip of an optical fiber (J.
Ma et al. 2012). With a diaphragm diameter of 25 um and cavity length of 21 um, this
graphene-based pressure sensor demonstrated a pressure sensitivity of 39.4 nm/kPa
when it was calibrated using static pressure to the range of ~10 kPa. Targeting the
audible frequency range, a fiber optic acoustic sensor with a 100 nm thick graphene
film covering the end surface of a ceramic ferrule (with a typical outer diameter of 1.25
mm) was demonstrated (J. Ma et al. 2013). In a following study, the same system
configuration was used, but the sensor diaphragm was changed to a 13-layer graphene

film (C. Li et al. 2014).

In the development of dynamic pressure sensors, the graphene’s unique combination of
exceptional high Young’s modulus and thickness down to atomic layers is theoretically
advantageous for developing sensors with unprecedented performance despite the

trade-off between bandwidth and sensitivity. For a dynamic pressure sensor with a
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clamped circular diaphragm, as illustrated in Figure 3.1a, the fundamental natural

frequency fi is given by (Ventsel and Krauthammer 2001)

£ = 2.95 h E
1 2 a?+ p(1-v3)

(2)

where E, v, p, a, and & are the Young’s modulus, Poisson’s ratio, density, radius, and
thickness of the diaphragm, respectively. Here the in-plane tension is assumed to be
zero for ease of comparison. Note that the fundamental natural frequency largely
determines the sensor bandwidth (de Silva 2016), although the damping also plays a
role. On the other hand, the static mechanical sensitivity of the sensor can be calculated

by (Ventsel and Krauthammer 2001):

_ 3(1-v?)a*
Smo =~ 73 3)
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Figure 3.1 Air-backed diaphragms for acoustic pressure sensors. (a) Schematic of a
circular clamped diaphragm backed by a cylindrical air cavity with rigid side and

bottom walls; (b) natural frequencies of using different materials to achieve the same

33



sensitivity without considering the effect of the backing cavity (L = 67 um, R =

40 pum).

295 h 3(1-v?) a*
) and (Spo = 16E  h3”

According to Egs. (f; = —), in order to achieve a

21 a?
high natural frequency fi, which usually leads to a large sensor bandwidth, it is more
favorable to design a sensor with a smaller radius, a larger thickness, or choose a
material with a higher Young’s modulus, all of which will result in a decreased

sensitivity Suo, thus the so-called trade-off between bandwidth and sensitivity.

To compare the performance of sensors made of different materials, the diameter of the
circular clamped diaphragm is fixed at 80um, the diaphragm thickness is varied to
achieve the same sensitivity. For the graphene film of 4-monolayer thick, the equivalent
material parameters are chosen as £ =1 TPa, v=0.17, and p = 2,200 kg/m> (Poot and
van der Zant 2008; Lee et al. 2008). As shown in Figure 3.1b and Table 2 (columns for
the “without air cavity” case), the sensor with a thin graphene diaphragm exhibits a

much higher natural frequency for the same static sensitivity. This result can be

- o 2905 h [ E . _295h
understood by examining the scaling in Eqs.(f; = Eraei s (1 172) = 2 v2 —)
and (Syo = 3(16; )Zs) fi scales with hE”? while Syo scales with AE-!. Therefore, in

order to achieve a higher natural frequency but keep the same static sensitivity, one can
choose a material with a higher Young’s modulus and at the same time reduce the

diaphragm thickness. For example, if a material with a Young’s modulus of 8 times
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larger is chosen, the thickness can be reduced by half to obtain the same sensitivity,
which yields a natural frequency that is more than 40% higher. This explains the

advantage of graphene having an extremely high Young’s modulus and small thickness.

However, according to our previous theoretical study on the acoustic-structural
interaction of air-backed diaphragms (Liu, Olson, and Yu 2014b), the air cavity backing
the diaphragm plays a critical role in determining the sensor performance, particularly
for miniature sensors with small air cavity. To accurately predict the sensor
performance, the acoustic-structural interaction between the diaphragm and the backing
air cavity has to be taken into account. Using the developed continuum mechanics
model, the sensitivity and fundamental natural frequency of the air-backed graphene
are calculated as Smo = 1.42 nm/Pa and f1 = 14.0 kHz, respectively. In other words, the
backing air cavity reduces the mechanical static sensitivity by more than five orders of
magnitude while increasing the natural frequency by 62%. This demonstrates why it is
critical to consider the effects of air cavity in small transducers. As shown Table 2
(columns for the “with air cavity” case), since the sensitivity is largely limited by the
air cavity, the thickness for other materials can be simply varied to achieve the same

sensitivity and fundamental natural frequency as the graphene.
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Table 3.1: Comparison of properties and performance of different diaphragm
materials
for acoustic sensors

Material Material properties Without air cavity With air cavity
E v 0 h Smo f h Smo N
(GPa) (Mg/m?) | (nm) (um/Pa) (kHz) | (nm) (nm/Pa) (kHz)
Silver 83 0.37 10.5 3.00 185 2.66 | 5.03 1.42 14.0
Parylene C 4.5 0.4 1.29 7.85 185 470 | 9.35 1.42 14.0
Titanium 110 0.32 4.43 2.76 185 426 | 3.43 1.42 14.0
Aluminum 69 0.32 2.7 3.23 185 5.06 | 3.72 1.42 14.0

Silicon dioxide 90 0.17 2.2 3.04 185 578 | 3.33 1.42 14.0

Silicon 169 0.25 23 243 185 6.31 | 2.59 1.42 14.0

Graphene 1000  0.17 2.2 1.36 185 8.63 1.36 1.42 14.0

Note: The simulation results for a circular clamped diaphragm with a diameter of 80 um.
The cylindrical air cavity has the same diameter as that of the diaphragm and a length of
67 um. The thickness in the “without air cavity” case is varied to obtain the same
mechanical sensitivity for different materials. In the case of “with air cavity”, since the
mechanical sensitivity is limited by the much stiffer backing air cavity, the thickness is

varied to obtain same natural frequency for different materials.
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Given the limitation on the mechanical sensitivity by the backing air cavity, the goal of
this paper is to explore different ways to enhance the sensitivity of graphene-based fiber
optic acoustic pressure sensors. The sensor’s ultimate sensitivity Sy can be considered
as the product of mechanical sensitivity S, (transduction from pressure stimulus to
mechanical displacement) and optical sensitivity S, (transduction from mechanical
displacement to electric voltage output), i.e., Sy = Sy Sp. Targeting one of these two
transduction stages, one approach is to use the graphene-silver composite as the
diaphragm material with the goal of enhancing the optical reflectivity to achieve higher
optical sensitivity S,; the other approach is to create a larger backing cavity with the
goal of increasing the mechanical sensitivity Sj,. These two approaches are detailed in

the following sections, along with a section of discussion.

3.2 Fiber Optic Sensors with Graphene-Silver Composite Diaphragms

3.2.1 Fabrication

The schematic of the sensor is shown in the inset of Figure 3.2a. The main structure of
the sensor is an ultraviolet (UV)-molded polymer cavity covered with a graphene-silver
composite diaphragm, which forms a FP interferometer between the diaphragm and the
fiber end face. The fabrication process of the polymer cavity is illustrated in Figure 3.2b.
The first step is to construct a fiber-based mold by inserting a cleaved fiber (80 um for
the cladding diameter) into a zirconia ferrule with the fiber protruding about 67 um and
permanently fixing the fiber with a UV-light-curable polymer (Dymax OP-54),

following an approach detailed in reference (Bae and Yu 2012) (step i1). The polymer
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completely filled the gap between the ferrule and the 80 um fiber due to the capillary
force and low viscosity. The fabricated mold is then cleaned and treated with an
organosilane (Gelest methacryloxypropyltrimethoxysilane, SIM6487.4) to facilitate the
releasing in the molding process. The second step is to dispense a small drop of UV-
curable polymer (Dymax OP-4-20632) on another cleaved optical fiber (Corning SMF-
28) used as part of the sensor by using a separate fiber placed in the middle of the mold.
The sensor fiber is aligned with the mold by coupling light through the fiber and
monitoring the intensity exiting the fiber and received by the mold fiber. By adjusting
the relative position of the sensor fiber to the mold, a desirable alignment can be
achieved when the maximal transmitted intensity is obtained. Further, the polymer is
pre-cured by using a UV light source (Hamamatsu, LC5) for 12 seconds at 12%
intensity, followed by releasing the mold to obtain the molded cavity (diameter of 80
um and depth of 67 um). Finally, the polymer cavity is post-cured by using a spot UV
light source (Dymax, BlueWave 50AS) for 100 seconds and baked on a hot plate (150

°C) for three hours to enhance the thermal stability.
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Figure 3.2 Ultraviolet-molded fiber optic sensors with graphene (or graphene-silver
composite) diaphragms. (a) SEM image of the sensor with its schematic shown in the
inset; (b) fabrication process of the molded cavity; (c) schematic of transferring

graphene film onto the molded cavity.

The graphene film (purchased from GrapheneSuperMarket.com) is originally deposited
via CVD on nickel, which is itself on top of a silicon substrate. The average thickness
of graphene is four atomic layers. Silver of selected thickness (5 nm) is deposited on
top of the graphene by using e-beam evaporation. To release the graphene-silver film
from the substrate, a 0.5% FeCls solution is used to etch the nickel starting from the
peripherals. When the nickel is completely removed, the released graphene film floats
on top of the solution, which is then diluted by distilled water multiple times to remove
the residual etchant. The released film is then transferred onto the polymer substrate by
pushing down the molded cavity vertically and retreat, as illustrated in Figure 3.2c,
essentially a punching process. When the top surface of the cavity is in contact with the

film, the film is bonded to the polymer substrate by Van der Waals force to complete
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the sensor fabrication. The scanning electron microscope (SEM) picture of the

fabricated sensor is shown in Figure 3.2a.

3.2.2 Experimental Characterization

To detect the sound pressure induced diaphragm center displacement of the sensors, a
low-coherence fiber optic interferometer (LCFOI) system (Miao Yu and Balachandran
2003) was used, as shown in Figure 3.3a. Compared with the conventional laser-based
fiber optic interferometer, LCFOI has one particular advantage of less susceptibility to
wavelength fluctuation and is thus ideal for measuring nanometer displacement or
below. The light from a broadband superluminescent diode (SLD) (Thorlabs
S5FC1018S, center wavelength 1310 nm, 40 BW, 30 mW) was delivered via a 1x2
fiber optic coupler (Gould Fiber Optics, 50:50) to the FP interferometer of the sensor
head (i.e., the sensing interferometer). The reflected light was then sent to a FP tunable
filter (Micron Optics FFP-TF2) (i.e., the reference interferometer) via the same 1x2
coupler. The output light from the tunable filter was coupled into the photodetector
(New Focus, Model Velocity 2011) and converted into an electric signal, which is the
voltage output of the sensor. A 1/2-inch condenser microphone (Briiel & Kjar, model
4191 with pre-amplifier 2690-0S2) was used as a reference sensor. A National
Instruments data acquisition card (DAQ, model USB-6366) was connected to a
computer to output the sound stimulus through a tweeter speaker (ESS AMT, pre-

amplified by a SONY audio receiver STR-DH100) and to acquire the signals from the
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reference microphone and the fiber optic acoustic sensor. The incident angle is 0°, i.e.,

the sensor front points toward the speaker.

In order for the LCFOI system shown in Figure 3.3a to work properly, the optical path
differences (OPD) of the sensing interferometer (i.e. the sensor head) ¢ and reference
interferometer (i.e., the tunable filter) &, need to satisty &, = &, > [, and (65 —
6,) < l., where [. is the coherence length of the SLD light source (Granttan and

Meggitt 2000). Under this condition, the photodetector output / can be expressed as

I =1y — Iaccos[k0(5s - 5r)] (4)

where kq is the wave number in free space, and [;. and [, are two constants
determined by the mirror reflectivity in the FP interferometers and the light source
intensity. Note that 6, — &, = 2(Lg — L,.), where L; and L, are the mirror separation
in each of the two FP interferometers. When the system is operated at quadrature points
ko(6s—6,) = m/2(2m —1), where m is an integer, the LCFOI system has the

maximum output in response to a dynamic change of Lg or L,.

41



(a) Coupler 5 Sensor head (S(peaker (d) 0 05 ] 15 2 (e)
. ‘D: N T T —T . 1
Light source Ref.o;:hone 4 Reference microphone 3 10
B i Amplifier | 3 L
BA Signal conditioner p “) & 2 102
I T g0 £ 100
Tunable filter Photodetector L To computer g 2
(b) ] . E 10+ | Reference
) Graphene only ~ Graphene * Silver . | microphone
5-10 - a2 aNrs I
c
5-15 1 3
5 E] ;
820 < <
& N L o 0 %
1275 1300 1325 1350 1375 & =
(e) Wavelength (nm) 3 =
> E
100 : r .
=2 2 3
e F Rl ] I Gre;phene ; Silver
Z e ' ] = 3
= Graphene + Silver H S ©
2z . 8 Py
2z 3 TNy T 1 Py °
2 9 | Graphene only :% % 10°
5ot S E 104
5 r - < Graphene + Silver
2 A , . 10°E " L
g 3 : 0 05 1 15 2 0.1 1 10
3 . . .
Frequency (kHz) Time (ms) Frequency (kHz)

Figure 3.3 Experimental characterization of UV-molded graphene-based fiber optic
sensors. (a) Experimental setup with a low coherence fiber optic interferometric system;
(b) reflectivity of the Fabry-Perot interferometer of the sensor head; (c) frequency
response of sensors with two different kinds of diaphragms (dots for experiments, and
lines for simulation); (d) time domain signals at 2 kHz from the reference microphone
(top), fiber optic sensor with graphene only as the diaphragm (middle), and sensor with
graphene and silver composite diaphragm (bottom), all of which are normalized to have

an amplitude of one; (e) Fourier transform of the signals in (d).

To quantify the enhancement of optical reflectivity of graphene-silver composite, the
reflection spectrum of the sensor was measured by using an optical spectrum analyzer
(OSA, Agilent 86142B) via two steps. First, disconnecting the FP sensor head, OSA is

connected at point A in Figure 3.3a to measure the input spectrum [;,(4) to the sensor
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head, where A is the optical wavelength. Next, with the sensor head connected, OSA is
inserted at point B to measure the output spectrum [,,;,(1). Then, the reflection
function of the FP sensor head can be calculated as R(1) = 21,,,;(1)/I;n (1), where the
factor of two is to account for the 50:50 split ratio of the optical coupler. The measured
R(A) is shown in Figure 3.3b (magenta dashed line) and compared with a second UV-
molded sensor with a graphene-only diaphragm (red solid line). With the added silver
layer, R(A) is enhanced on average by a factor of 2.63 (or 4.2 dB) at the peaks and
reduced by a factor of 0.84 (or 0.8 dB) at the valleys. Note that the peaks/troughs of the
spectra of two sensors are well aligned, indicating that the cavity length is consistent in
different samples due to the nature of the UV-molding fabrication process. In short, due
to the enhanced optical reflectivity of the graphene-silver composite, the reflection
spectrum of the sensor with a graphene-silver composite diaphragm exhibits a ~3x
reflectivity enhancement compared with that of the sensor with a pure graphene

diaphragm.

To characterize the performance of the sensors, frequency sweep was carried out to
obtain their frequency response, as shown in Figure 3.3c. Note that the sensitivity
frequency response Sr(f) in terms of photodetector output per unit pressure stimulus

can be approximated by a lumped model as a function of excitation frequency f:

S
Sp(f) = i 2 (5)
Ja-areoz+ @)
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where Spq is the sensitivity extrapolated to f =0, f, is the fundamental natural

frequency, and ¢ is the damping ratio. The values of Sz, f'1, and £ can be obtained

through least squares fitting, as listed in Table 3.

Table 3.2: Effects of silver on graphene-based acoustic sensors

Graphene only Graphene + Silver

Nominal Uncertainty*  Nominal Uncertainty*

Sensor sensitivity S0 (mV/Pa) 21.32 0.39 68.41 1.00
Natural frequency fi (kHz) 16.18 0.46 20.22 0.71
Damping ratio & 0.73 0.03 0.79 0.03
Mechanical sensitivity (nm/Pa) 1.55 0.03 1.17 0.02

*: Expanded uncertainty using coverage factor k =2

To obtain the mechanical sensitivity Sy, an electrical sinusoidal voltage is applied to
the reference interferometer (i.e., the FP tunable filter), which has a calibrated
sensitivity of phase change to the voltage modulation (69.7 nm/V). Since the reference
interferometer and the FP sensing interferometer are interchangeable, the phase change
of the sensing interferometer due to the sound stimulus is equivalent to applying a
sinusoidal modulation signal to obtain the same phase change from the tunable filter

without the sound stimulus. By using this method, the mechanical sensitivity was
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calibrated to be 1.55 nm/Pa and 1.17 nm/Pa for the sensors without silver layer and with

5 nm—thick silver layer, respectively.

As can be seen from Figure 3.3¢ and Table 3, the most prominent effect of adding the
silver coating is that the optical sensitivity of the sensor is improved three-fold.
However, the mechanical sensitivity is largely unchanged, which confirms that the
improved sensor sensitivity is mostly due to the enhanced optical reflectivity of the
diaphragm. Furthermore, the natural frequency is also slightly improved (from 16.2
kHz to 20.2 kHz), but the damping ratio almost remains the same (from 0.73 to 0.79).
At a specific frequency (e.g., 2 kHz), the two fiber optic acoustic sensors are compared
against the reference microphone in both time domain (Figure 3.3d) and frequency
domain (Figure 3.3e). The waveform amplitudes are normalized to one for ease of
comparison. It can be seen that the addition of silver of a few nanometers results in
much cleaner signals in time domain and overall better signal-to-noise ratio (SNR) in

frequency domain, an improvement of 5.4 dB (from 29.8 dB to 35.2 dB).

To compare the repeatability of the developed sensors against the reference microphone,

we define the normalized error (NE) as NE(%) = (Vinax — Vimin)/Vavg * 100, where
Vimax > Vmin and Vg, are the maximum, minimum, and average amplitudes,

respectively, of three measurements for frequencies between 500 Hz and 20 kHz. For
the fiber optic sensor with graphene-only diaphragm, NE has a mean of 0.78% for the

reference microphone and 1.77% for the fiber optic sensor, a ratio of 2.27 (=

45



1.77%/0.78%). With the added silver layer to enhance the optical sensitivity, this ratio

is improved to 1.59 (= 1.34%/0.84%).

3.3 Finite Element Simulation

In our previously analytical model (Liu, Olson, and Yu 2014b), the medium (air) is
assumed to be lossless and only the normal velocity is compatible at the fluid-structural
interface. This prevents its application for miniature fiber optic sensors where the
domain size is comparable to the thermal/viscous boundary layer thickness. For
example, the thermal boundary layer thickness is 49 um at 2 kHz; the diameter and
length of the cylindrical backing air cavity are 80 wm and 67 pm, respectively. To better
understand the mechanical behavior of the fabricated sensors, a finite element method
(FEM) model, shown in Figure 3.4 a, is developed using COMSOL Thermoacoustic
Acoustics, where the air domain is described using Navier-Stokes equations and
meshed using brick second-order elements, and the diaphragm is meshed using
quadrilateral second-order shell elements. At the interface, both normal and tangential
velocities are assumed to be compatible and boundary layer meshes are added for each
sweep frequency. In comparison, the same model can be solved using COMSOL
Pressure Acoustics, similar to our analytical model (Liu, Olson, and Yu 2014), where

it is assumed to be lossless in air and the tangential compatibility constraint is relaxed.

The material properties listed in Table 2 for graphene and silver are used in the

simulation. For the graphene-silver bilayer composite diaphragm, the total thickness
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(6.36 nm) is the sum of graphene and silver, the density (8725 kg/m3) and Poisson’s
ratio (0.33) are the weighted sum by the thickness, and the effective Young’s modulus

(50.7 GPa) is calculated by using the equivalent bending stiffness (Hou and Chen 2004).
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Figure 3.4 Numerical simulation to obtain the frequency response for the fabricated
fiber optic sensors using COMSOL. (a): FEM model using COMSOL Multiphysics;
(b)&(c): mechanical sensitivity as a function of frequency, comparing two kinds of
FEM simulations with the experiment results, for the sensors with graphene-only (b)
and graphene-silver composite (c) films; (d)-(e): cross-section views of velocity fields
(normal (d) and tangential (e)) for the fiber optic sensor with graphene-only diaphragm
at 2 kHz, obtained using pressure acoustics simulation in COMSOL where loss is

neglected; ()-(g): velocity fields (normal (f) and tangential (g)) for the same sensor and
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same frequency as in (d)-(e) but obtained using thermoacoustics simulation in

COMSOL where thermal and viscous losses are considered.

As shown in Figure 3.4b-c, the thermoacoustic simulation has an overall much better
agreement with the experimental measurements. The difference between the lossless
Pressure Acoustics simulation and lossy Thermoacoustics can be seen from the contour
plots for the normal and tangential velocities for sound frequency 2 kHz (Figure 3.4d-
g). In particular, the normal velocity field is excited deeper into the backing air domain
in thermoacoustics simulation (Figure 3.4f) than in pressure acoustic simulation (Figure
3.4d). The maximum tangential velocity occurs at the interface in Pressure Acoustics
simulation (Figure 3.4¢), while it is about 10 um from the interface in Thermoacoustic
simulation (Figure 3.4g). As a result, there is significant difference in the damping
characteristics of the sensor, and slight difference in the simulated sensitivity. For
example, at sound frequency of 2 kHz, the simulated mechanical sensitivity for the
graphene-only sensor is 1.44 nm/Pa using Pressure Acoustics and 1.81 nm/Pa using
Thermoacoustics, as opposed to measured value 1.55 nm/Pa; for the sensor with
graphene-silver film, it is 1.44 nm/Pa using Pressure Acoustics and 1.25 nm/Pa using
Thermoacoustics, as opposed to the measured value of 1.16 nm/Pa. The discrepancy
between the simulation and experimental results can be attributed to a number of factors,
including the nonlinearity and hysteresis of the tunable filter when applying a bias to

tune the cavity length, the non-ideal lab environment for sound testing since it is not an
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anechoic chamber, non-negligible tension in the diaphragm, and the inaccurate material

properties used in the simulation.

3.4 Fiber Optic Sensors with Graphene Diaphragm and Enlarged Backing
Air Cavity

The second approach to improve the sensor sensitivity is to increase the mechanical
sensitivity by enlarging the backing air cavity while not compromising the optical
sensitivity. As shown in the schematic (Figure 3.5a), the main structure of the sensor
consists of an optic fiber (Corning SMF-28, 125 um in diameter) inside a silica capillary
tube (Polymicro TSP150375), which has an inside diameter of 147 um and outside
diameter of 323 um. Although the distance between the fiber tip and the graphene
diaphragm is kept at 57 um, the extra side gap space between the fiber and the capillary
tube has a volume of 0.046 mm?. This volume divided by the inside diameter of the
tube gives an equivalent cavity length of 2.7 mm, which is 47 times the distance

between the fiber end face and graphene film.

The experimental characterization and simulation process are exactly same as in
previous section, except that a different light source (Thorlabs SSFC1005S), tunable
filter (Micron Optics FFP-TF), and speaker (Adam A8x) are used. The details are thus

omitted for brevity.
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3.4.1 Fabrication Process

The first step is to cut the capillary tube to the desired length, remove the polymer
coating on one end, and polish the end face. Next, the graphene film is transferred onto
the polished end of capillary tube using the previously described punching process (see
Figure 3.5b for the SEM picture after this step). Then, a cleaved optical fiber is inserted
from the back side into the capillary tube to the desired distance, which is verified by a
fiber optical interrogator (Micron Optics SI155-04-ST). Lastly, to enclose the opening
and fix the optical fiber, a low-shrinkage UV-curable polymer (DYMAX OP-61-LS) is

added and cured using a spot UV light source (DYMAX Blue Wave LED Prime UVA).

The measured mechanical sensitivity is shown as a function of frequency in Figure 3.5c¢,
along with simulated results using COMSOL Thermoacoustics. The measured
mechanical sensitivity is 6-10 nm/Pa in the frequency range of 500 Hz — 10 kHz (red
solid line for the simulated data and dots for experimental data in Figure 3.5c), as
opposed to less than 0.6 nm/Pa for the simulated case where the side gap space is
completely filled (green dashed line in Figure 3.5c). This is more than an order of
magnitude of enhancement of the mechanical sensitivity. However, it does not
necessarily mean that even higher mechanical sensitivity can be achieved if a longer
capillary tube is used. COMSOL TA simulation shows that for the working frequency
between 500 Hz and 20 kHz, increasing the capillary tube’s length beyond 2-5 mm has
negligible effect on the mechanical sensitivity, as shown in Figure 3.5d for frequency

at 2 kHz.
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Figure 3.5 Fiber optic sensors with enlarged backing air cavity: (a) schematic of the
sensor (not to scale), (b) SEM picture, (c) mechanical sensitivity spectrum: dashed line
for the simulated sensitivity when there is no side gap, solid line for simulated
sensitivity of the fabricated device with LT=10 mm, and dots for the experiment data,
(d) mechanical sensitivity at 2 kHz, simulated using COMSOL thermoviscous acoustics,
as a function of the length of capillary tube LT (denoted in (a)), (¢) comparison of
reference microphone and the graphene sensor in time domain at sound frequency 2

kHz, and ( f') Fourier transform of the signals in (e)

At sound frequency of 2 kHz, the acquired signals from the reference measurement
microphone and the graphene sensor are shown in Figure 3.5¢ for the time domain and
in Figure 3.5f for the frequency domain. SNR of the 2 kHz signal relative to the
harmonic distortion noise is 43.9 dB, which is 8.9 dB worse than the reference

microphone. In comparison, the fiber optic sensor with graphene-silver diaphragm has
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a SNR that is 16.8 dB worse than the reference microphone as shown in Figure 3.3e.
Considering that the sensor size is merely 323 um, smaller than the 1/2” reference
microphone by a factor of 40, this miniature fiber optic sensor compares well with the

much larger reference microphone.

In terms of repeatability during the test for frequencies between 500 Hz and 20 kHz,
the mean value of NE is 3.05% for the fiber optic sensor and 0.63% for the reference
microphone, which yields a ratio of 4.84. Although it is larger than that for the UV-
molded sensor with graphene-only diaphragm (ratio of 2.27), it is largely due to the

much-enhanced mechanical sensitivity, which increases by an order of magnitude.

3.5 Summary

Acoustic sensors play an important role in a variety of applications, ranging from
surveillance and security, healthcare, communication, and consumer products. As
graphene has been demonstrated to possess exceptional mechanical, electronic,
chemical, and thermal properties, it is very natural for researchers to explore and
investigate the use of graphene in developing new acoustic sensors. As sensors for
measuring air-born acoustics cannot operate without air, we have to take into account
the interaction between the suspended graphene film and its backing air cavity,
particularly for miniature (submillimeter) acoustic sensors to work in the audible range.
Here in this thrust we have shown that mechanical sensitivity, which relates the sound

stimulus to the mechanical displacement, is severely limited by the small air cavity.
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This, coupled with graphene’s poor reflectivity, may make one question the appeal of

graphene-based optical acoustic sensors.

To address the abovementioned limitations, we investigate two approaches of
developing graphene-based fiber optic acoustic sensors, each of which targets different
transduction stages, given that the sensor’s ultimate sensitivity Sy is the product of
mechanical sensitivity Sy, and optical sensitivity Sy i.e., St = SySp. In the first
approach (Type I), targeting the transduction stage from mechanical displacement to
electronic output (i.e., Sy), a thin layer (5 nm) of silver is added on top of the graphene
film before it is transferred onto a UV-molded cavity, with the aim of enhancing the
sensitivity of the optical detection system. This thin layer of reflective metal layer has
been experimentally demonstrated to enhance the sensitivity by three-fold. In the
second approach (Type II), targeting the transduction stage from the acoustic pressure
stimulus to the mechanical displacement (i.e., Sy), an enlarged backing air volume is
created via the side gap between the optical fiber and the capillary tube. In this case,
the distance between the fiber tip and the suspended diaphragm is kept around 60 pum
to ensure a) the optical sensitivity of the sensing FP interferometer is not affected, and
b) the working conditions of LCFOI system are satisfied (the cavity length of the
sensing FP interferometer needs to match that of the reference FP interferometer).
Experimental results show an increase of mechanical sensitivity by an order of

magnitude and much improved SNR.
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It is expected that the combination of the aforementioned two approaches will yield
high-performance fiber optic sensors with enhanced both mechanical and optical
sensitivities, based on the multiplicative relationship in Sy = SySo . It could
potentially rival the performance of the current state-of-art measurement microphones
but with a much smaller footprint. For example, if the graphene diaphragm in the
second approach is replaced by the graphene-silver diaphragm in the first approach, the

sensor sensitivity is expected to be further enhanced.

It should also be pointed out that in the FEM simulation of small transducers, modeling
becomes more challenging as the domain size becomes comparable to the
thermal/viscous boundary layer thickness. The simplified analytical model based on
lossless wave equation are useful to provide a general guideline. However, more
accurate results need to be obtained from FEM simulation based on the Navier-Stokes

equation, e.g., as implemented in COMSOL Thermoviscous acoustics.

Research outcome:

Qian Dong et al., Miniature fiber optic acoustic pressure sensors with air-backed
graphene diaphragms, Journal of Vibration and Acoustics, 141: 041003, 2019
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CHAPTER 4: DIRECTIONAL ACOUSTIC SENSORS INSPIRED
BY INTERNALLY COUPLED EARS

4.1 Introduction

Acoustic sensors have been used in a wide range of applications such as surveillance
and reconnaissance in military or industrial settings (J. C. Chen, Yao, and Hudson 2002;
D. Li et al. 2002), hearing aids devices (Dillon 2012; Popelka et al. 2016), acoustic
communication and navigation (Xiao 2010; Akyildiz, Pompili, and Melodia 2005;
2004), and structural health monitoring (Koabaz et al. 2012; Kundu 2014). In the
current trend toward miniaturization, smaller, portable, and quality acoustic transducers
are preferred. However, there is a fundamental size constraint to overcome in
developing small acoustic sensors for sound source localization, where the most
popular method to determine the sound source direction is based on the time difference
of arrival (TDOA) (Benesty, Chen, and Huang 2008; Brandstein and Ward 2013). For
a microphone pair TDOA = dsin(6)/co, where d is the separation and co is the sound
speed. As TDOA is linearly proportional to d, there is a fundamental size limit in sound
source localization: the smaller the separation, the worse the performance. In other
words, the signals received by two closely placed microphones are essentially
indistinguishable. As such, the microphones need to be separated greater than a critical
distance, depending on factors such as signal-to-noise ratio, choice of estimator, and

number of samples.
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To address this fundamental size limit, a solution needs to be sought to overcome the
size constraint, for which we may seek inspiration from the Nature. Internally coupled
ears (ICE) (van Hemmen et al. 2016) (a.k.a. pressure difference receivers (Axel
Michelsen and Larsen 2008)) exist in more than half of the terrestrial vertebrates (e.g.,
frogs (Narins 2016; Bee and Christensen-Dalsgaard 2016), lizards (J. Christensen-
Dalsgaard 2005; Carr, Christensen-Dalsgaard, and Bierman 2016; Jakob Christensen-
Dalsgaard and Manley 2008), birds (Kettler et al. 2016; Larsen, Christensen-Dalsgaard,
and Jensen 2016), and crocodilians (H. S. Bierman et al. 2014; Hilary S. Bierman and
Carr 2015; Carr, Christensen-Dalsgaard, and Bierman 2016)) and many insects (e.g.,
grasshoppers (Axel Michelsen and Rohrseitz 1995; Romer and Schmidt 2016), crickets
(Schmidt and Romer 2013), and cicadas (Fonseca and Hennig 2004)). ICE can take a
variety of forms, mostly involving two tympanic membranes (eardrums) and an air-
filled interaural cavity, which may consist of several interconnected air sacs. Lizards
have been demonstrated to have the strongest internal coupling (Jakob Christensen-
Dalsgaard 2011; 1985; J. Christensen-Dalsgaard 2005; Jakob Christensen-Dalsgaard
and Manley 2008; Carr, Christensen-Dalsgaard, and Bierman 2016). In their best
frequencies of hearing at 1-3 kHz, the sound wavelength (11-34 cm) is much larger than
its head size (~1 cm). Hence, interaural level difference (ILD) due to diffraction is
minimal. However, the eardrum of the lizards exhibits strong directionality, with
maximal directionality up to 40 dB; interaural phase difference (IPD) or the equivalent
interaural time difference (ITD) exhibited by the eardrums is three time or larger than

that at the input (Jakob Christensen-Dalsgaard and Manley 2008).
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Inspired by the working principle behind ICE, Miles connected two commercially
available Knowles directional microphones for hearing aids (Miles 2016). He
concluded a dramatic improvement of sensitivity and noise floor, when compared with
the difference of signals from two omni-directional microphones. Targeting sound
source localization, in this Thrust, a holistically designed acoustic sensors is presented
with two diaphragms coupled by a connecting cavity with the aim of achieving large

amplification of directional cues IPD/ITD.

4.1.1 Directional Hearing in Animals

To detect the direction of a sound source, the directional hearing of animals usually rely
on two acoustic cues such as interaural time difference (ITD) and interaural level
difference (ILD). In mammals, the separation distance between two eardrums is at least
50 mm, which means the time difference is greater than 145 ps. Mammals are able to
take advantage of its complex peripheral structures and measure ILD. In addition, when
the dimension of the head is larger than one-tenth of the sound wavelength, the sound
wave will be disturbed (diffracted). In this case, human brain can further differentiate
the spectra difference between the two ears. In the case of a narrow-band sound source,
the spectra difference reduces to the IID at the center frequency. Human ears can also
localize long pure tones that are less than 1400 Hz by extracting the time difference
of arrival (TODA, equivalent to ITD) at the two ears. Given that the head diameter is
about 17 cm and sound speed in air is 344 m/s, this time difference can be as large as

0.5 ms.
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However, for small species, narrow-band sound is commonly utilized given their
limited capacities of signal processing. Because the part of the body that the ears are
placed is about 10 to 50 times smaller than the human’s head, the diffraction occurs
only at high frequency range, and the expected maximum ITD is in the ranges of tens
of microseconds or even smaller. For the small reptiles, the body length is only from
0.1 cm to 40 cm and the separation between the auditory organs is about 20 mm.
The corresponding ITD is 58 s, and ILD is normally smaller than 4 dB. Thus, how
the small species can localize sound source despite their limited auditory system has

attracted a lot of interest from researchers.

4.1.2 Internally Coupled Ears (ICE)

ICE is found in the hearing system of small terrestrial vertebrates, in which the two
tympanic eardrums are interconnected by an air-filled passageway that exist within
skull or oral space. Although a binaural connection is also found in human, which is
called as Eustachian tube, this connection is too narrow to allow sound propagation.
However, the connection of ICE animals is large enough for the transmission of sound
wave, as evidenced by cochlear microphonic measurement (Rosowski and Saunders
1980). The two eardrums in ICE are not only driven by an external pressure from the
sound source but also an internal pressure transmitted from the opposite eardrum. Due
to this net-pressure, the ICE can significantly amplify the time differences. In other
words, this middle ear structure is the reason why small terrestrial animals can still

localize the sound when their binaural distance is at least ten times smaller than the

58



wavelength of their interested frequency. It is important to note here that not all the
birds have this ICE structures, such as barn owls, it only has an isolated middle ear, and
its interested frequency range is higher enough to generate sufficiently large ILD (Coles
and Guppy 1988). For small animals with ICE, the diffraction of the sound wave by its
head is negligible and the pressure intensity impinging on the two eardrums is similar.
Hence, the internal loading on the eardrums plays a critical role in determining the
directionality. The key is how the intensity and phase of the sound wave changes as it
propagates through the passageway. The heads of most lizard heads are 10-20 mm in
diameter, much smaller than the wavelength in their interested frequency range from 1
kHz to 4 kHz (85-340 mm in wavelength). However, Christensen compared the
directional hearing abilitiy of four different types of lizards including M.macularia,
L.bellinan, C.similis, and G.gecko (J. Christensen-Dalsgaard 2005). He demonstrated
that the lizard’s ears are highly directional in an extensive frequency range with ILD up

to 40 dB.

4.1.3 Lumped Model for Air-born Coupling ear

To explain the high directional hearing in animals with ICE, Fletcher came up with a
general circuit lumped model (Fletcher 1992). As shown by Figure 4.1a, two eardrums
and one cavity are modeled as two impedance elements (Z; or Zy). The governing

equations for the two loops are given by:

ZrU; + ZV(Ul + Uz) =Py, Z7U; + ZV(UZ + Ul) = Py, (6)

59



where p; and p, are the pressure applied to the external side of eardrums from a
plane wave, U; and U, are the volum flows in the two loops. Neglecting diffraction,

the two pressures have same amplitudes but differ in phase by

Ag = (2) dsine, (7)
where w is the angular fruquecny, ¢ is the sound speed, d is the interaural distance,
and 6 is the sound incidence angle relative the nomal direction. U;, can be
calculated by:

U =p1(ZT+ZV)_pZZV =P2(ZT+ZV)—P1ZV (8)
1 Zr(Zr+2zy) | 2 Zr(Zr+22y)

(a) (b)

Figure 4.1. Existing ICE model. (a) An auditory system consisting of two simple ears

coupled acoustically through a closed cavity. (b) The corresponding lumped model.

60



4.1.4 Transmission Gain (TG) Calculation

Due to the critical role of coupling strength for directionality, Michelsen et al. presents
an experimental method to measure the coupling strength, characterized by a terms
knowns as transmission gain (TG) (A. Michelsen et al. 1994). A local stimulation
experiment is used for TG measurement, as shown in Figure 4.2. Two eardrums are
acoustically isolated by a wall of wax. In other words, olny one eardrum is exposed to

the acoustic stimulus from the speaker.
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Figure 4.2. Local stimulation for transmission gain measurement. (a) Step 1: measure
pressure P; and velocity v; of ipsilateral eardrum. (b) Step 2: to measure the closed

field pressure P; at ipsilateral side and normal velocity v; of contralateral eardrum.

In this method, TG can be directly found from two transfer functions with two steps

measurement. In the first step, as shown in Figure 7(a), a laser Doppler vibrometer
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(LDV) is used to measure the center velocity of the ipsilateral eardrum (v;), and its
external pressure (P;) can be obtained by a pressure probe. Due to the isolation by a
wall of wax, the contralateral eardrum has no external pressure stimulus (P, = 0).
Therefore, it is only excited by its internal pressure (P,). In the second step, as shown
Figure 7(b), both the speaker and pressure sensor are moved to the other side, and the

ipsilateral pressure (P;) and the velocity v; of contralateral eardrum are obtained.

Based on these two measurements and assuming the organs are symmetric, the transfer

functions for the eardrums can be written as:

Vi _ V1!
Pi—P3  Pyr—Pys

©)

where P; is negligible because it is much smaller than the external pressure in the first
step, and P,’ is equal to zero due to the sound isolation. Defined as the coupling

strength between the two eardrums, TG can be calculated as P,/P;or v, /v;.

4.2 Design of Bio-inspired Pressure Different Receiver

Inspired by the working principle behind ICE, Miles connected two commercially
available Knowles directional microphones for hearing aids (Miles 2016). He
concluded a dramatic improvement of sensitivity and noise floor, when compared with

the difference of signals from two omni-directional microphones. However, a
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fundamental understanding of working mechanism of internal coupling is still lacking,

and no design guidelines have been provided.

According to the Fletcher model, the impedance of the connecting cavity Z largely
determines the coupling strength, which will be the focus of sensor design based on the

parameters listed in Table 4.

Table 4.1: Physical parameters for a cavity-coupled auditory system

Separation of ears (sphere) 20 mm
Tympanum area 20 mm?
Tympanum thickness 10 um
Effective transducer mass 1 mg
Loaded Tympanum resonance 500 Hz
Q of loaded tympanum 1
Cavity volume 1 cm?3

COMSOL Thermoviscous Acoustics will be used here to carry out the FEM simulation
for the designed sensor, as shown in Figure 4.3a for the FEM model. To reduce the
simulation time, symmetric boundary condition is applied. An eigen analysis shows

that there are multiple anti-symmetric and symmetric modes for this internally coupled

63



structure. The first two modes, denoted as the rocking and bending modes, are shown
in  Figure 4.3b. In rocking mode, the two diaphrams are 180° out of phase (one inward

and one outward); whereas in bending mode the two diaphragms are in phase.

Next, one loading method is used to obtain the center deflections of the two diaprhagms
when only one eardrum is excited by a unit pressure (1 Pa), recorded as A;ps; and
Acontra Where the subscripts ipsi and contra denote the diaprhagm at the same side as
and away from the pressure stimulus. When a plan wave with azimuth 0 and unit
amplitude is incident on the sensor (assuming the diffraction of the plane wave by the

sensor is negligible), the center deflections and IPD can be otained by

ikd sin 6 —ikd sin 6
Xipsi = Aipsie 2 +Acontra€ 2 (10)
—ikdsin 6 ikd sin 6
Xcontra = Aipsie 2 + Acontra€ 2 (11)
X
IPD = angle(—%=) (12)
Xcontra

Here, k is the wavenumber and d is the interaural separation.

The simulated IPD at 6 = 90° is shown in Figure 4.3c as a function of frequency, where
a great amplification (a factor of 6) is seen near the rocking mode when compared with

the coupled case. To investigate how the volume of the connecting cavity affects the
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sensor performance, a parametric study is carried out for different coupling conditions:
“strong” coupling (V = 0.1cm?3), “medium” coupling (V=1cm3), and “soft”
coupling (V = 2 cm?®). As shown in Figure 4.3d, when the coupling is strong (small
volume V = 0.1 cm?), maximum amplification of the IPD can be achieved. However,
when 0 increases from 0° to 90°, IPD quickly increases and saturates at 180°. The
downside of this mamximu amplification is that the directional sensitivity is poor in
most of the azimuth range. On the other hand, when the coupling is soft (large volume
V =2 cm?), the amplification of IPD is not significant. When the cavivty volume of
lizards (V = 1 cm?) is used, the amplified IPD is a good compromise with both a high

amplification ratio and a wide working azimuth angle range.
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Figure 4.3. Low-frequency auditory mo