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ABSTRACT

The Sensor Research Laboratory (SRL) at Naval Postgraduate School (NPS)
has developed a micro-electromechanical system (MEMS) based directional
sound sensors that mimics the aural system of the Ormia Ochracea Fly. The
goal of this research is to characterize a set of directional sound sensors with
varying configurations that operate in the high frequency range (15-20 kHz).
The sensor consists of two identical wings coupled in the middle and the entire
structure is connected to a substrate using two legs in the middle. In response to
sound, the coupled wings oscillate with rocking and bending like motions at
frequencies that depend on the mechanical characteristics of the structure. A
simulation of sensor characteristics using COMSOL finite element software
showed a resonant frequency of about 20 kHz for each device. The devices
were fabricated by the MEMSCAP foundry service using silicon-on-insulator
(SOI) substrate with a 25 um device layer. Using a laser vibrometer, response to
incident sound pressure was measured at different frequencies and angles. All
the devices showed that measured and simulated frequencies were in
reasonably close agreement. The measurements showed good sensitivity to the
direction of sound as predicted.
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INTRODUCTION

A. MOTIVATION

Necessity is the mother of all invention. Charles Darwin could have
considered this when postulating his theory of natural selection, which is an
important process by which evolution takes place among a population of species.
Survival is necessary and nature has invented and solved many problems that
humans face on a daily basis. Throughout the millennia, natural selection
provides a filter for determining which animals survive and which do not. If the
animal’s life depends on its hearing abilities, due to either mate selection or

finding a source of food, then those animals with better hearing will prevail [1].

This thesis examines performances of a directional sound sensor that
mimics the Ormia ochracea fly. When an animal processes sensory information,
especially as a prelude to orientation or locomotion, few tasks are more important
than determining the incident direction of a stimulus [2]. For humans, sound
energy travels through the medium from the source to our ear. The ear funnels
the sound energy onto our eardrum. The energy is passed from an air domain to
a fluid domain and is then transmitted to our central nervous system. We can
determine the approximate angle of arrival of the sound energy because we have
two distinct ears. The sound energy will typically hit one ear first and then the
other ear. Our brain calculates this angle subconsciously and we know from

which angle the sound originated [1].

A small fly, Ormia Ochracea, has developed a unique sense of hearing,
and a remarkable ability to localize sound sources, which allows it to continue to
survive [2]. This fly has a very small auditory system that allows quick and easy
determination of incident sound angle. By mimicking this fly’s hearing, we can

produce a sound sensor with similar directional abilities [1].



B. BACKGROUND

The basis of this thesis is the directional sensor designed at the Sensor
Research Laboratory (SRL) of the Naval Postgraduate School at Monterey,
California. The SRL at NPS has designed and developed several generations of
MEMS-based devices. This project has resulted in the completion of several
theses at NPS. This thesis expands on previous work done and introduces a new
frequency range for the MEMS-based devices. The main goal of this thesis is to
characterize six devices designed to operate in the high frequency range (15-20
kHz). This will allow further modeling and simulation to gain a thorough

understanding of the directional sensor in the high frequency range.

C. ORMIA OCHRACEA

Ormia Ochracea is a parasitic fly common to the southern United States
and Mexico. Given the small size of this fly, it has a remarkable ability to
determine the direction of sound. This ability is crucial to the fly’s survival [3]. In
order to reproduce, the female fly must find and deposit her parasitic larvae on a
live field cricket. The female fly locates her host at night, relying on auditory cues
from the cricket’s mating call [2].

The Ormia ochracea has the ability to locate a cricket acoustically despite
the fact that its sensors are only separated by approximately 1.5 mm, versus a
source wavelength of approximately 7 cm [4]. This difference leads to extremely
small interaural intensity and time of arrival differences between the ear closest
to (ipsilateral) and the ear farthest from (contralateral) the sound source [5]. If
this fly had the same directional hearing that most mammals have, then it would
be impossible to determine the direction of sound given the differences described
above. However, the Ormia ochracea has the ability to determine the direction of

the chirping cricket. How does this fly accomplish this seemingly difficult task?

First, we need to understand the fly’s auditory anatomy. A complex array
of physiological mechanisms converts acoustic energy in the sound field into
mechanical vibrations then sensed by the auditory sensory organs [1]. Figure 1
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shows that the fly’s ears are located in front and between the coxae of the

prothoracic legs, below the neck and behind the head [2].

Figure 1. External anatomy of the ears of Ormia Ochracea (From: Miles et al.,
1995).

The fly has two thin cuticular membranes prosternum (prosternal tympanal
membranes — PTM) that are the main receivers for sound. These membranes
connect to a pair of auditory sensory organs, the bulbae acusticae, which are
located within a common, air-filled chamber. The bulbae acusticae attach to the
membranes via a ridge-like in-growth of the exoskeleton (apodeme), which
resembles a stiff rod. In effect, the PTM receives the signal and transfers the
sound energy through the rod activating the bulbae acusticae. Each bulba
acustica contains 70-75 auditory receptor cells, which transfer the signals to the
nervous system of the fly [2]. For additional information, Robert et al [6] gives a

complete and more detailed description of the anatomy.

The fly’s auditory system has a mechanical connection between the two

PTMs, called the intertympanal bridge. Figure 2 shows the mechanical model for
3



the hearing organ. As an incident sound wave hits the ipsilateral PTM, the
coupling of the intertympanal bridge forces the contralateral PTM to move in the
opposite direction. When a sound wave contacts an already displaced
contralateral PTM, it forces the PTM in the opposite direction causing a bending
motion about the intertympanal bridge. The PTM closest to the sound achieves
greater amplitude than the PTM furthest from the sound. As a result, the neural
sensory cells in the ear closest to the sound will fire with dramatically less latency
than those of the opposite ear. This reduced latency provides the central
nervous system with the essential information about the location of the sound

source [7].

Figure 2. Mechanical model of the fly’s ear (From: Miles et al., 1995).



I SENSOR DESIGN

A. FABRICATED MEMS SENSOR CHIP

Previous generations of the devices at NPS used a 10 pym thick device
layer. The bending mode eigen frequency of these devices was approximately 5
kHz. The design process for these 7th generation devices requires consideration
of several factors. Increasing the rotational spring constant of the beam, without
a significant increase in the inertia, leads to an increased bending mode eigen
frequency. The next section describes the calculations of the spring constants
and the eigen frequencies in detail. The previous generations used a bowtie
sensor configuration with perforated wings and non-perforated wings as shown in
Figure 3.

Figure 3. Generation 7 sensor design with 10 ym device layer.

The design process of these high frequency devices uses similar
configurations and parameters to those used in previous generations. When
calculating the rotational spring constant, the width of the bridge, the thickness of
the device, and the length of the bridge are the only controllable parameters.
The only controllable parameters for the moment of inertia calculation are the
wing length and width, the bridge length and width, and the device layer

5



thickness. The eigen frequency is directly proportional to the device layer

thickness. The high frequency devices have a 25um device layer thickness.

Three of the six high frequency devices use the bow-tie configuration used by the
previous generations, while three of the devices use a new concept introduced in
this generation. The new design only allows a bending mode of operation. The
new design fixes the wings to the substrate and only permits the device to bend
in the center. Figure 4 shows the fabricated high frequency MEMS sensors.
Figure 5 shows the device dimension variables. Table 1 gives the dimensions of
each device. Devices 1, 5, and 6 do not have a leg dimension since the wings

are fixed to the substrate.

Figure 4. Photograph of generation 7 sensors with 25,m device layer.



Figure 5. Sensor design dimensions.

Table 1.  Generation 7 device dimensions.

Device | Wing width | Wing length | Bridge Bridge Leg Leg
(Mm) (Mm) width length width length

(Um) (Um) (Um) | (um)

1 1000 850 700 1000 N/A N/A

2 600 1150 550 700 100 100

3 700 900 700 700 100 100

4 700 1000 700 700 100 100

5 1000 1000 700 1000 N/A N/A

6 1120 1175 1120 500 N/A N/A

B. CALCULATION OF EIGEN FREQUENCIES

The eigen frequencies are calculated using the Lagrangian of the system

using potential energies for the two modes and has the form [8, p. 13]:

(2.1)

2 2
L=T-V =%|9§+%|9§-Kp[%j —K,(el;‘%j

where K is the rotational spring constant of the beam, K, is the torsional spring

constant of the bar, and | is the moment of inertia of the wing and half the bridge

as they rotate about the y-axis.



The equation of motion is [8, p. 13]

i(ﬁj:i - i(m’):_K (MJ_KI(@_QJ
dt\og) o6 dt "L 2 2

Substituting 81 and 6,, we get [8, p. 14]

16 =K [23% ) _k [%=0% ) ang (2.2)
' L2 "2
I€2:—Kp(91;92]+K|(91;92j (2.3)

Assuming harmonic dependence of angles,d, =6 andf, =—60 for the rocking

motion, and 6, =6,=60 for the bending motion, we can solve for w in each

equation with the following results [8, p.14]:

K
rocking = I_I (24)

K

a)bending = Tp (25)

,

The moment of inertia of the wing and half of the bridge as they rotate
around the y-axis is [8, p.8]

w/2 t/2 b +1, I3/2 t/2
=pUx2de dy | dzj+p[j X’dx [ dy | dz] (2.6)

-w/2 -t/2 h —13/2 —t/2

3k 3 hth 3 WARRE
=p[{%}o wt{ﬂ u}:p[%ww%gt] (2.7)

L
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=/%t[|fw+((|1 1) —|13)|3]

where |, =%bridge length, |, =length of wing, |, =width of wing, t=thickness of

device layer, and w=width of bridge.

The torsional moment of inertia J of a rectangular bar with width (w) and

thickness (t) is: [8, p.11]

J =(¥)Gj {%—3.36%[1—1;\/4 H (2.8)

The torsional spring constant of the bar (K,) and the rotational spring

constant of the beam (K ) are as follows: [8, p.10, 12]

K, :GI_J (2.9)
3

K _ Ewt (2.10)
P12l

where G = Shear Modulus, E = Young's Modulus, | = length of the bar, and

I, =% bridge length.

The values calculated using this approach are approximate due to the
assumptions made in Ref. [8]. The values for each of the six devices were in the
high frequency range. The use of COMSOL finite element modeling program

produced values that were more accurate as shown in the following chapter.
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[ll.  EXPERIMENTAL DATA ANALYSIS

A. EXPERIMENTAL SET UP

Figure 6 illustrates the laboratory setup used to measure the amplitudes of
the devices when excited with sound. The experiment setup consists of a
reference microphone, speaker on a rotating boom, laser vibrometer, and the

devices themselves. Incident sound pressure is measure by placing a Briuel &
Kjaer® model 4138, % microphone directly over the sensor. It has a 0.939

mV/Pa sensitivity and a frequency response that is almost flat from 50 Hz to 20
kHz [9].

The sound source is a Selenium loudspeaker type DH200E attached to
the internal signal generator in the VibSoft® software. VibSoft® allows the
generation of pure tones. It also allows a periodic chirp over a range of various
frequencies. Manually rotating the speaker boom adjusts the angle of sound
incident on the device. The laser vibrometer was a Polytec® single point
vibrometer model OFV 302, with a model OFV 2600 controller. The laser’s
purpose was to measure the displacement of the wings of the sensor with a

precision on the order of tens of picometers [9].

11



Figure 6. Lab equipment used for device testing. A. Rotating Boom. B. Device
and reference microphone C. Speaker with directional horn. D. Laser
vibrometer.

The sound source is attached to a rotating boom shown in Figure 7 and is

used to measure the response of the devices at specific angles.

Figure 7. Rotating boom used for determining incident angle of sound.

12



The location of the reference microphone relative to the sensor chips is
shown in Figure 8. The microphone connects to the reference input of the laser

vibrometer [1].

Figure 8. Sensor chip and reference microphone.

The sound source is the speaker shown in Figure 9. It has a horn to direct
the sound toward the sensor.

Figure 9. Sound source (speaker) with directional horn attached to it.

13



The laser vibrometer shown in Figure 10 measures the vibrational
amplitudes of the wings in response to sound at different angles. Typically, the

displacement is in the nanometer scale.

Figure 10. Polytec®laser vibrometer for measuring device displacement.

B. SIMULATED FREQUENCY RESPONSE (DEVICE 1-6)

A finite element analysis, using COMSOL, compares theoretical values to
experimental values. Devices 1, 5, and 6 only have a bending mode associated
with them due to the design. The edge of wings, fixed to the substrate, only
allow movement in the center of the device as shown in Figure 11. These three
devices also show different frequency and displacement amplitude response as
shown in Figure 12. These three device responses are in good agreement with

experimental data.

14



Figure 11. Bending mode deflection of device 1 under sound excitation.

T T T T T T T T T T T T T
400 |- .
. —— Device 1| |
| — — Device 5
—--=Device 6 |

350 - h

300
250
200

150 |-
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100

50

Frequency (kHz)

Figure 12. Simulated frequency response for Devices 1, 5, and 6.

Devices 2, 3, and 4 have a bending and rocking modes associated with
them as in previous low frequency designs as shown in Figure 13. These three

15



devices also show different frequency and displacement amplitude response as
shown in Figure 14. These three device responses are in good agreement with
experimental data.

(a) (b)
Figure 13. Device 4 (a) bending and (b) rocking modes

T T T T T T T T T T T T T T T T T
300 |- Device 2 _
— — Device 3 Bending
— - - - Device 4 b
250 | i -
3
£ 200} -
€
£
150 | i
8
o
12
O 100 | i
50 - -
0 1
6 26

Frequency (kHz)

Figure 14. Simulated frequency response of Devices 2, 3, and 4 with rocking and
bending mode responses.
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C. MEASURED FREQUENCY RESPONSE (DEVICE 1-6)

The Polytec® laser vibrometer computed displacement amplitudes for the
bending modes of all six devices. The rocking mode displacement amplitudes
were very small due to the arrival time difference between the two wings and also
fall outside the desired frequency range, therefore they were not measured in this
thesis [8]. The bending mode amplitudes as a function of frequency are shown in
Figure 14 and Figure 15. The angle of incident sound is 10°. The placement of
the speaker and the laser vibrometer prohibited a perfect 0° angle of incidence

for the sound source.

12 | ——Device 1| _
— — Device 5
- - - Device 6
10 | “ -
8 |- -

Displacement (nm)
(o]
T

Frequency (kHz)

Figure 15. Measured bending mode frequencies of Devices 1, 5, and 6.
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10 | .
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(o]
T

2+ i
0L -
1 1 1 1 1
12 14 16 18 20
Frequency (kHz)

Figure 16. Measured bending mode frequencies of Devices 2, 3, and 4.

Applying 1 Volt to a controller connected to an amplifier for driving the
speaker, sets the sound intensity. This generates an output voltage depending
on the gain used to drive the sound source [9]. The reference microphone
converts the signal to a pressure using the conversion factor of 0.939 mV/Pa,
given by the manufacturer. Maximum bending amplitude displacement occurs on
the wing’s edge of devices 2, 3, and 4 and that is where the laser vibrometer is
aligned. Maximum amplitude displacement of devices 1, 5, and 6 occur in the
center of the devices and the laser vibrometer is aligned in the center for these
devices. The measured bending mode frequencies are given in Table 2. All six
devices show different frequencies as well as different amplitudes for the

displacement.

18



Table 2.  Simulated and measured bending mode frequencies with measured peak
displacements of Devices 1-6.

Device Simulated Bending Measured Bending Measured Peak
Mode Frequency Mode Frequency Displacement

(kHz) (kHz) (nm)
1 18.04 15.79 11.63
2 18.58 14.64 12.74
3 20.15 13.18 1.28
4 19.75 15.05 11.74
5 18.07 14.71 6.38
6 18.6 17.14 2.95

The simulated and measured frequencies all fall below the modeled
device frequencies, usually about 3—4 kHz in most cases. The devices were

modeled with a 25um device layer thickness. The fabrication process is
accurate to within +1um, which can affect the actual frequency response of the
device. A device layer thickness of less than 25um will lower the eigen

frequency. During the experiment, we discovered the substrate oscillates with a
harmonic frequency much like a cantilever. The frequency response of the
substrate is dependent on how tight the substrate is fixed to the device holder,
pictured in Figure 8. The tighter the substrate, the less the effect of this
oscillation affects the eigen frequency of the device. Fixing the substrate on all
four sides will also counter this effect. COMSOL simulation verified this effect

with a shift in frequencies approximately 3 kHz.

D. BENDING MODE AMPLITUDE WITH INCIDENCE ANGLE OF SOUND

The goal of the device is to be able to determine direction of sound. In a
pressure gradient microphone, the driving force is proportional to the pressure

difference acting on the two sides of the diaphragm. The angle of incidence @ is
19



measured with respect to the normal to the diaphragm and the baffle as shown in
Figure 17 [10]. When a sound wave hits the top surface of the sensor, it is
diffracted and reaches the bottom side with a time delay corresponding to some
effective travel path at normal incidence, L. The net sound pressure is a linear

combination of the incident and diffracted components and is given by [4, p.2]
P =P, (1-eM=?) (3.1)

where k is the wavenumber and P, is the amplitude of incident sound. If the

wavelength is much larger than the dimensions of the sensor, Equation 3.1 can
be reduced, using the Taylor series expansion, to

P, = 1—(1— J2zL cosaj =P, J2ﬂl‘cos@
A A

which shows a cosine dependence on the incident angle of sound.

Figure 17. Directional response for a pressure gradient microphone.

20



Table 3.

The angle of incidence of sound varied from 10° to 90°. The behavior of

all six devices, as expected, had cosine dependence. The intensity of sound was

the same for all devices with an intensity of 0.939 V/Pa. Table 3 shows the

values of the measured displacement and the value of the cosine.

Measured displacement responses and cosine dependencies for different
angles of sound incidence.
Device 1 Device 2 Device 2
Angle Displacement (nm) | Displacement (nm) | Displacement (nm)
(in Degrees) Measured | Cosine | Measured | Cosine | Measured | Cosine
10 904.9 904.9 1027.5 1027.5 1254 125.4
20 816.3 863.4 979.5 980.4 127.3 119.6
30 7449 795.8 892.3 903.6 119.9 110.3
40 639.2 703.9 762.5 799.3 98.3 97.5
50 514.9 590.6 702.0 670.7 87.4 81.8
60 341.0 4594 515.8 521.7 67.7 63.7
70 241.7 314.3 400.1 356.8 48.5 43.5
80 97.8 159.6 190.6 181.2 37.7 221
90 79.7 0 45.8 0 9.1 0
Device 4 Device 5 Device 6
Angle Displacement (nm) | Displacement (nm) | Displacement (nm)
(in Degrees) Measured | Cosine | Measured | Cosine | Measured | Cosine
10 971.7 971.7 480.5 480.5 226.1 226.0
20 921.5 927.2 455.5 458.5 196.2 215.7
30 854 .4 854.5 374.9 422.6 174.1 198.8
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Device 1

Displacement (nm)

Device 2

Displacement (nm)

Device 2

Displacement (nm)

Angle
(in Degrees) Measured | Cosine | Measured | Cosine | Measured | Cosine

40 720.4 755.8 305.7 373.8 133.7 175.8
50 613.4 634.2 253.0 313.6 126.3 147.5
60 481.6 493.3 166.4 244.0 74.8 114.8
70 338.9 3375 131.1 166.9 36.2 78.5
80 219.0 171.3 72.2 84.7 8.9 39.9
90 42.7 0 7.1 0 5.8 0.0

Figure 18 shows the response of device 4 and the cosine dependence as

a function of angle of incident sound pressure.
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Figure 18. Measured displacement of device 4 and cosine dependence for
different angles of sound incidence.

E. TRANSIENT TIME OF RESPONSE

The Pontec® laser vibrometer measured the transient responses of the six
sensors at 10° angle of sound incident on each device. Each device responded
as expected and Figures 19 and 20 shows the measured response. The second
term in the equation of motion for a driven damped harmonic oscillator is the
transient response, given by [11, p. 184]

x(t) = Acos(wt —8) + A,e’% cos(wt—35,) (3.2)

From Equation 3.3, the time constant (7 ) is derived and isZTm, where b

is the damping coefficient and m is the mass. Using the formula given by [12],

the damping coefficient per unit area is given by
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Cdamping = ﬂ-\] 2,0(()/1 (33)
where p is the density of air and u is the viscosity of air. When using the

moment of inertia to determine the time constant (7 ) use (I) in place of (m). In

addition, it is important to note, the final damping must be multiplied by area
since | has units ofkg-m®. Table 1 gives device dimensions for determining the

area of each device.
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Figure 19. Measured transient times for Devices 1, 2, 4, and 5.
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Figure 20. Measured transient times for Devices 3 and 6.

Devices 1 and 6 do not have perforated wings, which increases the mass
of the device compared to the other devices. This increase in mass causes an
increase in settling time. Devices 2, 4, and 5 have similar rise times due to the
perforation of the wings. Device 3 has a smaller area as compared to the other
devices, which increases its time. Table 4 gives approximated values for the

measured transient times of all six devices.
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Table 4. Transient times of Devices 1-6.

Device Number | Transient Time (ms)
1 8.6
2 5.8
3 6.0
4 5.7
5 4.1
6 6.1

F. EFFECTS OF PACKAGING AND SUBSTRATE

Device 4, shown in Figure 21, had the best directional response.
Separating device 4 from the other devices allowed us to understand the device’s
response as an individual unit. The individual device underwent the same
experimentation as described above. The device did not perform as expected.
The device had little to no displacement response when tested over a range of
frequencies. During the process of trying to understand the lack of displacement
response, we observed the substrate acting as a cantilever beam. Testing with
the laser vibrometer revealed a resonant frequency response from the substrate.
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Figure 21. Photograph of Device 4

The frequency response of the device, once separated, had an amplitude
response of about a few picometers. However, when individually testing
generation 7 devices with a 10-um device thickness that operates at low
frequencies, it produced results that agreed with previous experiments. The
resonant frequency of the previous devices was approximately 5 kHz and the
wavelength of sound was about 7 cm. The resonant frequencies of the high
frequency devices range from 13—-18 kHz and wavelengths range from 1.9 to 2.6
cm. This is important to keep in mind when considering sound diffraction and

interference.

The conclusion drawn from this experiment is that sound is diffracting
around the sensor leading to a zero net pressure difference on the wings of the
sensor. Equation 3.1 gives the net sound pressure. When Equation 3.1 is

rewritten in the following form,

— jkLcos@ jkLcos@ — jkLcos@
P=Pe 2 |e 2 -e ? (3.4)
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Equation 3.4 simplifies to

— jkLcos@
P=Pe 2 sin(%cosej (3.5)

Equation 3.5 shows that when sin(k—zl‘cos 0) =0 a zero net pressure difference is

present on the two sides of the sensor. This leads to

k—ZLcosezmz (3.6)

Assuming normal incidence and solving for L, a zero net pressure occurs when
L=n4. When the path length difference is approximately an integer wavelength

of sound, a zero net pressure will occur.

The device was mounted to a package, shown in Figure 22, and had a
length about the size of the wavelength of sound. When the cavity of the
package was covered, the device response drastically improved (see Figure 23)
with a frequency closer to the simulated frequency, shown in Figure 14. This

experiment verifies a zero net pressure on the wings occurs when LxnA.

28



Figure 22. Photograph of Device 4 mounted to package with scale with
increments of mm.
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Figure 23. Measured frequency response of Device 4 with back of cavity closed
compared to open cavity in the horizontal and vertical positions.
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[V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The structure of the auditory system of the fly Ormia Ochracea allowed for
the characterization of a high frequency directional microphone. The initial
performance was modeled and analyzed using COMSOL Multiphysics software.
The main goal of this thesis was to characterize six high frequency sensors.
Both designs show good directional response to sound, but the bow-tie design
allows greater displacement amplitude, which will yield a higher electrical signal
for future signal processing. It was also found that sound diffraction interference
is present at the high frequency wavelengths and device packaging needs to be
large enough to isolate the destructive interference. The measured and

simulated response of the sensors showed relatively good agreement.

B. RECOMMENDATIONS

In order to achieve optimized performance of the high frequency sensors,
it is recommended that future research be focused on designing and testing a
sensor whose dimensions and packaging are small enough to eliminate a zero
net pressure on the sensor. High frequency wavelengths are shorter compared
to the previous generation devices. The dimensions of both the device, including
the surrounding substrate, and the packaging are more important in order to
maintain a pressure difference on the sensor. In addition, an electronic readout
of the high frequency device is important to understand the strength of the

electronic signal for varying angles of incidence of sound.
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