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ABSTRACT 

 Bio-inspired microelectromechanical systems (MEMS)-based sensors are 

designed to operate at their resonant frequency for applications that find the direction of 

sound. In prior research, an open-back MEMS sensor encountered left-right ambiguity in 

sound direction. This ambiguity was resolved using two open-back sensors. This research 

investigates whether a single closed-back sensor can find the direction of sound without 

right-left ambiguity. The MEMS sensor configuration employed in this research provides 

two resonant modes: rocking and bending. The use of closed-back sensors to determine 

the direction requires coupling of the rocking and bending modes. First, to optimize the 

sensor design, the source of coupling was determined using COMSOL Multiphysics 

software. Tests revealed that decreasing the size of the comb finger gap increases the 

damping. However, wing size is the main source of damping. Based on the test results, 

optimized sensors were designed and fabricated. The back of the sensor was closed to 

prevent sound coupling from the back. Measurement of the directional response of the 

sensor showed that the two wings oscillated with different amplitudes when operated in 

rocking mode. It was found that the ratio of the sum over the difference of the amplitudes 

has a sine dependence as opposed to ambiguous cosine dependence. Thus, sine 

dependence resolved the left-right ambiguity. 
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I. INTRODUCTION 

Advancements in technology inevitably lead to ever more complex threats. 

Submarines are becoming quieter, and underwater weapons are becoming faster and more 

sophisticated, while modern wars are fought by snipers and with drones. Law enforcement 

faces domestic terrorism enabled by more powerful devices from deadly materials and 

instructions for creating them that are readily available on the internet. The first step in 

combating these threats is to detect them, but the complexity of such threats makes their 

detection challenging. Recognizing their acoustic signatures, however, is one way to detect 

such threats. Submarines, snipers, hidden shooters, and drones all have sound signatures 

detectable with current technologies; yet, the existing solutions to address these issues are 

expensive to create, complicated to operate, and difficult to deploy. Researchers around the 

world, therefore, are working intensively to find better ways of detection.  

A. BACKGROUND 

Since the 17th century, it has been recognized that sound can travel via fluids or 

solids. In the late 1800s and early 1900s, it was known that the direction of a sound source 

could be found based on the difference between phases or amplitudes of the sound waves 

[1], [2]. In humans and most animals, the sound pressure and phase vary if the distance 

between the ears is of the order of the sound wavelength. Our brain is capable of detecting 

these minute differences to find the direction of the sound source. Surprisingly, however, 

insects with eardrum separation of 1.5 mm, such as the parasitoid fly Ormia ochracea, can 

find the direction of a sound source with a 70 mm wavelength. Miles et al. [3] found that 

the two eardrums of the fly are connected via a mechanical structure, as shown in Figure 

1(a). This mechanical link between the eardrums causes them to vibrate at two resonance 

frequencies—namely, rocking and bending modes (see Figure 1(b))—to provide a very 

sensitive direction-finding system.  
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(a) Positions 1 and 2 indicate a fly’s two ear drums, and position 3 is the 
mechanical linkage between ear drums; (b) illustrations of bending and 
rocking modes. 

Figure 1. Ormia ochracea hearing system and mechanical vibrational modes. 
Source: [3]. 

The bending mode, which oscillates the eardrums in-phase, is excited by the full 

pressure of the incident sound wave, while the rocking mode results from the pressure 

difference on eardrums when sound incidents off normal, which leads to out-of-phase 

displacement of the eardrums, as illustrated in Figure 1(b). The linear combination of these 

two modes generates unequal displacement amplitudes on the two sides, enabling the fly 

to find the direction of sound. 

The Ormia ochracea fly uses the amplitude difference generated by the 

superposition of rocking and bending modes to find the location of a cricket [3]. Similarly, 

over the last decade, different techniques using micromechanical structures have been 

employed to develop miniature sound direction‑finding sound sensors based on the fly’s 

hearing system. The vibrating amplitudes of the mechanical structure were measured 

optically [4], [5], [6], and electronically using comb finger capacitors [7], [8], [9], or using 

integrated piezoelectric pads [10], [11]. 

During the last decade, bio-inspired microelectromechanical systems (MEMS) 

based sound direction-finding sensors were designed, fabricated, and tested at the Naval 
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Postgraduate School (NPS). The sensors were fabricated using silicon-on-insulator (SOI) 

technology by the commercial foundry MEMSCAP. The NPS-developed process starts 

with a substrate with a thickness of 400 μm. On the top of the substrate, a 25 μm silicon 

layer is separated by the substrate using a 1 µm thick silicon dioxide layer. The mechanical 

structure of the sensor is fabricated on this silicon layer. Figure 2(a) shows an optical 

micrograph of one of the sensors fabricated by the NPS Research group. 

The resulting MEMS sensor has a two-wing design. The wings are fixed to substrate 

at the center of the sensor. The wings freely oscillate in the vertical plane. At the free end of 

the wings are interdigitated comb fingers – movable fingers around the outside edges of the 

wings and fixed fingers attached to the substrate, which together form a variable capacitor. 

The total capacitance changes as the wings oscillate with respect to the substrate. The 

capacitance is then fed into an MS3110 Universal Capacitive Readout IC produced by Irvine 

Sensors [17]. The IC is essentially a capacitive bridge that senses the change in capacitance 

and outputs the corresponding voltage signal, as shown in Figure 2 (b). 

(b)(a)  
The sensor was fabricated using silicon-on insulation technology. Substrate 
thickness is 400μm, and silicone layer is 25μm. Aluminum is used for metal 
contacts.  Comb fingers are etched to 25μm depth. A backside is trenched to 
a depth about 400μm to release the movable structures. 

Figure 2. (a) Fabricated sensor and (b) directional response. Source: [12].  
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The sensors were operated at bending resonance and found to have a cosine 

dependent response to the incident direction of sound due to sound interaction from both 

sides of the vibrating structure [12]. It can be seen in Figure 2(b) that the individual sensors 

operated at bending mode and exhibited angular ambiguity similar to a pressure differential 

microphone [12]. A 2016 study utilizing two sensors at a canted angle (see Figure 3(a)) 

was able to resolve this ambiguity and determine the direction of sound with 2-degree 

accuracy, as shown in Figure 3(b) [13].  

  
In this arrangement, (a) two sensors are co-located at a canted angle to 
resolve ambiguity and (b) direction of sound measured to 2-degree accuracy. 

Figure 3. Two sensors at canted angle to determine sound direction. 
Source: [13]. 

B. MOTIVATION  

Ormia ochracea’s hearing system, in contrast to the system developed at NPS in 

2016, uses the equivalent of only one sensor to determine the direction of sound 

unambiguously. Thus, further research would be needed to mimic the Ormia ochracea fly’s 

hearing system, making use of both rocking and bending modes of a single sensor to find 

the direction of sound. To achieve this goal, it is essential to have a detailed understanding 

of how the coupling of rocking and bending modes generates two different amplitudes at 

the two wings. First, the damping of the oscillatory motion of the wings that plays an 

important role in the coupling is explored. As it is in the fly’s hearing organ, the back of 

the sensor is closed to avoid sound coupling from the back side. The detailed 
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characterization of the sensors with this configuration is needed before implementation of 

a single sensor for uniquely determining the direction of sound. 

C. OBJECTIVE AND THESIS ORGANIZATION  

The objective of this thesis is to use a single MEMS sensor to uniquely determine 

the direction of sound. The remainder of this thesis consists of four chapters. Each chapter 

includes experimental measurements, analysis, and a summary of results. Chapter II 

explains the damping effects due to the comb fingers used for electronic readout and drag 

associated with interaction of the mechanical structure with the surrounding fluid (air). 

Chapter III describes the operation of a single MEMS sensor by closing its back and 

manipulating the rocking and bending modes to achieve directional sensing. Chapter IV 

summarizes and evaluates the findings of this research and provides recommendations for 

future work.  
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II. EFFECT OF DAMPING ON MEMS DIRECTIONAL SOUND 
SENSORS 

As discussed in Chapter I, the fly’s hearing system relies on the coupling between 

bending and rocking motions of the eardrums to determine the direction of sound [3]. The 

coupling between these modes is necessary to find the direction of a sound source because 

the linear combination of these modes generates unequal displacement amplitudes in the 

fly’s eardrums. Figure 4 shows the measured frequency response of a typical MEMS 

directional sound sensor developed at NPS when operated with the back open, and the 

sound is coming from 45 degrees off normal. The rocking and bending resonances are 

clearly seen. The widths of the peaks are due to damping experienced by the MEMS sensor. 

 

Figure 4. Frequency response of a typical MEMS directional sensor with 
rocking and bending resonances. The source is at 45 degrees off 

normal  

The degree of coupling between rocking and bending modes depends on the 

separation of the two frequencies as well as the amount of damping experienced by the 
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sensor. If there is no damping, there will be no coupling between these modes. In that case, 

pure rocking and pure bending modes will exist. Thus, if the damping is too low, rocking 

and bending modes will not couple. On the other hand, if the level of damping is too high, 

it will be difficult to distinguish between these modes. Therefore, to find the direction of 

the sound source, we need a way to control the damping to achieve the correct amount of 

coupling between the two modes. 

In general, an object moving through a fluid (i.e., a liquid or gas) slows down due 

to damping or frictional force proportional to the speed with which an object moves. 

Moreover, due to the large surface to volume of MEMS devices, air damping has a 

substantial effect on those devices [14]. For the MEMS-based acoustic sensors operating 

in air, the damping comes from two effects. The drag damping is due to the displacement 

of air by the wings, and viscous damping is associated with comb finger capacitors, which 

is strongly dependent on the gap between the combs. 

One way to control damping is by changing the size of the gap between the comb 

fingers of the sensor; another approach is to change the dimensions of the sensor (i.e., the 

size of the wings). This chapter describes the effect of these changes on the damping of the 

sensor. First, the effect of the comb finger gap on damping is probed by varying the gap 

from 10 µm, to 5 µm, and to 2.5 µm. Then, the drag damping of the sensor is analyzed and 

compared with damping associated with the comb fingers. Finally, simulations are carried 

out incorporating these damping effects and the results are compared with experimental 

data. 

A. SOURCES OF DAMPING IN MEMS SENSORS 

To control the amount of damping in the MEMS sensor, it is first necessary to 

analyze different sources of damping and how they depend on sensor dimensions. The 

detailed analysis of damping associated with a MEMS structure with comb fingers is given 

in [15]. In the following, a summary of the results from [15] relevant for the MEMS sensor 

considered in this thesis is given. Figure 5 shows the scanning electron microscope image 

of a section of comb fingers of one of the MEMS acoustic sensors used in this study. In 

this case, the comb fingers are attached to the edges of the source wings.  
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Scanning electron microscope image of a corner section of comb fingers of 
a MEMS acoustic sensor This sensor has the comb fingers in a fish bone 
configuration. 

Figure 5. Scanning electron microscope image of a comb fingers 

In general, the combs on the wings do not completely overlap with those on the 

substrate due to residual stress on the wings during the fabrication process. Figure 6 shows 

two possible situations where (a) the combs completely overlap and (b) where combs do 

not overlap, along with how the fluid interacts with the moving structures. The Navier-

Stokes equation that governs the motion of fluid can be solved with appropriate boundary 

conditions for the two cases [15].  

For comb fingers that are fully engaged (i.e., comb fingers from the wings and from 

the substrate  are completely overlapped), as shown in Figure 6(a), the fluid motion is 

known as Couette flow and the damping force per comb (FCouette) can be expressed as: [15] 



10 

  
Schematic diagram of (a) comb fingers from the wings (W) and from the 
substrate (S) are completely overlapped, and (b) comb fingers from the 
wings (W) and from the substrate (S) are not completely overlapped  

Figure 6. Schematics of comb fingers’ configurations. Source [15]. 

 𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = µ 𝐴𝐴𝑠𝑠
𝑔𝑔
𝑣𝑣  , (1) 

where µ is the dynamic viscosity, g is the gap between fingers v is the velocity of moving 

fingers, and As (= 2Lh) is the interacting surface area of a moving finger. The L and h 

represent the length and height of fingers, respectively. When there are multiple fingers, as 

in the case of MEMS sound sensors, the total damping force is obtained by multiplying 

FCouette by number of fingers. 

When the comb fingers are fully disengaged (i.e., comb fingers from the wings and 

from the substrate  are not overlapped) as shown in Figure 6(b), the fluid motion is known 

as Poiseuille flow, and the damping force (FPoiseuille) can be expressed as Equation 2: [15] 

 𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  −4µ 𝑣𝑣
|𝑣𝑣|

𝐴𝐴𝑠𝑠
𝑑𝑑ℎ
𝑣𝑣ξ  , (2) 
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where 𝜉𝜉 = (1 − 𝑢𝑢0
𝑣𝑣

) and 𝑑𝑑ℎ = 4 𝐴𝐴
𝑈𝑈

 is known as hydraulic diameter. The quantities 𝐴𝐴 =
𝐿𝐿(2𝑔𝑔 + 𝑏𝑏) and 𝑈𝑈 = 2[𝐿𝐿 + 2𝑔𝑔 + 𝑏𝑏] with b being the width of a comb finger. 

When the comb fingers are partially engaged (i.e., comb fingers from the wings and 

from the substrate are somewhat overlapped), the damping force is described by the 

combination of the two forces given in Equations (1) and (2) depending on the degree of 

overlap. In addition to damping generated by the comb fingers, the body of the sensor (i.e., 

the two wings) moving through the fluid (air) experiences drag damping. The drag damping 

on a sensor wing can be expressed as: [15] 

 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  − 𝑣𝑣
|𝑣𝑣|
𝐶𝐶𝑑𝑑𝜌𝜌|𝑣𝑣|2 𝐴𝐴𝑤𝑤

2
  , (3) 

where Aw is the total interacting area of the wing, ρ is the density of fluid, and Cd is the 

drag coefficient, which depends on the Reynolds number associated with the motion of the 

sensor [16]. The small dimensions of the sensor coupled with low density of air make the 

Reynolds number relatively small for our sensor, making the damping coefficient to be on 

the order of several hundred [16]. The components of the damping just described can be 

incorporated in finite element modeling as boundary conditions at appropriate locations. 

The frequency characteristics of a MEMS acoustic sensor were simulated using 

COMSOL Multiphysics software. The simulated results of applying the boundary 

conditions given in Equations (1) and (3) are shown in Figure 7. The angle of incidence of 

45 degrees was used in the simulation and both bending and rocking resonance peaks are 

clearly visible. It can be seen, qualitatively, in Figure 7 that damping from the comb fingers 

(represented by the blue curve) is small (narrow peak width) compared with drag damping 

(wider peak width) from the wings (green curve), based on the widths of the bending 

resonance peaks. For the simulation of drag damping a drag coefficient of 500 was used 

based on the Reynolds number of the sensor. The red curve of Figure 7 shows the response 

due to both components of damping.  
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Figure 7. Effect on damping on sensor frequency response, comb drive 
damping (blue), drag damping (green), and total damping 

including comb and drag components (red).  

These simulations show that both comb fingers and wings damping contribute to 

the response of the sensor. The broadening of resonance peaks due to damping allows the 

coupling of the two modes. Thus, the parameters that contribute to damping can be 

manipulated to control the degree of coupling. To find the direction of the sound source, 

we need a way to control the damping to achieve the correct amount of coupling between 

these modes. One way to control the amount of coupling is by changing the comb finger 

gap and another way is to change the dimensions of the wings of the sensor.  

B. THE EFFECT OF COMB FINGER GAP ON VISCOUS DAMPING 

Three sensors with different comb finger gaps were tested to determine the effect 

of gap size on damping. The testing used the same method as described in Chapter II, 

section B of [17], with a few equipment changes as explained in the Appendix. The 

schematic diagram of the sensors is shown in Figure 8.  
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The sensor has two oscillating wings, which are connected with the bridge. 
The leg is a pivot that is connected to the substrate. At the end of the wings, 
comb fingers provides capacitive readout.  

Figure 8. Schematic diagram of a sensor 

The dimensions of these sensors were identical except for their comb finger gaps, 

as listed in Table 1.  

Table 1. Device dimensions 

Device Wing (mm) Leg (μm) Bridge (mm) Comb finger 
gap 

1 3x2.5 200x175 .1x1 10 μm 
2 3x2.5 200x175 .1x1 5 μm 
3 3x2.5 200x175 .1x1 2.5 μm 

 
The normalized response vs. frequency for three devices with comb finger gaps of 

10 μm, 5 μm, and 2.5 μm, respectively, obtained using COMSOL, as shown in Figure 9. 

In this model, the damping generated from combs was incorporated using Equation (1) and 

the incident angle of sound was kept at zero degrees. The shifting of the peak position to a 

lower frequency is due to the increase in the number of combs as the gap is decreased, 

which makes the mass of the sensor increase. In Figure 9, the frequency response data from 

the three simulated sensors shows that the smaller the comb finger gap, the wider the peak 

width, as expected from Equation (1). 
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Simulated frequency response of the three sensors with the comb finger gap 
2.5 μm (green), 5 μm (blue) and 10 μm (red)  Smaller  the comb finger gap, 
greater the FWHM, and lower quality factor (Q)  

Figure 9.  Simulated frequency responses for the three sensors with different 
comb gaps at normal incident.  

The simulated peak position, full-width-at-half-maximum (FWHM) and quality 

factor (Q) for each sensor extracted from the plots in Figure 9 are listed in Table 2. The 

quality factor is defined as  

 

 𝑄𝑄 = 2𝜋𝜋𝜋𝜋𝑟𝑟
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

  , (4) 

 
where fr is the resonance frequency. 
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Table 2.  Simulated peak positions, FWHM, and quality factors (Q). 

Device Comb finger 
gap (μm) 

fr (Hz) FWHM (Hz) Q 

1 10 1684 50 210 
2 5 1621 53 191 
3 2.5 1577 56 175 

 

Figure 10 shows the measured frequency responses for the three sensors with sound 

incident at normal incident (zero degrees).  

 
Measured frequency response of the three sensors with the comb finger gap 
2.5 μm (green), 5 μm (blue) and 10 μm (red)  Smaller  the comb finger gap, 
greater the FWHM, and lower quality factor (Q), which agrees with the 
simulation results in Figure 9 

Figure 10. Measured frequency responses for the three sensors with different 
comb finger gaps.  
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Table 3 summarizes the data extracted from Figure 10, which include the resonance 

frequency, FWHM (peak width), and quality factors. 

Table 3. Measured peak positions, FWHM, and quality factors (Q) 

Device Comb finger 
gap (μm) 

fr (Hz) FWHM (Hz) Q 

1 10 1670 78 134 
2 5 1564 99 99 
3 2.5 1528 133 72 

 

The peak positions in Figure 10 are close to those of the simulations depicted in 

Figure 9 and follow the same trend as the comb finger gap decreases. Nevertheless, the 

peak widths (FWHM) are much higher than those of the simulations assuming only the 

comb fingers are contributing to the damping, as illustrated in Figure 10 for the sensor 

having a 10 µm gap. This implies that an additional damping mechanism is involved in 

generating the broader peak widths. 

C. DRAG DAMPING DUE TO SENSOR WINGS 

To resolve the disagreement between measured and simulated frequency responses 

in Figure 11, drag damping generated by the oscillating wings given in Equation (3) was 

incorporated in the COMSOL simulation. 
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Comparison of measured and simulated frequency responses for the sensor 
having 10 µm comb finger gap. Simulation was carried out assuming 
damping is generated by combs only.  

Figure 11. Comparison of measured and simulated frequency responses. 

In the simulation, the damping coefficient was taken to be 500 based on the 

Reynolds number of the sensor [16]. The simulated frequency response using both comb 

and drag damping is shown in Figure 12 along with the experimental data. Figure 12 shows 

that there is a reasonably good agreement between simulated and measured responses when 

drag damping is incorporated. In addition, it was found that the drag damping is the 

dominant mechanism responsible for the peak width in the MEMS sound sensor used in 

this study.  
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Comparison of measured and simulated frequency responses for the sensor 
having 10 µm comb finger gap. Simulation was carried out assuming 
damping is generated by combs and wings, which leads to a reasonable 
agreement of experimental and simulated results.  

 

Figure 12. Comparison of measured and simulated frequency responses for 
the sensor with 10 µm comb gap. 

D. THE EFFECT OF COMB FINGER GAP ON RESONANCE FREQUENCY 

Finally, we describe the effect of comb finger gaps on resonance frequency. The 

measured results are shown in Figure 9, which shows that sensor with the smaller comb 

finger gaps has a lower resonance frequency. For example, the sensor with comb finger 

gap of 2.5 μm has a lower frequency than the sensors with comb finger gaps of 5 μm and 

10 μm.  

The smaller the comb finger gaps, the greater the number of comb fingers that can 

be fitted onto the sensor wing with same dimensions, resulting in a heavier sensor, which 

will oscillate at a lower frequency. In other words, the smaller the comb finger gaps, the 

greater the mass (m) of the sensor and the smaller the resonant frequency (ω), provided 

stiffness (k) remains constant according to  
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 𝜔𝜔 = �𝑘𝑘
𝑚𝑚

    (5) 

In conclusion, the effect of damping on the MEMS sensor was investigated in 

relation to comb finger gaps. We found that if the comb finger gap is smaller, the effect of 

damping is greater. Nonetheless, the comparison between the experimental results and the 

results from the simulation revealed that damping is mainly due to the wings. Considering 

these sources of damping, the sensor design can be optimized to couple the rocking and 

bending modes to find the direction of sound using a closed back sensor, which is described 

in next chapter.   
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III. DIRECTION FINDING USING A SINGLE SENSOR 

This chapter describes how to find the direction of a sound source using a single 

sensor. Previous research done at NPS showed that a single sensor with an open back 

caused left-right angular ambiguity in detecting the direction of the sound source [12]. This 

behavior is due to the coupling of sound from the front and back of the sensor, which gives 

a cosine dependence to the response [12]. A 2016 study utilizing two open-back sensors 

mounted at a canted angle was able to resolve this ambiguity over a 120-degree range [13]. 

Yet, from a practical perspective, a single sensor will have a smaller footprint and provide 

wider angular coverage. One way to achieve sound detection is by closing the back of a 

single sensor to avoid sound coupling from the back, which mimics the fly’s hearing system 

[17]. At the beginning of this chapter, a brief description of the response of an open-back 

sensor is given, followed by a detailed study of a closed-back sensor to determine the 

direction of sound unambiguously for a 180-degree angular span. 

A. OPEN-BACK SENSOR 

A sensor with an open back is shown in Figure 13. Since the sensor has an open 

back, sound exerts different pressure on the front and back of the sensor due to the path 

length difference. Thus, a sensor with an open back acts as a pressure gradient microphone.  

 
The sensor consists of the two wings as shown on the left. The wings 
oscillate freely out of plane because the back of the sensor is open as shown 
on the right  

Figure 13. Schematics of an open back sensor. 
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The response of the pressure gradient microphone is given by Equation (7), which 

shows the net sound pressure (P) due to interaction from both sides when sound is incident 

at an angle (θ) [18].  

 

 𝑃𝑃 = 𝑃𝑃𝑜𝑜 �1 − 𝑒𝑒𝑖𝑖2𝜋𝜋�
𝐿𝐿
𝜆𝜆�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� ≈ 2𝜋𝜋𝜋𝜋

𝜆𝜆
𝑃𝑃𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  , (6) 

 
where Po is the incident sound pressure, L is the path difference between front and back, 

and λ is the wavelength of incident sound. When a MEMS sensor’s dimensions are small 

compared with the sound wavelength, the exponential term can be expanded, giving a 

cosine dependence, which leads to angular ambiguity around the normal axis of the sensor. 

Figure 14 shows the frequency response of a MEMS sensor designed to operate 

around 1.6 kHz when sound is incident at normal (0 degrees, indicated by the red curve) 

and 45 degrees (blue curve). Figure 14 depicts two narrow resonance peaks at 1378 Hz 

(rocking mode) and at 1601 Hz (bending mode) when the sound incident is at 45 degrees. 

At normal incidence, the rocking mode disappears since the pressure on both wings is the 

same. However, at 45degrees, rocking mode is visible due to slightly different sound 

pressure on the wings, and amplitude of the bending mode is decreased due to cosine 

dependence as given in Equation (6).  
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For the open back sensor, the bending mode exhibit a higher amplitude at 0 
degree than 45 degree. For both angles 0 and 45 degrees, amplitudes at the 
rocking mode are negligible comparing to the bending mode.  

Figure 14.  Frequency response of an open-back sensor at two different 
incident angles of sound.  

The directional response of the sensor at bending frequency is plotted in Figure 15. 

It shows the expected cosine dependence according to Equation (6), which leads to angular 

ambiguity. 
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The directional response of an open-back sensor has cosine dependence, 
which leads to left-right angular ambiguity.  

Figure 15. Directional response of an open-back sensor measured at bending 
frequency. 

B. CLOSED-BACK SENSOR 

Miles et al. [3] described in detail the mechanical model for how the Ormia 

ochracea fly determines the direction of sound using its hearing organ. Only the front of 

the fly’s hearing organ is exposed to sound as opposed to both sides of the MEMS sensor 

employed in previous studies. It is possible, however, to physically close the back of our 

MEMS sensor to probe its behavior under sound excitation. The following paragraphs 

present a brief summary of the analysis given in [3] relevant for the closed-back MEMS 

sensor considered in this thesis. 

Recall from Chapter I, the bending mode, which oscillates the eardrums in-phase 

and is excited by the full pressure of the incident sound wave, while the rocking mode 

results from the different pressure exerted by the sound wave on each eardrum, which leads 

to out-of-phase displacement of the eardrums, as illustrated schematically in Figure 16. 

Equations (7) and (8) describe the displacement of pure bending and rocking modes, 

respectively, when excited by sound having an angular frequency of ω. 

 𝑥𝑥𝑏𝑏(𝑡𝑡) = 𝐴𝐴𝑏𝑏cos(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑏𝑏 )  , (7) 
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 𝑥𝑥𝑟𝑟(𝑡𝑡) =  𝐴𝐴𝑟𝑟sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑟𝑟 )  , (8) 

 

Figure 16. Rocking and bending modes of mechanical model used to describe 
fly’s hearing organ [3]. 

  
where Ar and Ab are the rocking and bending mode amplitudes, respectively, and are 
described in [3] as 

 𝐴𝐴𝑟𝑟 = 𝑃𝑃𝑠𝑠
𝑚𝑚

(
sin (𝜔𝜔𝜔𝜔2 )

�(𝜔𝜔𝑟𝑟
2−𝜔𝜔2)2+(𝛾𝛾𝑟𝑟𝜔𝜔)2

)  , (9) 

 𝐴𝐴𝑏𝑏 = 𝑃𝑃𝑠𝑠
𝑚𝑚
�

cos�𝜔𝜔𝜔𝜔2 �

�(𝜔𝜔𝑏𝑏
2−𝜔𝜔2)2+(𝛾𝛾𝑏𝑏𝜔𝜔𝑏𝑏)2

�  , (10) 

where γr and γb are damping parameters for the rocking and bending modes, respectively, 

and 𝜏𝜏 = 𝑑𝑑
𝑣𝑣

 sin (𝜃𝜃) is the arrival time difference of sound between the two wings. The d is 

separation between the wings and v is the speed of sound in the air. The phase angles φr 

and φb can be obtained using  

 tan (𝜙𝜙𝑟𝑟) = 𝛾𝛾𝑟𝑟𝜔𝜔
(𝜔𝜔2−𝜔𝜔𝑟𝑟

2)
  , (11) 

 tan (𝜙𝜙𝑏𝑏) = 𝛾𝛾𝑟𝑟𝜔𝜔
(𝜔𝜔2−𝜔𝜔𝑏𝑏

2)
  . (12) 

In general, the motion of the two wings of a MEMS sensor can be described as a 

linear combination of the displacements generated by the two modes [3]. It can be seen in 

Flexible hinge

Bending 
mode

Rocking 
mode

Sound
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Figure 16 that on one side the rocking and bending moves the beams in the same direction, 

x1(t), while on the other side they move in the opposite directions, x2(t). Mathematically, 

the displacements of the two wings can be written as  

 𝑥𝑥1 (𝑡𝑡) = 𝐴𝐴𝑏𝑏cos(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑏𝑏 ) +  𝐴𝐴𝑟𝑟sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑟𝑟 ) (13) 

 𝑥𝑥2 (𝑡𝑡) = 𝐴𝐴𝑏𝑏cos(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑏𝑏 ) −  𝐴𝐴𝑟𝑟sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑟𝑟 ). (14) 

Equations (13) and (14) show unequal displacement amplitudes on the two sides 

due to coupling of the two modes, which enables the fly to find the direction of sound. 

Using Equations (13) and (14), the amplitudes of the oscillations of the two wings (A1 and 

A2) at the rocking frequency can be approximately expressed as  

 𝐴𝐴1 ≅  𝐴𝐴𝑟𝑟 + 𝐴𝐴𝑏𝑏  (15) 

 𝐴𝐴2 ≅  𝐴𝐴𝑟𝑟 − 𝐴𝐴𝑏𝑏  (16) 

 
It can be easily shown using Equations (15) and (16) that the ratio of amplitudes of sum 

over difference is proportional to 

 𝐴𝐴1 +𝐴𝐴2 
𝐴𝐴1 −𝐴𝐴2 

∝ 𝐴𝐴𝑟𝑟 
𝐴𝐴𝑏𝑏 

  . (17) 

Since denominators of pure rocking and bending amplitudes (Ar and Ab) given in 

Equations (9) and (10) are independent of sound pressure and incident angle, Ar and Ab 

are proportional to sound pressure Ps and sine/cosine of ωτ/2, respectively: 

 𝐴𝐴𝑟𝑟 ∝ 𝑃𝑃𝑠𝑠sin(𝜔𝜔𝜔𝜔/2)  , (18) 

 𝐴𝐴𝑏𝑏 ∝ 𝑃𝑃𝑠𝑠cos(𝜔𝜔𝜔𝜔 /2)  . (19) 

Since ωτ is much smaller than 1 due to the small size of the MEMS sensor, the ratio of sum 

over difference can be expressed in terms of arrival time difference (τ) as 

 

 𝐴𝐴1 +𝐴𝐴2 
𝐴𝐴1 −𝐴𝐴2 

∝ tan (𝜔𝜔𝜔𝜔𝜔𝜔/2) ≅ 𝜔𝜔𝜔𝜔𝜔𝜔  . (20) 

Finally, the ratio in Equation (20) can be expressed in terms of the incident angle of sound 

using the relationship 𝜏𝜏 = 𝑑𝑑
𝑣𝑣

 sin (𝜃𝜃) as 
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 𝐴𝐴1 +𝐴𝐴2 
𝐴𝐴1 −𝐴𝐴2 

 ∝ sin (𝜃𝜃)  . (21) 

Equation (21) is the basis for finding the direction of sound unambiguously using 

a single closed-back MEMS sensor. The key to resolve the left-right angular ambiguity is 

the sine dependence in the Equation (21). On the other hand, as described previously, the 

open-back single sensor has cosine dependence, which gives a symmetric response about 

the normal axis of the sensor. In Equation (21), the coupling between rocking and bending 

modes, which is constituted in displacement amplitudes x1 and x2, at frequency ω provides 

the sine dependence. The damping of the system controls the amount of coupling between 

the modes, as described in Chapter II, and it can be adjusted by changing the comb finger 

gap or size of wings. Closing the back of sensor, however, can also affect the damping of 

the sensor, and that could affect the coupling between the modes as well. The closed-back 

sensor can provide direction between -90 to 90 degrees as opposed to the limited “field of 

view” when canted sensors are used [13].  

The measurement configuration used in the experiment is shown schematically in 

Figure 17. Only one wing is connected to the readout integrated circuit (IC). In the 

measurement, the current electronics only allow the measurement of the response from one 

wing at a time. This is sufficient to demonstrate the concept since 0 to 90 degree data for 

the wing connected to the electronics gives the amplitude A1 corresponding to Equation 

(15) while the data for 0 to -90 degrees from the same wing gives the amplitude A2 given 

in Equation (16) since the two wings are identical.  
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This configuration uses a single closed-back sensor with only wing 1 
connected to the IC. From the data, the ratio is calculated to resemble a sine 
curve.  

Figure 17. A sensor used for measuring frequency and directional responses.  

To determine the direction of sound source experimentally using a closed-back 

sensor, first we measure the frequency response, again using the methods described in 

Chapter II, section B of [17], with a few equipment changes as explained in the Appendix 

of this thesis. From the frequency response it is possible to find the rocking and bending 

mode resonance frequencies. Next, the directional response is measured by rotating the 

sensor, keeping the frequency setting of the source at the rocking resonant frequency. Then 

the ratio of sum over difference of amplitudes can be evaluated to find the direction of the 

source unambiguously between -90 to 90 degrees using Equation (21). 

The measured frequency response of the closed-back sensor with sound source at 

45 degrees is shown in Figure 17. The rocking mode at 1.375 kHz is clearly visible in 

Figure 18 and found to be nearly the same location as the open-back data in Figure 14. By 

contrast, the bending mode is found to be broad and not clearly visible, which is most likely 

due to the increase in damping generated by the air cavity underneath the sensor wings 

when the two wings move in-phase (bending mode). 
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For a closed- back sensor, a sharp resonance peak appears at the rocking 
frequency (1.375KHz) and a broader peek at bending frequency 
(1.977KHz).  

Figure 18. Frequency response at 45 degree with rocking frequency 
of 1.375 kHz. 

Next, the directional response of the sensor was measured at the rocking frequency 

of 1.375 kHz, for which the data is shown in Figure 19. The sensor was rotated from -90 

to 90 degrees to capture the full 180-degree range. In the measurement, only one wing was 

connected to the electronic readout chip. The data in Figure 19 shows that there is a larger 

amplitude of oscillation from 0 to 90 degrees compared with 0 to -90 degrees due to 

coupling of bending mode with rocking mode, as described by Equations (15) and (16). 

From 0 to 90 degrees, the two modes move the wing connected to the electronic readout in 

the same direction while from 0 to -90 degrees the two modes move the same wing in 

opposite directions, as illustrated in Figure 19. 
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Direction response was measured from -96 to 96 degrees at the rocking 
frequency (1375KHz) to ensure all the data to be recoded between -90 and 
90 degrees.  

Figure 19. Measured directional dependence at rocking frequency.  

According to the earlier description, the data from 0 to 90 degrees comes from the 

wing connected to the IC can be taken as amplitude A1. The 0 to -90-degree data from the 

same wing is equivalent to the amplitude generated by the other wing during the 0 to 90 

rotation, which we are unable to measure at this point due to the limitations of the 

electronics employed. Thus, the 0 to -90 data can be treated as amplitude A2. Figure 20 

shows the angular dependence of the two amplitudes of the two wings if they were to be 

measured at the same time when the rotation is done from 0 to 90 degrees. 
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Only single wing was connected to the IC and sensor was rotated to from -
90 to 90 degrees. Wing 1 (A1) represents the data from 0 to 90 degrees, and 
Wing 2 (A2) represents the data from 0 to -90 degrees 

Figure 20. Angular dependence of amplitudes oscillation of the two wings of 
the sensor. 

Using the data in Figure 20, the ratio (A1+A2)/(A1-A2) is calculated and plotted 

from 0 to 90 degrees while the ratio (A1+A2)/(A2-A1) is calculated and plotted from -90 

to 0 degrees, as shown in Figure 21. 

The plot of the ratio vs. angle is shown in Figure 21 and resembles a sine curve as 

predicted by the analysis and given by Equation (22). Since the sine has positive values 

between 0 to 90 and negative values for 0 to -90 degrees, the direction of arrival can be 

unambiguously determined using a single sensor by measuring the amplitudes oscillation 

simultaneously. 



32 

 
The Sum over difference ratio represents sine curve that uniquely determine 
direction from -90 to 90 degrees. The ratio (A1+A2)/(A1-A2) provides 
sound direction from 0 to 90 degrees (red), and the ration (A1-A2)/(A2-A1) 
provide direction from -90 to 0 degrees.   

Figure 21.  Plot of the sum over difference ratio.  

In conclusion, angular ambiguity that arises from an open-back sensor can be 

resolved using a closed-back sensor. Closing the back of the sensor was found to affect the 

amplitude bending mode while hardly altering the rocking resonance amplitude. 

Nonetheless, the coupling of bending and rocking modes provided unequal amplitudes of 

oscillation of the two wings, which allowed the determination of the angle of arrival. The 

ideal configuration to find direction using the closed-back sensor is to read both wings 

using a single IC simultaneously, but it requires further research to overcome some 

limitations of the electronic circuitry used in this study. 
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IV. CONCLUSION 

A. SUMMARY  

The aim of this research was to investigate whether it is possible to design a MEMS-

based sensor that can mimic the Ormia ochracea fly’s hearing system to find the direction 

of a sound source. Previous research into open-back sensors found that they exhibit strong 

bending mode and weak rocking mode oscillation amplitudes under sound excitation. As a 

result, their response has a cosine dependence, which leads to left–right angular ambiguity. 

To address this issue, a 2016 NPS study used two sensors at a canted angle for determining 

the direction of sound unambiguously. By contrast, the Ormia ochracea fly has only one 

sensor, which uses coupling between bending and rocking resonance modes to find the 

direction of sound. Likewise, this study has found that the different oscillation amplitudes 

of the two wings of a MEMS sensor can be used to determine direction using only a single 

closed-back sensor—just like the fly’s sound-detection system. 

To achieve this objective, first we studied the source of damping in the sensor to 

control the coupling between rocking and bending modes. Three MEMS sensors with 

identical dimensions except for the comb finger gap were employed to determine the 

effects of comb finger gap on sensor response. The sensors were fabricated with 2.5 µm, 5 

µm, and 10 µm gaps between the moving and fixed combs to assess how the gap width 

affects sensor response. Measurements carried out using a laser vibrometer and electronic 

readout using comb-finger capacitors found that the resonance frequency is lower for 

sensors with smaller comb finger gaps. In addition, the peak widths and amplitudes were 

affected by the gap between the comb fingers, indicating viscous damping when the comb 

fingers interact with air, with a smaller comb finger gap creating wider peak width. Finite-

element modeling carried out using COMSOL found that damping is generated by both the 

drag across the wings’ surface and the movement of air between the comb fingers, which 

agrees with the experimental results.  

An optimized sensor was designed and fabricated based on the measurement carried 

out to determine the effects of damping on the sensor response. Next, the back of the sensor 



34 

was closed to achieve coupling between rocking and bending modes to determine sound 

direction. Due to limitations in the circuitry, the experimental setup had only one wing 

connected to the electronic readout IC. Using the data collected as the sensor was rotated 

from -90 to 90 degrees, it was found that the sum over difference of the oscillation 

amplitudes has a sine dependence to the direction of sound. Since the sine curve has 

positive values between 0 and 90 degrees and negative values between 0 and -90 degrees, 

the direction of the arrival of sound can be unambiguously determined using a single 

sensor.  

B. RECOMMENDATIONS FOR FUTURE WORK 

This study has concluded that the coupling between rocking and bending modes 

plays a critical role when using a closed-back sensor to find the direction of a sound source. 

In Chapter II, we concluded that the coupling between the modes can be controlled by 

changing the comb finger gap and wing size; the rest of the dimensions of the sensors 

assessed in Chapter II—wing size, bridge length, and leg length—remained constant. 

Coupling between rocking and bending modes, however, can be further optimized by 

changing the size of the sensor bridge and closed-back cavity. A finite element modeling 

and experimental study of variation in these dimensions could be conducted to further the 

study of damping effects.  

In Chapter III, it was successfully demonstrated that sound direction can be detected 

unambiguously from -90 to 90 degrees using a single closed-back sensor by reading only 

one wing. Ideally, though, we want to find direction using a closed-back sensor by reading 

both wings simultaneously using a single electronic readout IC, which will simplify the 

experiment and improve accuracy. This configuration, however, requires further 

investigation to overcome some electronics circuitry challenges of this study and presents 

another opportunity for future research. 
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APPENDIX: EXPERIMENTAL SETUP 

This appendix provides an update to the experimental setup used in [17]. Electronic 

equipment used to measure the frequency and directional response of the MEMS sensor is 

shown in Figure 22. 

 

Figure 22. Equipment setup to measure frequency and directional response.  

 
The major components used in this setup are the lock-in amplifier (MFLI Lock-in 

amplifier 500KHz/5MHz), the power amplifier (Techron 5507 power supply amplifier), 

the turntable controller (B&K type 5997), turntable (B&K Type 5997), sound detection 
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sensors (Gen 2-2-10µm, Gen 3-2.5 µm, Gen 3-5 µm, and Gen 4-4), microphone (PCB 

426E01 ICP 052363), and speaker (2450H/J compression driver). The locking amplifier, 

the power amplifier, and the turntable controller are located outside the anechoic chamber 

while the turntable, the sound detection sensor, the microphone, and speaker are located 

inside the anechoic chamber. 
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