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Abstract: A biomimetic study on the auditory localization mechanism of Ormia ochracea was per-
formed to improve the localization ability of small acoustic systems. We also present a microscale
implementation of an acoustic localization device inspired by the auditory organ of the parasitic
O. ochracea. The device consists of a pair of circular membranes coupled together with an elastic beam.
The coupling serves to amplify the difference in magnitude and phase between the two membranes’
responses as the incident angle of the sound changes, allowing directional information to be deduced
from the coupled device response. The research results show that the intermembrane bridge structure
improves the sound source localization and directional weak acoustic signal acquisition of sound
detectors. The recognition rate of the phase difference and amplitude ratio was greatly improved.
The theoretical resolution of the incident angle of the sound source can reach 2° at a phase difference
recognition rate of 5°. The sound source’s optimal identification frequency range for the coupling
device based on the intermembrane bridge bionic structure is 300 Hz to 1500 Hz.

Keywords: Ormia ochracea; intermembrane bridge structure; directional recognition of sound source;
amplification of phase and amplitude; mathematical analysis and structural simulation; microscale im-

plementation

1. Introduction

For an animal to localize auditory stimuli, it is typically necessary that both ears be
excited by the pressure field [1]. The most important cues available for localization are
minute differences in the intensity and time of arrival of the sound between the ear nearest
and the ear farthest from the sound source. An animal’s ability to localize sound depends
on its ability to detect these minute differences. Many animals have developed mechanisms
for effectively increasing these differences before the sound stimulus reaches auditory
receptor cells. Ormia ochracea (O. ochracea) is a parasitoid fly [2,3]. Gravid female flies
locate their hosts, male crickets, by homing in on their loud, persistent songs. O. ochracea
must deal with minimal interaural difference cues to guide directional hearing because of
its small body size [4]. The host cricket’s calling song is an amplitude-modulated 5 kHz
tone. However, the fly measures less than 1 cm in any aspect, and the distance between its
eardrums is approximately 0.5 mm. This means that 5 kHz sound waves are not diffracted
by the fly’s body and generate no interaural intensity difference [4]. The interaural time
difference is frequency independent and depends only on the speed of sound and the
distance between the two ears. The maximal interaural time difference in O. ochracea at
90° azimuth is 1.5 us and decreases to zero for a sound source on the midline axis (0°
azimuth). This minuscule interaural time difference is the only physical cue available for
the computation of source direction. However, O. ochracea can reliably localize cricket
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songs both in nature and in the laboratory [2,3]. The principal evolutionary innovation
responsible for O. ochracea’s ability to overcome its unfavorable acoustic physics is a pair
of anatomically and functionally coupled eardrums [4,5]. The mechanical resonance of
the O. ochracea peripheral auditory apparatus in a directional sound field transforms the
minuscule time delay in the free field into two cues that its nervous system can use.

In 1995, Miles R.N. [5] presented the biomechanics of an O. ochracea ear and pro-
moted an engineering perspective of the O. ochracea ear system in developing a miniature
directional microphone. This discovery attracted many researchers to designing micro-
phones mimicking the ear anatomy of O. ochracea. Different diaphragm designs, including
rectangular [6-8], circular [9-11] (Figure 1b), square [12] (Figure 1d), perforated [11-13],
and gimbal [14] designs, have been fabricated and tested. Readout schemes, including
capacitance [11], diffraction grating [15,16] (Figure 1a), comb finger [7,17] (Figure 1e), op-
tical fiber [18] (Figure 1c), and most recently piezoelectric [19,20], have been deployed to
monitor diaphragm displacement. Scholars have carried out various designs and research
work on miniature bionic acoustic localization structures based on this research work. For
example, N. A. Hall [21] proposed a biologically inspired piezoelectric microphone, and
D. Wilmott [17] designed a bioinspired miniature direction-finding acoustic sensor. H.
Chen [22] and X. Cui [23] proposed sound source localization methods to increase the
recognition rate of acoustic sensors. R. H. Downey [24] proposed a structural optimization
method to increase the sensitivity of microacoustic sensors. Scholars [25-27] have reported
the mechanism of piezoelectric microdirectional microphones. D. Calero [28] researched
some hearing devices with implantable sensors, including different transduction mecha-
nisms (e.g., capacitive, piezoelectric, electromagnetic). Y. Zhang [29] reported the micro-
fabrication processes for insect-inspired acoustic microsensors. N. Kishor Bhaskarrao [30]
carried out the analysis of a linearizing direct digitizer with phase-error compensation.
This device allows all of the normal membrane modes to operate, including the critical
fundamental rocking and bending modes. The acoustic target recognition method [31,32]
has also been proposed to improve the recognition rate.

Alignment holes
Bridge Membrane
Diaphragm region e

Central region Epoxy Pivot ry

Fiber i

Light
F’e’—Coqu ler ight source
x> o 2> —9-——E__ gH

¥
1 /

Tunable filer Photodetector

Gold mirror Inner beam

Slits

Ring

Outer beam

(c) Optical fiber structure

Connecting beam

Diaphragm

Wing Leg
Air cavity

Comb %

fingers

(d) Air chamber structure (e) Comb finger capacitive structure

Figure 1. Typical bionic structure design based on the O. ochracea ear system. (a) Diffractive grating structure [15,16].
(b) Circular support structure [9,10]. (c) Optical fiber structure [18]. (d) Air chamber structure [12]. (e) Comb finger

structure [7,17].
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Any pressure-sensitive microphone with an output that depends on the direction of
a propagating sound wave must detect the difference in acoustic pressure at a minimum
of two points in space. In contrast, directional microphones have been used in audio
applications for many decades. They can be very challenging to design for applications that
have substantial size constraints. Previous scholars have done preliminary research on the
bionic coupling mechanism of the intermembrane bridge structure. A preliminary coupled
mathematical model of this bionic structure was also established. However, few reports on
the principle of bionic coupling amplification and the microscale implementation of acoustic
sensors based on the bio-inspired intermembrane bridge structure. In addition, if the space
of the sound source is so close, even it is less than 1/2 wavelength, the phenomenon of
acoustic diffraction produces. To solve the problem, we designed a miniature differential
microsensor that can accurately detect pressure differences base on the intermembrane
bridge bionic structure of O. ochracea. The setting of the coupling structure in this paper
increases the equivalent spacing of the sensitive unit. The phase difference and amplitude
ratio are magnified, improving the recognition rate of the sound source direction. This
sensor is suitable for distinguishing the direction of sound sources with low and medium-
frequency.

The paper is organized as follows: In Section 2, a mathematical analysis of the in-
termembrane bridge bionic structure is given. In Section 3, the simulation analysis of
the intermembrane bridge bionic structure is executed. Microscale implementation of the
intermembrane bridge bionic structure and experimental results are reported and discussed
in Section 4. Finally, a set of conclusions are presented in Section 5.

2. Mathematical Analysis of the Intermembrane Bridge Bionic Structure
2.1. Establishment of the Mechanical Dynamics Model

In the literature [5], a 2-DOF (degrees of freedom) mechanics model has been devel-
oped for the O. ochracea ear structure, which can help explain the exceptional directional
hearing ability of O. ochracea. A schematic diagram of the equivalent 2-DOF model and the
O. ochracea ear parameters is shown in Figure 2. The 2-DOF intermembrane bridge structure
is modeled as an elastic and damping structure with boundary conditions. Among them,
PTMs and pivots are modeled as spring structures with elastic and damping characteristics.
The presternum is modeled as the rigid beam structure. The time-domain characteristics or
magnitude characteristics can be changed based on this coupling structure.

Parameters listed in Figure 2 mean: k; and k: translation spring; ¢ and ¢,: translation
dashpot; k3: torsional spring; c3: torsional dashpot; p: sound wave pressure at the pivot
point; 0: The angle of the incident direction of the sound wave and the body axis of
O. ochracea; p1 and p: The left and right sound pressure signals; x; and x,: The left and
right sound pressure signals; d: The distance between two tympanic membranes.

The equations of motion can be readily obtained as follows [5]:

M{ 1 }+C{ %1 }+K{ 1 }—{ P1 } )
X2 X2 X2 p2

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix. and denote
the first- and second-order differentiation concerning time 7. The remaining parameters

are consistent with the above.
According to Equation (1), it can be obtained:

ctc c3 X1 ki1+ks ks X1 p1 p.s.ewTTi
. - - wT 2
} * { 3 ot } [ X2 } * { ks ko+ks X2 p2 pse 21 @

where m is the mass of the bar; s is the area of the unilateral tympanic membrane; w is
the vibration frequency of the sound source; 7 is the difference in the sound path between
the tympanic membranes on both sides, and T = d'sin 08/v; d is the distance between two



Sensors 2021, 21, 3168

4 0f 21

tympanic membranes; v is the propagation speed of the sound wave. The remaining
parameters are consistent with the above.

Co : prothoracic coxa

CSc : cervical sclerite

N : neck

Pb : probasisternum
Pivot : pivot

Pr : presternum
PTM : proster tympanal membrane
Tp : tympanal pit

() | ©

Figure 2. External anatomy and equivalent 2-DOF model and parameters of O. ochracea’s ears. (a)
External anatomy of the ears of O. ochracea [5]. (b) The relationship between the incident angle of
the sound source and the body axis of O. ochracea. (c¢) Mechanical model of the ears of O. ochracea by
Miles R.N. [5].

Therefore, the O. ochracea coupling connection structure can be regarded as a two-
input and two-output system. The coupling parameters of the bionic structure determine
the nonlinearity characteristics. Miles R.N. [5] has done preliminary research on the bionic
coupling mechanism of the intermembrane bridge structure. However, the principle
of bionic coupling amplification and the microscale implementation of acoustic sensors
based on bio-inspired intermembrane bridge structure has not been studied. The modal
analysis of the mathematical model is not carried out. To interpret how the two tympanic
membranes interact, we need to solve Equation (2). This is explained in Section 2.2.

2.2. Modal Analysis of the Mechanical Dynamics Model

The mechanical model of the O. ochracea auditory system qualitatively describes the
amplification mechanism of the small difference between the acoustic excitation of the
intermembrane bridge structure. In this section, the modal decomposition method is
used to research the mechanical model of the intermembrane bridge structure and its
dynamic characteristics to determine the location method of the intermembrane bridge
sensing structure.

Let my= my=m, kj= kp=k, c1= cp= c. For free vibrations, the natural frequencies
and mode shapes of the system can be found as:

For free vibrations, the natural frequencies and mode shapes of the system can be
found as [33]:

w1 = Vk/m,wy =/ (k+2ks)/m (3)

In the first mode, the two diaphragms are in a rocking state. They are changed to
bending mode in the second state. Therefore, the O. ochracea auditory system can be
regarded as a two-input and two-output system. Two-outputs are sound pressure signals
acting on the two tympanic membranes. Parameters k3 and c3 make the two tympanic
membranes no longer independent. They are coupled with each other. It is necessary
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to solve the second-order differential Equation (2) to determine how the two tympanic
membranes interact.
The corresponding displacements at the tympanic membrane expressed as follows:

iwtT iwt

s(ks+iwces) x (eWTT —e*T) +s (k + iwe — mwz)eT

4)

Hypp =
wr (k+ iwe + k3+iw03—mw2)2 — (ks+iwes)?

iwT

s(ks+iwcs) x (einT —e*inT) +s (k + iwe — mwz)e*T

©)

Hyop =
= (k+ iwc+k3+iaJC3—mw2)2 — (kz+iwes)?
where H,1, and Hyp represent the displacement responses on the first side and the second
side, respectively.

Let Hy1 x 2= Hy1p/Haxzp, Equation (6) is obtained from Equations (4) and (5):

S(k3+i(4)63) X (e% —g_inT) +S(k + iwe — mwz)ginT
iwt iwt iwt (6)
s(ks+iwesz) x (eT —e*T> +s (k +iwe — mw2)e*7

Hy o=

The physical coordinates are transformed into modal coordinates, and the two coupled
differential equations are transformed into two independent differential equations for
solving. The modal pattern of the O. ochracea auditory system is:

1 1 1
* =Tl 1 1] ?

The modal array has orthogonality for the mass matrix, stiffness matrix, and damping
matrix. So:
I=o'™M®
diag(w?)= ®TKD (8)
diag(2&,w;)= ®TCP

where @ represents the modal array. I is the unit matrix. w; and ¢; are the undamped free
oscillation frequency and damping ratio of the i mode, respectively. The free oscillation
frequency and damping ratio of the first-order and second-order modes are obtained
according to Equations (7) and (8):

w1 = Vk/m
wy = +/(k+2ks)/m
G1=c/ (2w m)
Go=(c+2c3)/(2w,m)

)

According to Equation (9), the oscillation frequency and damping ratio are determined
by the system’s mechanical parameters. The coordinate transformation was executed for
physical coordinates using a modal array:

x=on (10)
where 77 = [174, 172]T is the vector of modal coordinate. P sin(wt) is the sonic excitation act-
ing at the pivot center of O. ochracea. The pressure signal acting at the tympanic membranes
can be defined as fi () = Psin(wt + wt/2) and f,(t) = Psin(wt — wt/2). Therefore, the
modal equation of the sound pressure signal can be expressed as:

11428 w111+ wi = Py/2/mcos(wt)sin(2wt/2) (1)
12+28,watjp+w3ip= P\/2/mcos(wt)sin(2wt/2)
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Modal parameters were obtained by the undetermined coefficient method:

m(t) = Ajcos(wt+ @)
12(t) = A,cos(wt + @,)

A = P+\/2/msin(wt/2)
\/(w]szz)wL(Zw 181 w)?

Ay = P+/2/mcos(wt/2)
\/(w%—w2)+(2w2§2 w)2

(12)

2

¢1= —arctan a‘)‘%’%{;‘;’
2

@2= —arctan (;‘%'%glw‘;’

where A; and A; are the amplitudes of the first-order and second-order modes, respectively.
@1 and ¢, are the phases of the first-order and second-order modes, respectively. The
system parameters decide the amplitudes and phases of modal responses. Additionally,
the frequency of the incident wave also affects the phase of the response. System response
in physical coordinates is obtained:

{ x1(t) = (A,sin(wt + @,)+Ajcos(wt + @) /v2m

x2(t) = (A,sin(wt + ¢,)—Aqcos(wt + ¢1))/V2m (13)

where x;(t) and x,(t) are the displacements of two tympanic membranes of O. ochracea
under the action of acoustic excitation. The tympanic membrane response is the synthesis
of first-order and second-order modal responses. Taking the phase of the first-order modal
response as a reference, the schematic diagram of the two-order modal response synthesis
is shown in Figure 3. In Figure 3, points O, A-C, and D are set in specific locations, and OB
is perpendicular to AD.

Figure 3. The vector synthesis of the two-order modal response (OB is perpendicular to AD, A® =

« + ).

where A® is the phase difference between two tympanic membranes. ¢, is the phase
difference between the two-order modes. Let ZAOB = 8, ZBOD = a. It can be obtained
that A® = a + B. Ry and R; represent the amplitudes of x; (f) and x(t), respectively. Am-
plitude and phase differences of the two tympanic membrane responses can be calculated
in Figure 3 and are shown as follows:

2
Ry = \/(A sm(pu) +(A, +A2c05(p12)

2
Ry, = \/ (Azsinq)u)2+(A1—A2cosg012)

_ Aj+Ajcose (14)
tan(a) = 7Azcos%zu
A1—Ajcosg
tan(p) = ]Azs12n(p 2

an an 2A1A;sin
tan(A(P) 1t tasn)( )ttarfég)) ;228142(,)12
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As seen from Equation (14), the amplitude difference and phase difference of the
two tympanic membranes change with the change in the incident angle. Sound source
localization can be implemented according to this theory. The setting of the coupling pa-
rameters can effectively realize the amplification of the phase difference and the amplitude
difference, thereby improving the recognition rate of the sound source direction.

3. Simulation Analysis of the Intermembrane Bridge Bionic Structure
3.1. Mathematical Simulation Analysis

Simulation analysis was implemented based on the mechanical dynamics model of the
bionic membrane bridge structure by MATLAB. The effects of those mechanical parameters
on the vibration characteristics of the tympanic membrane on both sides were investigated
according to reference [5]. The coupling parameters are set as follows: k = 0.576 N/m,
k3= 5.18 N/m, m = 2.88x10 kg, ¢ = 1.15x10 > N-s/m, c3 = 2.88x107> N-s/m. The
incident frequency is set to 4 kHz. The incident angle is set at 45°.

The time-domain responses of the two tympanic membranes are shown in Figure 4.
Figure 4 shows that the vibration amplitude of the tympanic membrane on the same side
of the sound source is more significant than that on the opposite side. The response of the
two tympanic membranes has a significant amplitude and time difference under the action
of acoustic excitation. Moreover, once the vibration starts, the difference immediately
appears. The difference is constant when the incident angle and frequency of the sound
wave are constant.

On the opposite side of the sound source

-0.05

Displacement/(mm)
o
3

-0.10 On the same side of the sound source

5 13 AU ¥ NN ¥ ISUNNUNES ¥ IUNUUN ¥ SURURRN ¥ AN ¥ ORI ¥

0 250 500 750 1000 1250 1500 1750 2000
Time/(us)

Figure 4. The time-domain response of two tympanic membranes.

The amplitude difference of the vibration displacement response on both sides of two
tympanic membranes was simulated in this paper when the incident frequency was set at
500 Hz, 1 kHz, 2 kHz, 5 kHz, 10 kHz, and 20 kHz. The simulation results are presented in
Figure 5. The relationship curves between the amplitude difference and the incident angle
(Figure 5a) show that the coupling structure amplifies the amplitude and time difference
of the two tympanic membrane responses. The amplitude ratio (“R” _“1”/“R” _"2”)
increases and then decreases with the increasing incident angle of the sound source. A
sound source incident angle maximizes the amplitude amplification ratio for a sound
source signal of a specific frequency. It has a relatively good amplitude amplification effect
when the sound source frequency is 1000 Hz, and the incident angle of the sound source is
approximately 43°. In addition, the above two parameters have a one-to-one relationship
with the incident angle. Therefore, O. ochracea can locate the sound source precisely. The
relationship curves between the phase difference and the incident angle (Figure 5b) show
that the phase difference increases with the angle of incidence. It tends to produce a higher
phase magnification for higher source frequencies.
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The amplitude and phase difference curves at incident angles of 0°, 15°, 30°, 45°, 60°,
and 75° are shown in Figure 6a,b. For the sound source signal frequency of 0-2 kHz, the
amplitude ratio rises first and then slowly decreases with increasing incident frequency.
The amplitude ratio at the sound source incident angle of 45° is the best among the incident
mentioned above angles of sound sources and reaches a maximum of approximately
1000 Hz. The sensitive frequency bands were inconsistent for the amplitude difference
and phase difference. Figure 6b shows that the response phase difference appears to
increase rapidly with increasing frequency when a sound source of lower frequency is used.
The response phase difference tends to increase slowly when the sound source exceeds
approximately 1000 Hz, and there is a local maximum phase difference near the sound
source at approximately 1000 Hz. As the sound source’s incident angle increases, the
local maximum point slowly moves toward the high-frequency direction, and the phase
response amplification effect is better.



Sensors 2021, 21, 3168

9 of 21

Amplitude ratio

Phase difference/(°)

~ 7

16

(60°)

(75°)

12

30%)

(15°) &

==

200

150

=
o
S

o
=]

W\

\
i ——
4000 8000 12,000 16,000 20,000
Frequency/(Hz)
(a)
75) _—
—

(60°)

/
(337

(15°)

|

VA

@)
1

0 4000

8000 12,000
Frequency/(Hz)

(b)

16,000

20,000

Figure 6. The relationship between key parameters and the frequency. (a) The amplitude ratio and
the frequency. (b) The phase difference and the frequency.

The relationship of the phase difference, incident angle, and frequency is illustrated
in Figure 7. It can be found that better phase difference sensitivity is presented for higher
sound frequencies (in the sound frequency range of 20 Hz~20 kHz). In particular, the
phase difference can reach more than 150° when the frequency is greater than 1 kHz at
an incident angle of more than 45°. The relationship of the amplitude difference, incident
angle, and frequency is shown in Figure 8. There is a specific sensitive frequency range for
a type of coupling parameter of the membrane bridge. A significant amplitude difference
was presented for a membrane bridge in the sensitive frequency range and the incident
angle of the sound source.



Sensors 2021, 21, 3168 10 of 21

-206.0
-154.5
-103.0
-51.50
0.000
51.50

10,000

1000
103.0

154.5

fI(Hz)

206.0

Phase difference
100

-80 -60 -40 -20 0 20 40 60 80
Incident angle/(°)

Figure 7. The relationship diagram of phase difference, incident angle, and frequency.
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Figure 8. The relationship diagram of amplitude difference, incident angle, and frequency.

3.2. Structural Simulation Analysis

Structural analysis was performed on the established bioinspired intermembrane
bridge structure by ANSYS. The incident angle of the sound source is 45°, and the sound
pressure is 0.2 Pa (80 dB). The distance between the centers of the two membranes is 10 mm.
The structure diagram of the established intermembrane bridge structure is shown in
Figure 9. Other structural parameters of the established bioinspired intermembrane bridge
structure are listed in Table 1.

Bio-bridge Pivot 2 Bio-bridge
Pivot 1 Pivot 1

Membrane Membrane

Figure 9. The structure diagram of the established intermembrane bridge structure.
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Table 1. Structural parameters of the established inter-membrane bridge structure.

Membrane Bio-Bridge Pivot 1 Pivot 2
Equivalent Elastic
modulus/(MPa) 4000 97,000 2590 2880
Poisson ratio 0.3 0.32 0.3 0.3
Density/(kg/mm?3) 1.38 x 1077 8.65 x 1077 1.55 x 10~° 1.55 x 1077
Size/(mm) d7 x 0.005 11x2x005 02x02x02 2x02x0.2
Stiffness

-8 -8
damping/(N-s/mm) 1.15 x 10 2.88 x 10

Assuming an equivalent modulus of 4000 MPa (which is an equivalent modulus of
the polyester membrane), an uncoupled single membrane structure was analyzed, and the
in-phase mode and the out-of-phase mode of the non-coupling structure were observed at
5024 Hz and 10,457 Hz (Figure 10a,b). These two modes show good agreement with finite
element model predictions in shape and frequency. For coupled structures, the in-phase
mode (dominant bending state) with both membranes operating in phase is approximately
5463 Hz (Figure 10c). It is slightly higher than the uncoupled single membrane, making
sense since the beam’s bending adds additional stiffness to the device. The out-of-phase
mode is a rocking state, with the two membranes operating in their fundamental mode but
180° out of phase (Figure 10d).

No coupling
First mode

FREQ=5024 No coupling FREQ=10,457
DMX=627.77 | Second mode DMX=-625.25
SMX=627.77 SMX=625.55

— (Lim) m—(tm)
137.32 274.65 411.97 549.30 -625.25 -351.64 -78.02 195.59 469.20
68.66 9 343.31 480.64 627.77 -488.44 -214.83 58.78 332.39 625.55
(@ (b)
Coupling FREQ=5463 | Coupling FREQ=12,501
The in-phase mode DMX=196.18 | The out-of-phase mode DMX=-195.39
SMX=196.18 SMX=195.48

— M () | — e — (T

4291
21.46

85.83 128.74 171.66 -195.39  -109.89 8 61.12 146.63
64.37 107.28 150.20 196.18 -70.54 -6 18.37 103.87 195.48

(© (d)

Figure 10. The modal characteristics of the bio-inspired structure. (a) The first mode of the non-coupling structure. (b) The

second mode of the non-coupling structure. (c) The in-phase mode of the coupling structure. (d) The out-of-phase mode of

the coupling structure.

Therefore, simulation results show that the time difference and amplitude difference
at different incident directions and different incident frequencies have apparent changes.
O. ochracea utilizes the membrane bridge’s mechanical coupling structure to amplify the
time difference and amplitude difference of the weak signals collected by the tympanic
membranes on both sides. O. ochracea amplifies a weak sound signal relying on this
nonlinear intermembrane bridge coupling structure to localize the host sound source.
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4. Microscale Implementation of the Intermembrane Bridge Bionic Structure
4.1. Design and Fabrication

The sound source positioning experiment was carried out based on the self-built
laser detection system of the intermembrane bridge bionic structure in this paper. It was
developed in an anechoic room to reduce the interference of environmental noise. The
experimental schematic is illustrated in Figure 11. First, multiple sound source signals of
some fixed frequency were generated by MATLAB. Then, they were played by an audio
player and magnified by a loudspeaker. The acoustic-sensitive module was used to sense
the sound signal and convert it into a vibration signal of the membrane. The vibration
signals were amplified under the intermembrane bridge coupling structure, collected and
analyzed by the laser signal extraction system.

Single frequency

o~ Electronic N Acoustic | Bionic membrane bridge
o speaker sensitive module " | coupling structure

Phase difference
amplification

Signal extraction
and analysis

Lasers

Amplification ratio
amplification

A

Figure 11. The experimental schematic in this paper.

The laser detection system for sound source localization includes four modules
(Figure 12): the intermembrane bridge bionic acoustic-sensitive module, the detection
and adjustment module of the laser signal, the sound source module, and the adjustment
module of the sound source incident angle. The sound source incident angle is regulated by
rotating the dial. When the sound source is incident at the angle of 6, two acoustic-sensitive
membranes are excited. The vibration signals of the acoustic-sensitive membrane were
calculated by laser detection. The incident angle « of the lasers was adjusted by the laser
position adjustment plate. Therefore, x = x’cosa, where x is the vibration amplitude of the
acoustic-sensitive membrane and x’ is the vibration amplitude in the direction of the laser
light path.

Bionic membrane Sound source .
Detectionand  bridge coupling \

dul
adjustment module module modute \, \
of laser signal g :

' Adjustment module ‘k
// of sound source
/ incident angle

J_‘ o ——

Figure 12. The laser detection system for sound source localization.

The acoustic-sensitive module based on the intermembrane bridge bionic structure is
shown in Figure 13. It includes acoustic-sensitive membranes, front bases, rear bases, and
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intermembrane bridge spring assemblies. The material of the membrane is a chrome-plated
polyester (PET)-sensitive film, and its thickness is 0.005 mm. The distance between the
centers of the two membranes is 10 mm, and the diameter of the membrane is 7 mm. The
spring piece made of copper—zinc alloy is bonded to the acoustic-sensitive membrane and
is fixed to the helical spring.

Spring PET sensitive film (0.005mm)

Back base PET sensitive film

Spring leaf

Front base

Front base

Spring leaf
pring fea Sérew Back base

PET sensitive film

@ (b) (©

Figure 13. The acoustic-sensitive module based on the inter-membrane bridge bionic structure. (a)
Plane structure. (b) 3D structure. (c) Physical photo.

The test experiment was carried out in an anechoic room (which can effectively reduce
the interference of echo and external noise). The sound source equipment was selected
and tested first (as shown in Figure 14a). When the output loudness of the sound source
equipment is 90 dB, the relationship of the decibel and distance is De = Di + 10 1g(15/(15
+ Di)). The error standard deviation of the loudspeaker sound pressure level is 0.053 dB,
meeting the experimental requirements. The signal is detected by the laser and collected
by the signal acquisition card. The HL-G103 standard laser sensors were selected for
this experiment. The key parameters of the laser sensor are list in Figure 14b. Their
displacement resolution was set at 0.5 um, and sampling frequency was set at 5 kHz.
Moreover, the displacement sensitive range of the laser sensors was set as [—25,25] um,
and the output scale factor was set at 0.625 mV/um. The incident angle of the laser light
path relative to the vertical bisecting plane of the two vibrating membranes was £30°.
The irradiation point of the laser sensor was at the center of the vibrating membrane. The
center distance between the laser and the vibrating membrane was approximately 30 mm.
The vibration signals converted by the laser sensors were collected by a data acquisition
card. Then, they were displayed by an oscilloscope (OSC). The signal acquisition scheme
and experimental photos are shown in Figure 15a,b, respectively. Simultaneously, lasers
were connected to the NI-USB 6251 data acquisition (DAQ) board and displayed through
the LABVIEW host computer in real time. The sampling rate of the DAQ board was set as
10 kHz.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,

S EEEEEEEEL : i i equipment

Key Parameters
Range: [-25,25]mm
Resolution: 0.5um

Diameter of the beam:
0.1mm

Output scale factor:
0.625mV/um
Wavelength of the
The HL-G103 Laser laser: 655nm
Sampling frequency:
500, 1000, 2000, 5000Hz

Sound source

0

200 400 600 800 1000

1 De: Decibel-(dB)
. Di: Distance from sound source-(mm)
Distance from sound source/(mm)

(a) (b)

Figure 14. Characteristics of key equipment. (a) Characteristics of the sound source equipment. (b) Characteristics of

the laser.
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Anechoic room Power Laser
(b)

Figure 15. The signal acquisition process of the test experimental. (a) The signal acquisition scheme

of the test experiment. (b) The experimental photos.

4.2. Experiment Analysis of Acoustic Signal Characteristics
4.2.1. Analysis of the Sound Source Incident Angle Characteristic

To explore the amplification effect of the intermembrane bridge bionic device, the
angle and frequency of the sound source for the bionic coupling structure and uncoupling
structure are studied separately in this test experiment. First, the non-coupling structure
and the intermembrane bridge bionic structure were tested under different sound source
incident angles to explore the acoustic sensitivity characteristics. The acoustic sensitivity
characteristics of the incident angle of [0°, 90°] and the step size of 5° were tested for the
bionic coupling structure. The other conditions of the experiment are set as follows:

The frequency of the sound source was 500 Hz;
The distance between the front surface of the speaker and the midpoint of the two
diaphragms was 100 mm;

e  The sound pressure level of the sound source on the front surface of the speaker was
90 dB.

The time-domain characteristics of the output signals at sound source incident angle
of 30°, 45°, 60°, and 75° are shown in Figure 16. Because the measured displacement
is particularly small and affected by the external environmental and sensor resolution,
the output signal has some distortion in Figure 16. The time-domain characteristics for
the non-coupling structure (Figure 16a) and the coupling structure (Figure 16b) in this
experiment showed that the phase of the right signal (far sensors) was delayed, and the
amplitude of the right signal was suppressed compared with those of the left signal (near
sensors). The time delay characteristic between the two signals was analyzed by comparing
the phase difference of the fitted curve (Figure 17). The band-pass filter fitting method
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was used. The band-pass filter processing method filters out the high and low-frequency
signals and retains the intermediate frequency signal, which is convenient to solve the
signal amplitude and phase. The magnitude difference increases significantly.

0.000 0.004 0.008 0.012 0.016 0.020
Time/(s)

(a)

Time/(s)

(b)

Figure 16. Time-domain characteristics of output signals at the sound source incident angle of 30°,

45°, 60° and 75°. (a) Non-coupling structure. (b) Coupling structure.
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Figure 17. Characteristics at the sound source incident angle of 45°and 75°. (a) The time-domain
characteristics. (b) The frequency-domain characteristics.

The phase difference amplification characteristics for different incident angles of
sound sources are shown in Figure 18, top. Experimental results show that the absolute
value of the phase difference value increases with increasing incident angle. The phase
difference for the bionic coupling structure is significantly enlarged compared with the
non-coupling structure. The change rate of the phase difference is approximately 2.5
(phase difference®)/(incident angle of sound source®) for the coupled acoustically sensitive
structure. The theoretical resolution of the incident angle of the sound source can reach
2° at a phase difference recognition rate of 5°. The amplitude ratio characteristics for
different incident angles of sound sources are shown in Figure 18, bottom. The amplitude
ratio characteristics for the bionic coupling structure are significantly enlarged relative
to those of the non-coupling structure. The third-order polynomial fitting method was
used. Polynomial fitting uses a polynomial expansion to fit all observation points in a small
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analysis area containing several analysis grid points to obtain an objective analysis field,
which is convenient for exploring the input-output relationship.
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Figure 18. Phase difference and amplitude ratio characteristics for different incident angles of sound

sources.

4.2.2. Analysis of the Sound Source Frequency Characteristic

Second, the acoustic sensitivity characteristics at the sound source incidence angle
of 45° and frequencies of 200 Hz, 500 Hz, 750 Hz, 1000 Hz, and 2000 Hz for the bionic
coupling structure were tested. The remaining test conditions were the same as before.

The output signals at sound source frequencies of 200 Hz, 500 Hz, 750 Hz, 1000 Hz,
and 2000 Hz are shown in Figure 19. The maximum sampling frequency of the laser sensor
is 5000 Hz, so the signal was distorted when the frequency was 2000 Hz. In addition,
experimental results show that the signal was doped with great noise when the sampling
frequency was 200 Hz. In particular, the sound source signal’s recognition ability is lost
when the frequency is lower than 200 Hz. At a sound source frequency of 200 Hz, the
sound wavelength is 1.7 m. The distance between the coupled sensors is much smaller than
1/2 wavelength, so the coupling structure greatly increases the directional resolution of
the low-frequency sound source. The optimal identification frequency range of the sound
source for the coupling device is 300 Hz and 1500 Hz. It is in the middle and low-frequency
band for the sound source.

The characteristics of the output signals for different sound source frequencies are
shown in Figure 20. The third-order polynomial fitting method was used to analyze signal
characteristics. Experimental results show that the magnitude of the amplitude is greatly
reduced. On the opposite side of the sound source, this phenomenon is more prominent.
The phase difference characteristic (Figure 20, top) shows that the phase difference between
the left and right signals increases with increasing sound source frequency, from 52.885° at
200 Hz to 145.596° at 2000 Hz. In addition, the phase difference between the left and right
signals for the coupling structure is greater than that for the non-coupling structure. The
amplitude ratio characteristic (Figure 20, bottom) shows that the amplitude ratio gradually
increases with increasing sound source frequency. In addition, the sound source signal
amplitude amplification effect for the bionic coupling structure is better. Therefore, the
coupling device has a significant amplifying effect in terms of phase difference detection.
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Figure 19. Characteristics of output signals at the sound source frequency of 200 Hz, 500 Hz, 750 Hz,
1000 Hz, and 2000 Hz.
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Figure 20. Phase difference and amplitude ratio characteristics of output signals for different sound

source frequencies.

4.3. Recognition Experiment of the Direction Angle

The incident angle of the sound source was set as 36°, 42°, 48°, and 54° at the sound
source frequency of 500 Hz, respectively, and the displacement response of the measuring
point was measured. The calculated direction angle of the sound source was obtained by the
identification methods of phase difference amplification and amplitude ratio amplification.
A comparison of the calculated value and the actual value is shown in Table 2.
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Table 2. Comparison of the calculated value and the actual value.
Calculated Value by Phase Calculated Value by
Actual Value Difference Amplification Maximum Error Amplitude Ratio Maximum Error
Identification Amplification Identification
36° 42.209° +6.209° 39.177° +3.177°
42° 36.413° —5.587° 44.185° +2.185°
48° 44.561° —3.439° 43.204° —4.796°
54° 49.339° —4.661° 51.460° —2.540°
Mean of Absolute Value of Error 4.974° 3.1745°

5. Conclusions

In conclusion, inspired by the super-acute ear of O. ochracea, the mechanical coupling
principle was successfully applied to measuring the incident angle in a two-dimensional
plane. A biomimetic study on the auditory localization mechanism of O. ochracea was
performed to improve the localization ability of small acoustic systems. An amplifying
localization mechanism of small differences was analyzed by studying acoustic excitation
from the coupling structure to the ears. A method of estimating the direction angle of the
sound source was proposed according to the amplitude difference and the phase difference
of the system response based on the structural and mechanic model of the intermembrane
bridge of O. ochracea. In addition, the simulation of the nonlinear characteristics of the
structural model was performed by modal decomposition. We also present a microscale
implementation of an acoustic localization device inspired by the auditory organ of the
parasitic O. ochracea. The device consists of a pair of circular membranes coupled together
with an elastic beam. The coupling serves to amplify the difference in magnitude and phase
between the two membranes’ responses as the incident angle of the sound changes, allow-
ing directional information to be deduced from the coupled device response. Experimental
research on sound source localization microsensors based on intermembrane bridge bionic
structures was executed to verify the simulation reliability. The simulation results show
that the system model presented in this paper could effectively simulate the sound source
localization mechanism of O. ochracea. The intermembrane bridge structure can effectively
amplify the small phase difference and amplitude difference caused by the sound incident
angle used in tiny sound detectors, which improves the sound source localization and
directional weak acoustic signal acquisition of sound detectors. Experimental results show
that the output signal’s shape is closer to a sine wave for the coupling structure. The
recognition rate of the phase difference and amplitude ratio was greatly improved. The
theoretical resolution of the incident angle of the sound source can reach 2° at a phase
difference recognition rate of 5°. The sound source’s optimal identification frequency range
for the coupling device based on the intermembrane bridge bionic structure is 300 Hz to
1500 Hz. Therefore, fly ear-inspired acoustic sensors offer great potential for developing
small portable medium- and low-frequency sound source localization systems.
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Abbreviations

O. ochracea  Ormia ochracea

PET Polyester

osC Oscilloscope

DAQ Data acquisition

RMS Root-mean-square

De Decibel

Di Distance from sound source
DOF Degrees of freedom
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