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Physical Analysis of a Biomimetic Microphone With
a Central-Supported (C-S) Circular Diaphragm for

Sound Source Localization
Chien-Chang Chen and Yu-Ting Cheng, Senior Member, IEEE

Abstract—This paper presents a physical analysis of the
biomimetic microphone designed with a central-supported (C-S)
diaphragm for the sound source localization. A clover-stem-like
C-S design is proposed and achieving 47% improvement of net
diaphragm displacement in comparison with the conventional
C-S diaphragm design. The new design can effectively not only
compensate undesired deformation of sensing diaphragm due to
gravity and residual stresses but also make the diaphragm more
flexible for better sound pressure sensitivity.

Index Terms—Biomimetic microphone, central floating joint,
central-supported diaphragm, clover, hybrid, MEMS microphone,
parasitoid fly, quality factor, sound source localization, squeeze
film air damping effect.

I. INTRODUCTION

S OUND source localization is a physiological ability of
animals to process sensory information regarding the

orientation and magnitude of sound pressure stimulation. The
source localization is achieved via the differences of sound
intensity and arrival time sensed by two ears which are geomet-
rically close but far away from the sound sources. For a large
mammal, two auditory organs are acoustically isolated by its
head to have a large interaural distance (ID). For instance, the
auditory system of an adult human with an ID of 20 cm can
have an interaural time delay (ITD) of 600 and interaural
intensity difference (IID) of about 16 dB between the ears with
a 5 KHz tone sound pressure stimulus. Such minute ITD and
IID are adequate for reliable time coding and processing in
auditory nervous systems for sound source detection [1]. In
contrast, two auditory organs of small animals are quite close to
each other, so there would be a problem for the auditory system
to experience insignificant interaural differences resulted by
the tiny ID, about two orders of magnitude smaller than that
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Fig. 1. Scheme of central-supported gimbal circular biomimetic diaphragm.
The upper insertion shows the auditory organ of the parasitoid fly Ormia
ochracea whose entire auditory organ is only 1.2 mm. The intertympanal
bridge connecting two prosternal tympanal membranes (PTMs), i.e., the ipsi-
lateral and the contralateral prosternal tympanal membranes, via the tympanal
pits (TP) in a manner of flexible coupled pivot can cause the two PTMs to
deflect in opposite directions. The lower insertion shows the mechanical model
of the central-supported gimbal circular biomimetic diaphragm.

of large animals. Therefore, the methodology of sound source
localization in the tiny auditory system could lead the way
to develop the next generation acoustic sensing and tracking
microsystems like hearing aids, robots, and bionic military
devices. In recent two decades, the acoustic sensing mechanism
and auditory behavior of the parasitoid fly (Ormia ochracea)
whose entire auditory organ is only 1.2 mm, as shown in
Fig. 1, have been thoroughly investigated. Several studies
demonstrated that the acoustic interaction between ipsilateral
and contralateral prosternal tympanal membranes (PTMs)
can effectively increase the interaural differences for locating
sound sources by means of an intertympanal bridge structure
as a mechanically coupled pivot [1]–[10]. The ipsilateral and
contralateral membranes are defined as the membrane on the
same side as and the one on the opposite side to the sound
source, respectively.

The intertympanal bridge connecting the two PTMs via the
tympanal pits (TP) functions like a flexibly coupled pivot that
can cause the PTMs to deflect in opposite directions. In other
words, under an insignificant IID stimulus, the two fly-ears con-
strained by the intertympanal bridge will move in the opposite
direction with roughly equal amplitudes. It indicates that an in-
teraural phase difference (IPD) of 180 would be formed in all
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frequency spectra [2]. The mechanical time delay (MTD) be-
tween the ipsi- and contralateral ears can be equivalent to a half
of the stimulation period due to the IPD of 180 . For instance,
the MTD between the ipsi- and contralateral fly-ears will be
equivalent to 100 under a 5 kHz tone sound pressure stim-
ulus with the corresponding wavelength and period of 6.8 cm
and 200 , respectively. Since the net displacement of the con-
tralateral membrane would be a superposition of the displace-
ments caused by the delayed sound pressure and the transfer of
the ipsilateral deflection by mechanically coupling via the inter-
tympanal bridge, the net displacement differences resulted by
the two causes within the two PTMs could make the parasitoid
fly easily detect the sound source.

As an incident sound wave with an angle relative to the lon-
gitudinal axis of an auditory system is applied on the system, the
ITD between the ipsi- and contralateral auditory organs should
be expressed as [2]:

(1)

where is the sound propagation speed with a value of 344 m/s
at room temperature. For instance, the ITD is about 7 to ei-
ther the parasitoid fly or any specific animal with the same audi-
tory system size as the fly but without the mechanically coupled
pivot, when an incident sound wave hits the fly with .
With a 5 KHz tone sound pressure stimulus, the tiny ITDs of
the fly or the specific animal can only result in the same ampli-
tudes of the PTMs as well as the same oscillating direction with
slight phase difference. Fortunately, by considering the afore-
mentioned mechanism of the MTD, the time delay caused by
the mechanically coupled pivot of the fly will dominate with a
larger value which is about 14 times of the ITD ( /7

) and the PTMs can move in the opposite directions simul-
taneously. Thus, the employment of the mechanically coupled
pivot indeed can enhance the ability of the tiny auditory system
for sound source localization. In a nutshell, the concept of the
tiny auditory system with such a mechanically coupled pivot
can provide an important design feature for Micro Electro-Me-
chanical Systems (MEMS) microphones for hearing aids appli-
cations in terms of sound source localization [11]–[15].

Previously, an acoustical structure with a central-supported
(C-S) sensing diaphragm in microscale as shown in Fig. 1
was proposed for sound source localization by imitating the
aforementioned auditory mechanically coupled principle of the
parasitoid fly [11], [12], [15]. The proposed design had drawn
lots of attention due to the characteristics of simple fabrication
process, easy sensing circuit implementation, and excellent
directional identification as well as spatial resolution in com-
parison with the other biomimetic designs [13], [14]. However,
lacking of physical intuition and a complete theoretical model
in terms of material and dimensional characteristics has caused
the difficulty in design optimization of the C-S diaphragm for
device designers. Further investigation is required to reveal
the related mechanical dynamics with significant physical
explanations for sound source localization. In the paper, we
construct a corresponding physical response model with air
damping effects from which the auditory dynamical behaviors
of the C-S diaphragm can be fully elucidated.

II. CONSTITUTIVE FORMULATION

By considering the conventional C-S design as shown in
Fig. 1 with the detail schematic diaphragm and mechanical
configuration, the corresponding equation of motion for the
ipsi- and contralateral displacements of the diaphragm can be
derived as follows [2], [15]:

(2)

where and , and , and , , and
are the stiffness coefficients of the membrane and the

coupled pivot, the displacements of ipsi- and contralateral mem-
branes, the damping coefficients of the membrane and the cou-
pled pivot, the mass of entire diaphragm, and the driving force
loaded onto the ipsi- and contralateral membranes, respectively.
According to the mechanical model as shown in Fig. 1, the pa-
rameter is physically equivalent to the linear combination of
the spring constant of deflection ( ) and two times that of twist
( ), i.e., . The parameter is equivalent to the spring
constants of deflection . In general, the corresponding dis-
placements of the ipsi- and contralateral membranes in a steady
state can be expressed by a linear combination of the displace-
ments of translational and rocking modes in time domain [2]:

(3)

where and are the amplitudes of translational and rocking
modes, respectively. Meanwhile, by physically considering the
angle of twist and deflection of the diaphragm caused by the
time-variant sound pressure, these amplitudes can be expressed
in terms of operating frequency and material characteristics:

(4-1)

and

(4-2)

where

(5)
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TABLE I
DIMENSIONAL PARAMETERS OF THE CONVENTIONAL

AND HYBRID C-S DESIGNS

The parameters , , , , , and , and are outer ra-
dius of the diaphragm, inner radius of the diaphragm, the ITD
derived in (1), width of the beam, thickness of the diaphragm,
shearing modulus and Young’s modulus of the structural mate-
rial, and magnitude of time-variant sound pressure applied on
the membranes, respectively. The phase coefficients mentioned
in (3) are described as follows:

(6)

In (4) and (5), the and , and and are the natural reso-
nant frequencies and the damping ratios of the translational and
rocking modes, respectively [2]. Table I shows the dimensional
parameters of the C-S diaphragm microphones. According to
(5), the corresponding theoretical calculations of the resonant
frequencies of the rocking and translational modes are about
621 Hz and 1186 Hz, respectively, which are very close to the
results of finite element analysis (FEA) simulation presented by
the previous study in Case A listed in Table I [11].

Fig. 2 shows the schematic diagrams regarding the geomet-
rical structures of the structurally coupled C-S designs. Obvi-
ously, the conventional C-S design can be mechanically divided
into two regions, i.e., the central-supported region and the di-
aphragm, that are connected to each other using a asymmetric
beam structure as shown in Fig. 1. The design of the asymmetric
beam structure with a large aspect ratio of the outer radius to the
thickness ( to 1) usually accompanies with an undesired
diaphragm deflection caused by the gravitational force. For in-
stance, the torque contributed by the gravitational force which is
applied on the outer beams will lead to drastic deflections on the
edges of the ipsilateral and contralateral diaphragms and should
be considered in the design. Thus, the induced deflection, ,

Fig. 2. Schematic diagrams regarding the geometrical structures for (a) the
conventional and (b) the hybrid C-S designs.

caused by the gravitational force is calculated as the superposi-
tion of the deflections of diaphragm and that of the asymmetric
beams:

(7)
where and are the gravitational acceleration constant and
length of the beam, respectively. By employing the undesired
gravitational effect into the equation of diaphragm motion, the
net ipsi- and contralateral displacements can be expressed as

and , respectively. For the ca-
pacitive biomimetic microphones for sound source localization,
these net displacements are the indicators to identify the sensi-
tivity of the device [16]. The designers can, therefore, determine
the minimum gap height between the diaphragm and the sub-
strate as well as the maximum capacitances by considering the
net displacements caused by the summation of the applied sound
pressures and the gravitational effect in design stage using the
derived equation of diaphragm motion.

In the prior analysis, (4) and (5) disclose a new finding in
terms of biomimetic microphone structure: net displacements
of a C-S diaphragm will increase with the decrease of the
radius of central-supported region. On the other hand, from (7),
the undesired deformation could be also aggravated due to the
gravitational force. In order to enhance the net displacements
and conquer the undesired deformation simultaneously, a new
central floating gimbal structure as shown in Fig. 3 is demon-
strated for the next generation of biomimetic C-S microphone.
By hybridizing the mechanical characteristics of the sensing
mechanism of the parasitoid fly and the clover-stem-like gimbal
structure, the conventional C-S structure is further modified
using eight end-clamped supporting beams connected to a
central floating joint. Fourfold-rotation axial symmetry of the
clover-stem-like gimbal structure is adopted to replace the
conventional asymmetric beam structure. The entire mass of
the diaphragm is supported by four central beams whose ends
are connected to form the central floating joint which performs
like a freely suspended support. Thus, while the diaphragm
is released from the substrate underneath itself, the effects of
gravitational force or residual stress on the displacement of the
diaphragm can be effectively compensated by the concentrated
moments which are resulted by the reaction forces applied to
the joint [17], [18]. In comparison with the conventional design
(Case B), the initial deformation shown in Table II indicates
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Fig. 3. Scheme of the hybrid biomimetic microphone with central floating
gimbal design achieving by hybridized by the acoustic sensing mechanism of
the parasitoid fly and the flexible clover-stem-like gimbal structure. The lower
insertion shows a new mechanical model with the central floating joint.

that the hybrid C-S design (Case C) could have better resistance
to the undesired deformation which is also validated by both
theoretical calculation and FEM analysis using ConventorWare
simulator [19] with the dimensional parameters listed in Table I.
Meanwhile, the net displacement of the hybrid C-S design can
not only have the typically acoustic responses resulted by the
twist of the beams perpendicular to the direction of incident
sound pressure and the deflection of the diaphragm along
the direction of wave propagation but also have additional
responses caused by the deflection of the central beams along
the direction of propagation which can greatly enlarge the
displacement of the diaphragm.

Thus, the parameters and of the hybrid C-S design
should be structurally modified through the linear combination
of the spring constants of the deflection of the membrane, that
of the central beam, and that of the twist of the central beam,
i.e., , and , respectively. Equations
(4) and (5) can be likewise modified as follows:

(8)

where

TABLE II
COMPARISON BETWEEN MODEL PREDICTION AND SIMULATION

OF THE INITIAL DEFORMATION

TABLE III
THEORETICAL COMPARISON OF THE STIFFNESS COEFFICIENTS OF THE ROCKING

AND THE TRANSLATIONAL MODES FOR THE CONVENTIONAL AND THE

HYBRID C-S DESIGN, RESPECTIVELY

(9)

Meanwhile, the initial deflection caused by the gravitational
force should be also mechanically and structurally modified as
follows:

(10)

Table III lists a theoretical comparison of the stiffness coef-
ficients of the rocking and translational modes in the conven-
tional and the hybrid C-S designs, respectively. It is obvious that
both stiffness coefficients of the rocking ( ) and translational
( ) modes of the hybrid C-S design are smaller than
that of the conventional design as well as the natural resonant
frequencies in both modes. According to the derived (4) and
the two-degree-of-freedom (2-DOF) model [20], the smaller the
natural resonant frequency is, the larger the displacement of
the diaphragm will be. The sensitivity and directivity of the
biomimetic microphone with the hybrid C-S design will be also
enhanced. It is noted that the rocking-mode frequency of the hy-
brid C-S design has about a 50% reduction, so the amplitude of
rocking mode can be effectively increased using the hybrid C-S
design.

Additionally, the performances of the biomimetic micro-
phones can be also strictly compared using two mechanical
indicators, the mechanical interaural intensity difference (mIID)
and the mechanical interaural phase difference (mIPD) [20],
which can be expressed as follows:

(11)

and

(12)
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For the case of sound source localization via the biomimetic mi-
crophone, the ipsi- and contralateral membranes moving in the
opposite directions with equal amplitudes must have the mIID
and mIPD with the values of near 0 dB and 180 , respectively.
According to the theoretical calculations, the values of the mIID
and mIPD for both the conventional and the hybrid C-S designs
are 16.1 dB and 99.1 , and 16.6 dB and 98.5 , respectively. In
a nutshell, as compared with the mIID and mIPD of the con-
ventional C-S design, the performance of the hybrid C-S design
can be enhanced in terms of the displacement increase of the di-
aphragm without any mechanical performance degradation by
dramatically decreasing the rocking-mode stiffness.

III. DERIVATION OF QUALITY FACTOR AND

DAMPING COEFFICIENTS

The “quality factor” of an oscillating system can be ap-
proximately and typically described as follows [21], [22]:

(13)

where is the damping ratio of either rocking or translational
mode. According to the extraction of the damping coefficients
from the previous experiments [12], the value of is roughly
larger than unity. Thus, in the case, the factor is a poor value
or even an imaginary number. At the moment, the microphone
performs in either a critical-damping or an over-damping mode.

The oversimplified (11), however, does not completely re-
veal the detail relationship between the acoustic dynamics of
the microphone and the air damping effect [23]–[25], thereby
incorporating the squeeze film air damping model and the en-
ergy transfer model for revealing the interaction between mi-
crophone diaphragm and air. Two obvious motion mechanisms
occur while the diaphragm is loaded by sound pressure: normal
motion and rotation of the diaphragm. By means of the energy
transfer model, the quality factors can be obtained in terms of
the quality factor of the normal motion, , and that of the ro-
tation, , and be expressed as follows [23]–[25]:

(14)

where

(15)

and

(16)

The parameters , , , , , and are mass den-
sity of the diaphragm, gap height, universal molar gas constant,
molar mass of air, ambient temperature, the moment of inertia of
supporting beam, and the resonant frequency of either rocking
or translational mode, respectively. The exact definitions of the
damping ratio and resonant frequency are referred to the (5).
Equation (16) obviously reveals that the damping ratios as well
as the damping coefficients are significant parameters for de-
riving the quality factors. Thus, a complete discussion of the

TABLE IV
THEORETICAL CALCULATIONS OF THE QUALITY FACTORS FOR THE

CONVENTIONAL AND THE HYBRID C-S DESIGN, RESPECTIVELY

damping coefficients can helpfully clarify the interaction be-
tween the viscous air and the diaphragm. Table IV lists the the-
oretical calculation of the quality factors of both rocking and
translational modes in the conventional and the hybrid C-S de-
signs, respectively.

The viscous damping indeed affects the dynamic responses of
the acoustic sensors as well as the quality factor. Although sev-
eral researches regarding the effects of squeeze film air damping
have been investigated and provided with detail physical and
mathematical models [23]–[25], there is still no exact solution
to well model the C-S structures of the acoustic sensors. There-
fore, for the demand of the solution at this stage, the damping
effect of the C-S structure will be discussed and established as
follows. For the circular diaphragm of the C-S design, the non-
linear Reynolds equation can be introduced for describing the
air damping effect in a cylindrical coordinate [24], [25]:

(17)

with the specified boundary conditions:

(18)

where , , and are the damping pressure, the air viscosity,
and the tilting angle, respectively. By integrating (17) with the
boundary conditions, the damping pressure can be expressed:

(19)

The torque of the damping force can be then calculated as fol-
lows:

(20)

By realizing the Newton’s mechanics, the damping coefficient
of the membrane is the proportional constant of (20) and can be
eventually derived as:

(21)

Similarly, by considering the mathematical approaches of the
nonlinear Reynolds equation with specific boundary conditions
in the normal motion, damping force on the diaphragm is then
calculated as follows:

(22)
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Fig. 4. A side view of the diaphragm.

The damping coefficient of the coupled pivot is the proportional
constant of the damping force and can be derived as:

(23)

Generally, the sensing diaphragm is embedded in a cavity as
shown in Fig. 4 for preventing the incident sound pressure from
leaking to the back [12], in which the trapped air is difficult to
escape to infinite space [23], [26]. The air damping effect on
the edge of the diaphragm from sidewalls of the cavity should
be also specified. By employing principles of the mass conser-
vation [24] and the Poiseuille equation, the volume flow of air
per second escaped from the edgewise ( ) should be equal
to that squeezed by the plate ( ):

(24)

where , and and are the area between the cavity wall
and the diaphragm, the pressure difference in -direction, di-
aphragm thickness respectively. Thus, by differentiating the
respected to twice, we can approximately obtain that:

(25)

In the situation with tiny displacements, we can assume that
the damping pressures under the diaphragm and at the edge-
wise is smoothly continuous, that is, would be approximately
equal to . Therefore, by combining the nonlinear Reynolds
equations used to described the damping pressures under the
diaphragm and at the edgewise, the damping equation for the
studied case can be further derived as follows:

(26)

Thus, the gap height mentioned in (21) and (23) should be mod-
ified as follows, while the diaphragm is embedded in the cavity:

(27)

In the studied case, the and are 8000 and 200 ,
respectively, so the effective gap height is about 193 ,
which is more than an order of magnitude smaller than the
value. The damping coefficients as well as the damping ratios for

Fig. 5. The comparison of the ipsilateral displacements of the conventional
biomimetic microphone between the theoretical calculations with varying
damping rations and the measured data [12]. The damping ratios closed to
unity indicates that the biomimetic microphone is critically damped so that the
responses will directly follow the transient inputs.

both rocking and translational modes can then be well derived
by combing (5), (21), and (23).

Fig. 5 shows the comparison of the ipsilateral displacements
of the conventional C-S microphone between the theoretical cal-
culations with varying damping ratios and the measured data
[12]. The measured data with the damping ratios close to unity
indicates that the biomimetic microphone is critically damped.
In a nutshell, the critical damping motion of the microphone
will make itself act with the sensing responses which directly
follow the transient inputs. It is noted that the strictly experi-
mental validations are definitely required in the further research
studies, even though the quality factors and the damping coef-
ficients have been derived theoretically and used for well de-
scribing the responses of the conventional C-S design.

IV. MODEL VALIDATION AND DISCUSSIONS

For a fair comparison of the functionality between the con-
ventional and the hybrid C-S designs, it is convenient to make

artificially, that would lead the length, thickness,
and width of all beams used in the hybrid C-S design to be 8.5,
1, and 0.5 times of that in the conventional design, respectively.
The new structure is denoted as the Case D listed in Table I. The
comparison between the theoretical calculations and the Con-
ventorWare simulation [17] of the and the for these
two designs are revealed in Table II, respectively. Good data
agreement also reveals the accuracy of the physical model for
the prediction of the undesired deflection. According to the the-
oretical calculations, the hybrid C-S design can enhance the am-
plitude of the rocking mode due to the reduction of the associ-
ated stiffness coefficient. Fig. 6 shows the mechanical schemes
with the corresponding simulation results in the conventional
and the hybrid C-S designs under external influences, respec-
tively. Obviously, the conventional Case B-typed C-S design
only has two outer beams to support the entire mass of the di-
aphragm as shown in Fig. 6(a), whereas the Case C-typed hy-
brid design using the clover-stem-like gimbal structure has four
central beams to execute the same function. Meanwhile, the
Case D-typed hybrid C-S design also reveals larger displace-
ments than that of the Case B-typed conventional design shown
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Fig. 6. Mechanical schemes and associated simulation results of deformation
of the conventional and hybrid C-S designs due to the influences of (a) gravita-
tional force and (b) sound source pressure, respectively. The conventional C-S
design of the Case B only has two outer beams to support the entire mass of the
diaphragm as shown in (a), whereas the hybrid one of the Case C has four cen-
tral beams to execute the same function. Meanwhile, the hybrid C-S design of
the Case D also reveals larger displacements than that of the conventional one
of the Case B as shown in (b), in which they have the same initial deformations.

in Fig. 6(b). The structure of the central floating joint accom-
panied with the central beams indeed provides better coupled
mechanisms for improving sound source sensitivity and the re-
sistance to undesired deformation. Therefore, the employment
of the clover-stem-like gimbal structure can not only conquer
the undesired gravitational force as aforementioned due to the
torques of the central beams resulted by the reaction forces in
the opposite directions, but also improve the displacement of the
diaphragm by means of its mechanically coupled structure.

Fig. 7 shows the comparison results of the measured data of
the previous study [12] with the associated theoretical calcula-
tions in both of the Case B-typed conventional design, and the
Case D-typed hybrid one with specified dimensional parame-
ters listed in Table I. The stimulation of 60 dB, 200 Hz sinu-
soidal sound wave is employed as the loading sound source for
the comparison. Two sets of the damping ratios, i.e.,
and , and and , respectively, are
estimated and adopted in theoretical calculations of the conven-
tional and the hybrid C-S designs, respectively. Excellent data

Fig. 7. Comparison of the (a) ipsilateral, (b) contralateral, and (c) net displace-
ments between model analyses and experimental measurement demonstrated
by Ono et al. [12] with applying 60 dB and 200 Hz sinusoid sound waves,
respectively.

match between the theoretical calculations and the measurement
results of the Case B-typed conventional C-S design shows the
accuracy of the presented physical model and further indicates
that the hybrid C-S design can have about 47% improvement of
the net diaphragm displacement. Therefore, higher sensitivity
as well as directivity improvement can be realized by the pro-
posed hybrid design in comparison with the conventional one
[11], [12].

The derived model physically and mechanically reveals a
finding with significant physical meanings: Based on (3), the
displacement of the either ipsi- or contralateral membranes is
dominated by the amplitude of the translational mode. Since the
superposition of the rocking-mode motion with the amplitude
of the translational mode is the key factor in the design of sound
source localization microphone, the performance optimization
should focus on the design to make the resonant frequencies
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of the two modes close to each other for enhancing the total
dynamic response. In fact, according to the recent studies from
Yu’s group [20], [26], [27], the fly-ear indeed needs to use
a combination of the rocking and the translational modes to
achieve the high performance of sound source localization [26].
As a result, the finding is definitely a solid evidence of the
result inferred from the presented acoustic model.

V. CONCLUSION

A biomimetic microphone with the conventional C-S de-
sign for sound source localization has been well analyzed.
Meanwhile, we further propose a new hybrid biomimetic
microphone accompanied with a clover-stem-like gimbal
structure. By means of the dynamic analysis and the com-
parison of the microphones with the conventional and hybrid
designs, two significant important features are revealed: (1) the
clover-stem-like gimbal C-S structure with a fourfold rotation
axial symmetry can compensate the deformation due to gravity
and residual stresses for exact sound source localization, and
(2) the central floating joint makes the sensing diaphragm of the
microphone more flexible for better sound pressure sensitivity.
Additionally, the quality factors and air damping effect are also
discussed theoretically. In order to further realize and verify
the validation of the derived models, strictly experiments and
investigations are required in the future.
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