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ABSTRACT

A miniature silicon condenser microphone diaphragm has
been designed that exhibits good predicted directionality,
sensitivity, and reliability. The design was based on the
structure of a fly’s ear (Ormia ochracea) that has highly
directional hearing through mechanica coupling of the
eardrums. The digphragm that is 1mm x 2mm x 20 microns is
intended to be fabricated out of polysilicon through
microelectromechanical  micromachining. It was designed
through the finite-element method in ANSYS in order to build
the necessary mode shapes and frequencies into the mechanical
behavior of the design. Through postprocessing of the ANSYS
data, the diaphragm’s response to an arbitrary sound source,
sensitivity, robustness, and Articulation Index - Directivity
Index (Al-DI) were predicted. The design should yield a
sensitivity as high as 100 mV/Pa, an Al-DI of 4.764 with
Directivity Index as high as 6 between 1.5 and 5 kHz. The
diaphragm structure was predicted be able to withstand a sound
pressure level of 151.74 dB. The sound level that would result in
collapse of the capacitive sensor is 129.9 dB.. The equivalent
sound level due to the self-noise of the microphone is predicted
to be 30.8 dBA.

INTRODUCTION

Silicon microfabrication technology shows significant
potential for enabling the development of novel sensors for
sound and vibration. Many of the recent efforts at employing
this technology for microphone design have focussed on the
fabrication of small, non-directional microphone diaphragms
made of silicon and incorporating capacitive sensing [1,2,3].
Often these small microphones have been paired together to
create a directional microphone, but have experienced

performance problems with this method [4,5,6]. While silicon
technology has potential advantages over previous methods of
fabricating existing microphone designs, it also provides the
possibility of realizing radically new design concepts. In the
present study, we present a design of a miniature silicon
microphone diaphragm that takes advantage of the ability to
fabricate complicated, patterned membranes to achieve
directional acoustic response.

The directiona microphone design described here is
inspired by our previous efforts at understanding the mechanics
of directional hearing in small animals such as insects. Many
small animals depend on the ability to localize sound sources
either for predator avoidance or mate selection. All animals
having two tympanal ears localize sound by processing
interaural differences either in the time of arrival or level of the
acoustic pressure. When the size of the animal is very small
relative to the sound wavelength, these interaural differences
can be too small to permit accurate processing by the central
nervous system to allow sound source localization. Certain
small animals that depend on localizing sound sources have
evolved either air-borne or structure-borne connections
between the tympanal membranes, or eardrums. By suitable
coupling of the motions of the tympana, it is possible for each
to respond preferentially to sound from certain directions. Our
analysis of the coupled ears of the parasitoid fly, Ormia
ochracea, (Order: Diptera, Family: Tachinidae, subfamily:
ormiine) has inspired a novel approach to constructing small,
directional sound receivers[7-10].

The mechanically coupled ears of Ormia ochracea have
been shown to respond predominantly in two resonant modes
of vibration, one in which both tympana move in opposite
directions and one in which they both move in-phase [7]. With
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the proper set of mechanical parameters, this pair of modesin an
acoustic receiver can provide the proper combination of the
acoustic pressure gradient and the pressure so that each
membrane has a cardioid directivity pattern [8,11]. To achieve
this directional response, the pressure sensing membranes must
be designed carefully to reduce the influence of unwanted
vibrational modes. The main goa of the present study is to
describe a candidate microphone diaphragm design that mimics
the mechanically coupled ears of Ormia ochracea.

Since the pair of ears of Ormia ochracea are only about
1mm across, the design concept for a directional microphone
examined here clearly has potential for providing directionality
in a very small microphone package. Our current goal is to
develop a directiona microphone diaphragm design that is
suitable for small packages such as in-the-ear hearing aids.
There is significant interest in incorporating directional
microphones in hearing aids because it improves speech
intelligibility in noisy environments.

NOMENCLATURE

Corrugated diaphragm, capacitive directional microphone,
micromachining (MEMS), finite element analysis, Articulation
Index, Directivity Index.

1.Microphone Design

The diaphragm design described in the following is
intended to be fabricated through MEMS technology, and
therefore polysilicon is an appropriate material to use [12,13].
The material properties used in all analyses and calculations are
modulus of elasticity, 170 GPa, density, 2300 kg/nt, Poisson’s
ratios, 0.3, and yield stress, 1.7 GPa. The overal size of the
digphragm is Imm x 2 mm x 20 microns wide, with a poly film
thickness of 0.25 microns.

The diaphragm design makes use of corrugations to
decrease fabrication stress as well as increase sensitivity [14-
18]. It also utilizes solid stiffeners and bosses to create the
necessary local stiffness to create the two main modes of
movement [19]. All of the sharp corners of the design have
been filleted to help further reduce stress concentrations [18].
Figure 1 displaysthe model in an oblique view.

The diaphragm is intended for use in a capacitive

sensing microphone, which requires a perforated backplate a

small gap distance away, a large air cavity, and an air vent to
counteract the fluctuations in the atmospheric pressure [20,21].
For the calculations, the air gap between the diaphragm and
backplate is assumed to be 3 microns.

For the FEM model, element type shell63 (three-
dimensional quadrilateral shell, 6 dof’'s per node) was used for
the membrane structure of the diaphragm, and solid45 (8 node
brick) was used for the solid stiffeners and bosses. To model
the appropriate boundary conditions, all of the nodes along the
boundary of the diaphragm have their degrees of freedom set to
zero to simulate the fully clamped boundaries [22,23]. The
model contains of atotal of 10,683 nodes and 10,144 elements.

Fig. 1. Diaphragm model.

2. Analyses
2.1 Modd

The full model has been used in the analysis and the
subspace method has been used for extracting the resonant
frequencies and mode shapes. The two resonant frequencies
are 1272 and 9349 Hz, and their corresponding mode shapes are
shown in Fig. 2 and 3 respectively.

The mode shape data shown in figures 2 and 3 were
saved and processed using FORTRAN in order to create the
modal matrix, [U], for use in calculating the response to sound
that isincident from any direction.

Fig. 2. Mode shape 1. Rocking, out-of-phase mode.
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Fig. 3. Mode shape 2. Symmetric, in-phase mode.

3.2 Pressure

In order to obtain an estimate of the microphone
diaphragm sensitivity and an estimate of the maximum sound
pressure the diaphragm can endure, a static analysis was
performed of the displacement resulting from a 1 Pa pressure
load. The 1 Pa static pressure was applied to the bottom level
areas of the diaphragm in the negative z direction. After solving
for the response to a uniform static pressure, the maximum
stress encountered was used to calculate the maximum sound
pressure load that the diaphragm should be able to handle. The
model shows a maximum stress of 2.2 MPa due to this 1 Pa
loading. Relating this stress resulting from a unit pressure to
the yield stress of the material will approximate the maximum
static pressure allowable. The root mean square pressure, P,
isthen:

T
P =2 P00k = Py, ®
0

because this was a static approach. Then the maximum sound
pressure level is:

@& 20 ap 20
SPL(dB) = 10|ogm<;ﬁ:= 10l0g,, 6= @

ref @ 8 ref @

where P, is 20 E-6 Pa. Based on this, the diaphragm structure
was estimated to be able to withstand a sound pressure level of
151.74 dB. Note that the actual maximum SPL the microphone
can endure will also depend on the bias voltage and air gap
between the diaphragm and backpl ate.

An estimation for the maximum SPL that the
microphones would be able to withstand can be found through
the use of the microphone collapse criteria. It iswell known that
the force due to the voltage between the diaphragm and
backplate can result in a collapse of the diaphragm against the

backplate if the diaphragm deflection approaches 2/3 of the
nominal gap distance, d [20]. Given the mechanical sensitivity
of the diaphragm, an estimation for the SPL that would result in
a failure of the microphone can be found. The mechanical
sensitivity can be represented by the displacement of the
bosses under the 1 Paload. The mechanical sensitivity is:

d
S =—, 3
" 1Pa ®

where d is the displacement [22]. The mechanical sensitivity
was found to be 0.032 microns/Pa. The approximate collapse
SPL isthen:

® 2d O

S:)I-collapse = 20“’910@“: (4)
ref ~“m @

where d is the air gap distance between the diaphragm and
backplate. The estimated SPL qyap Was found to be 129.9 dB.

The minimum detectable signal of the diaphragm
depends on the viscous damping in the design [24]. The
damping constant of the model was found by:

[c]=[u ]T1["2wixi._][u]'1,i:1,2 ©)
where [U] is the moda matrix of the model. The minimum
detectable signal for this design was found to be 30.8 dBA.

A quick approximation of the diaphragm’s sensitivity
can be found through the combination of its mechanical and
electrical sensitivities. The electrical sensitivity is:

Vo

=20 6
S ©)

where V, is the bias voltage and again d is the air gap [25]. For
the calculations, a V, of 10 volts and a d of 3 microns were
assumed. Thetotal sensitivity isthen:

S=S.S,. 0
From this simple calculation, the sensitivity of the model is
found to be approximately 106.7 mV/Pa. Thisis found to be in
reasonable agreement with the results of more detailed
calculations described in the following.

For the force vector calculations, each node needed to
have a force assigned to it. To do this most accurately, the
results from the pressure analysis in ANSYS were used. An
element table was formed in the postprocessor, which displayed
the force assigned to each element of the model. A list of al of
the elements and their corresponding nodes was acquired. The
element force was then multiplied by a factor of 1/3 or Y
depending on whether it was a three or four node element. This
force was then assigned to the all of the nodes of the element
and was added to any contributions from neighboring elements.
This ensured the correct nodal force in the z direction for all of
the nodes of the model. These were then used as the amplitude
of the force on each node as will be discussed in the next
section.
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3. Response Calculations
3.1 Force Vector
The force from a plane sound wave can be calculated

asfollows:

f, = amp, exp(- ik, x; ) exp(- ik, y;) exp(- ik,z)), (®
where amp; is the nodal force amplitude, x, y; z are the node
coordinates and

k, =& Scos(q), )
eCg

k, = & n(q)dn(f), (10
eCg

k, = &= Zsin(q) cos(f ). (1
eCg

Here wis the frequency of the sound source, c is the speed of
sound, and the angles are as follows:

A=

)

Fig. 4. Coordinate system of the diaphragm.

Now a forcing vector can be created for any sound source
incident at any angle.

3.2 Classic Modal Approach

With the modal file and forcing vector, the model’s
response was calculated with the classic modal analysis. The
modal forces, g, are:

T
q=[u]"f, 1)
where [U]" is the transpose of the modal matrix that was built

earlier andf isthe forcing vector. The modal coordinates, h, and
physical coordinates, z, were then calculated by

-, 1712 13)

z=[uh, (14)
where thew for j=1,2 are the two natural frequencies and x are
the two corresponding damping ratios. The physical coordinate

vector is complex, so it isuseful to calculate the response phase
and magnitude in dB:

magnitude = 20log, |2, (15)
phase = tan- 1292 0 (16)
R TEF

The above calculations give results for assumed
damping ratios for each of the two natural frequencies. It is
important to find the two damping ratios that yield the best
response possible from the design. For this, a Matlab GUI was
created that utilized slider bars to vary the ratios, and produce
immediate plots of the response of the two best representative
nodes of the diaphragm. These nodes were located centrally
and symmetrically along the x-axis and could be found on the
outer most edge of the left and right bosses. It was found that
for this design, damping ratios of 0.1 and 9.0 yielded the best
results for the Al-DI for the first and second resonant modes
respectively. It was assumed that the damping would be created
by the airflow along the air gap and through the backplate's
holes. The results are presented with units of sensitivity, in
mV/Pa, so the plots displaying the model’s overall sensitivity
versus frequency. The following plot is an example of the
diaphragm’ s response (sensitivity) for the two above mentioned
damping ratios as shown in the GUI:
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Fig. 5. Diaphragm response versus frequency.

:
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It can be seen from figure 5 that the model’s sensitivity in
decibels is about 40 (dB Re 1mV/Pa), which is equivalent to 100
mV/Pa. This result correlates well with the previous sensitivity
hand calculation.

The GUI aso includes buttons that produce
calculations and plots for Directivity Index versus frequency,
Al-DI polar plots, polar plots and an animated response of the
diaphragm for a specific frequency and incident angle, q. Lastly,
a button is included that produces an Al-DI polar plot (as
described below) of the completed microphone with packaging
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in place. The following figure is an example of the polar plot of
the diaphragm at 5000 Hz:

90 3966g1 Polar Plot, Difference to Minimum mV/Pa(dB)

26.4452 All differences

with respect to

150 30 | —— 82478

13.2227

180

210 330

270
The Directivity Index (DI) =5.559. Beta=0.66131. Multiplying Constant=22.4163

Fig. 6. Polar plot of design at 5000 Hz.

3.3 Directivity Index and Al-DI

The Directivity Index approximates a microphone’s
directivity for a certain frequency [26]. When combined with the
Articulation Index, a representative number for the overal
directivity of the microphone for all frequencies can be
obtained. The DI is based on the ratio of the response of
incidence excitation @ and f equal 0) to the average of the
microphone’s response for al other angles of theta. The
equations are as follows:

DI =10log,, Q, (17
where Q isthe Directivity Factor:
e*(0,0,w
Q = ¥ (18)
(¢’)

e is the response of the microphone for a certain angle and
frequency, e(q,f,.w). €(0,0w) is the response of the incident
side of the diaphragm, and <e®> is the average of the response
for al values of g, withf set to zero [27]. To get the Articulation
Index — Directivity Index, the Al is applied to the DI in aform of
aweighting factor for the particular frequency [28,29]. Thereare
many methods for applying an Al weighting, such as the
popular 14-band method:

Frequency (Hz) A-1 Weighting
250 .03
315 .03
400 04
500 04
630 .06
800 .06
1000 .08
1250 .09
1600 A1
2000 A1
2500 A1

3150 A1
4000 .07
5000 06

Fig. 7. Al weightings and frequencies[30].
The following two plots display the DI versus frequency and
the Al-DI polar plot for the design.

Directivity Index vs. Frequency

Directivity Index
=

4 L L L L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Fig. 8. Directivity Index versusthe 14 frequencies.

90 15.3775AI-PoIar Plot, Difference to Minimum mV/Pa(dB)

All differences
with respect to
— 24812

270
The Al-Directivity Index (Al-DI) =4.7616. Beta=0.76128. Multiplying Constant=58.0298

Fig. 9. Al-DI polar plot.

Fig. 8 shows that the design displayed good directivity between
1500 and 5000 Hz.

3.4 Package Estimation

Calculations have also made to estimate the behavior
of the diaphragm after the microphone packaging isin place. It
is assumed that the package consists of two small closely
placed holes, one over each side of the diaphragm. This
package effects how the sound waves encounter the diaphragm.
It is assumed that the sound waves will be incident as plane
waves, with a time lag between the two sides. In order to
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complete the desired calculations, a new forcing vector is
needed:

fi = amp, exp(iwt ), (19
for the side of the diaphragm that is closest to the sound
source, and

f, =amp, exp(-iwt ),
(20)
for the opposite side. Again amp; is the nodal force amplitude
andt isthetimelag:

L
t =—cog(q),
» s(a)

(1)

where c is the speed of sound, and L is the distance between
the two holes of the packaging. The results from these
calculations show that the packaging will not destroy the
directional sensitivity of the diaphragm.

90 15.6§Lll-f'ackage Polar Plot, Difference to Minimum mV/Pa(dB)
60

All differences
with respect to
24.816

270
The Al-Directivity Index (Al-DI) =4.7774. Beta=0.71541. Multiplying Constant=61.7504

Fig. 10. Al-DI of model with hearing aid packaging in place.

4. Conclusion

Based on the structure of the auditory system of the
fly Ormia ochracea, a directional microphone diaphragm has
been designed and its behavior has been predicted. It was
designed through FEM analysis and the results from the
program were used to calculate the diaphragm’s response to an
arbitrary sound source found anywhere in space. The results
for the design were quite good, yielding decent Al-DI,
sensitivity, robustness and overall response.
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