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The parasitoid fly Ormia Ochracea shows a remarkable ability to detect the direction of an incident sound
even though its ears are in very close to each other, where the interaural differences in intensity and time
are extremely small. In this paper, with mimicking the unique auditory organ of the fly, we propose a sound
source localization mechanisms with a gimbal diaphragm which realizes a simple and optimal transduction
mechanism for a very small pressure gradient caused by the sound field. We made a model sensor using a
thin metal plate and confirmed that it localizes the direction of the sound source by experiments.
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1. Introduction

Sound source localization is one of the most impor-
tant function of auditory systems. Many animals with
two ears use interaural intensity difference(IID) and time
difference(ITD) as primary cues . Generally, ears in
animals are separated with a significant distance in or-
der to detect IID and ITD easily. This is also true for
man-made systems using a microphone array. This is
the reason why minituarization of the sound source lo-
calization system is very difficult.

However, the parasitoid fly Ormia ochracea shows a
remarkable ability to detect the direction of an incident
sound. Even though its acoustic sensory organs are in
very close (about 500[um]) to each other, it localizes the
song of the cricket whose wavelength is about 75[mml],
where IID and ITD can be extremely small ®~(®, The
directional hearing in stich a surprising size is achieved
by its unique structure of the auditory organ.

The goal of our research is a realization of a micro
sound source localization sensor with mimicking the ex-
cellent ears of the fly. In our previous study ™, we
summarized its key structures to 1) center-supported di-
aphragm, and 2) enhancement mechanism to reversed-
phase vibration. The problem is how to realize them as
a, Sensor.

In this paper, as an answer to it, we propose a novel
transduction mechanism, gimbal diaphragm, which en-
ables to detect both the sound pressure and the tiny
sound gradient independently by three vibration modes
of a thin circular plate. We show an algorithm to localize
the sound source combining the three vibration signals
of the diaphragm. We show our fabricated sensor and
confirm that 1) it detects a very small sound gradient,
2) it localizes the direction of the sound source as the
theory.
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2. Modeling Auditory Organ of Ormia
Ochracea

2.1 Mathematical Preparation Here, we sums
marize properties of a sound field on a micro diaphragm.
Let P(z,y,2;t) be a sound pressure on the diaphragm,
which is in the z-y plane and whose center is at the
origin. Assume that the dimension of the diaphragm is
much smaller than a wavelength. Then, by -the Taylor
expansion, P(z,y, z;t) is approximately written as

P(z,y,2;t) = P(t) + Po(t) -2+ Py(t) -y, -+ (1)

where P(t) represents P(0,0,0;¢) and suffixes z and
y represent spatial derivatives. Eq.(1) shows that the
sound field on the micro diaphragm is decomposed into
1) a spatially uniform force, 2) a moment about y axis,
3) a moment about z axis. The relationship between
sound field gradient and sound source direction is given
by the following equations.

Py(t) = _w}b(t% .................... (2)
P,(t) = _Si_nqbcsilﬁp(m .................... (3)

where € and ¢ are defined as Fig.1 and c represents the
sound velocity. It is necessary to detect all terms for
sound source localization .

2.2 Interpretation of the fly’s ear structure
In recent years, the anatomy of the auditory organ of
the fly and its vibration modes have beefi the subject of
many studies ®~®. The remarkable features of it(Fig.3
) are summarized as: 1) The fly’s left and right ears are
not separated but contained within a common air-filled
chamber . 2) The center of the membrane doesn’t vi-
brate and works as the pivot of vibrations®. 3) The
left and right parts of the membrane are connected by a
mechanical coupling . ‘

As discussed in (™, we interpret the features as follows:
1) The diaphragm with supported at the center pivot is
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sound source
z direction

Fig.1. The definition of the coordinate system.

External anatomy of Ormia ochracea be-
fore (A) and after (B) surgical removal of the head -

Fig. 2.

®; The tips of arrows in the figure indicate the

auditory organ, which is located behind the head.

an optimal mechanism to detect a small sound gradi-
ent because the sound gradient (the moment) transmits
the diaphragm with no reaction force (Fig.4 ), 2) The
mechanical coupling works as an enhancement mecha-
nism for the vibration caused by the moment because it
generates reaction only when the spatially uniform force
works.

3. Sensor Design

3.1 Gimbal Diaphragm  In order to realize a
micro sensor which localizes a sound source in any direc-
tion, we introduce the two mechanisms discussed above
to a sensor. The point is how to form a center-supported
diaphragm which easily inclines to any directions.

In this paper, we propose a gimbal diaphragm shown in
Fig.5 , which consists of 1) inner beams, 2) outer beams,
3) ring, 4) center region, and 5) diaphragm region.
When the center region is fixed, this diaphragm has
three vibration modes driven by three terms in eq.(1),
independently. When a moment works, torsions of nar-
row inner and outer beams permit the diaphragm region
to incline to any direction, and the both of ends of the di-
aphragm vibrates the opposite direction (reversed-phase
vibration modes). While, a sound pressure works, the
ring is deformed and all ends of the diaphragm vibrates
the same direction (in-phase vibration). Then, the sen-
sitivity for in-phase driving force can be controlled by
designing the radius and the width of the ring. There-
fore, the gimbal diaphragm realizes 1)center-supported
diaphragm, 2)sensitivity control mechanism to in-phase
driving force, by the simple and planar structure.

3.2 Vibration Model of Gimbal Diaphragm
When the direction of sound source is (¢, 6), the resul-
tant force and moments acting the diaphragm are given
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Fig.3. Frontal views of the ears with the head re-
moved “ (upper) and its diagram(lower): The vi-
brations in the left and right parts of the tympanum
are transferred to a pair of auditory sensory organs,
the bulbae acusticae through a stiff cuticular rod,
auditory apodeme.

Fig.4. The comparison with modes driven by the
sound pressure gradient: While any reaction force
doesn’t work a center-supported diaphragm (left),
the fixed ends of diaphragms in conventional mi-
crophones generate the reaction, and the effective
force driven vibrations degrades (right).

Ft) = / ’ / " pyrdrdy
= mﬁp (), o (4)
N, (t) = / / g SIWGOS@ P(t) - (r cos)rdrdip

4c

sin ¢ cos 0P (t),



diaphragm region

. z‘ i o
e
!Jiﬂ;,iaigrbgiq m»iitzﬁs»
it it mi. i

e

)

S
!

i
e

< inner beam

rihg

'Fig. 5.

/ / ) qussmo P(t) - (rcost)*rdrdy

= 4— smnganP( )

A design of the gimbal diaphragm.

Ny (1)

where a is the radius of the diaphragm. In the in-phase
vibration mode, the flexural-rigidity of the ring gener-
ates a dominant reaction since inner and outer beams
cannot expand. While in the reversed-phase vibration
modes, the moment of inertia determines its mechanical
impedance when inner and outer beams are sufficiently
narrow to neglect their reaction force. Accordingly, the
motion equations of a gimbal diaphragm are written as

Kz(t) = mzp(t)? .......... e (7)

Téa,(t) = 2—‘14 sin pcosOP(t), - e (8)
wat )

Ié,(t) = SIN G SINOP(E), - ovevreeeeeee -(9)

where K is the stiffness of the ring, I is the moment
of inertia, z, oy, and o, are the displacement and the
angles of the diaphragm, respectively.

3.3 Theory of Sound Source Localization
Let < f(t),g(t) > be a correlation between f(t) and
g(t) in a short time, T" as

< f),9 /f

Eq.(7), eq.(8), eq.(9) indicate that ¢, (t), ¢y (t) code
the information of the sound source directions and z(t)
works as a carrier signal. The correlation between each
signal and z(t) is written as

nla*
< z(t),z(t) > = %2 < P(t),P(t) >, ~-oeen-- (11)
< z(t), a(t) > = ;?IM < P(t), P(t) >, (12)
) m2a® sin ¢ sin 6 :
< 2(t), ay(t) > = Kl o < P(t), P(t) > .(13)

outer beam
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By eliminating < P(¢),

Fig.6. A picture of fabricated gimbal diaphragm.

Table 1. Size parameters of our fabricated gimbal
diaphragm.

parameters values

radius of diaphragm 10.8[mm]

radius of center part 1 5{mm]|

radius of ring .8[mm)]

length of beam .2[mm)]

width of beam .2[mm)]

width of ring .2[mm]

P(t) > and normalizing, we ob-

tain
-
S, = %112(2)%): = singsing, - (15)
where
- %‘f, ........ e, (16)

9 — arctan %, .......... e e e e e e e e (17)

x

¢ = arcsin |/ S2 + SZ.

3.4 Fabrication Fig.6  shows a gimbal di-
aphragm, which we fabricated by etching 30[um]-
thickness phosphor bronze foil. Size parameters are
shown in Table 1 . We designed the width of the in-
ner and outer beams narrow enough to neglect reaction
force. The width of the ring is also an important param-
eter to control the sensitivity in the in-phase mode. In
this fabrication, we determined it experimentally. The
derivation of the quantitative design rule is a future
work. Its center region is fixed the pole as shown in
Fig.7 . In order to prevent the incident sound pressure
from leaking to the back, we surrounded the sensor by
an aluminum pipe with a small gap.

4. Experiments

4.1 Conditions In order to confirm that 1) the
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Fig.7. The structure of our sensor.
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Fig.8. The sound pressure on the right and the

left end of the diaphragm (about 20[mm]| distance)
when 200[Hz| sinusoid arrives from ¢ = «/12 direc-
tion. The phase difference is less than 1/300.

-gimbal diaphragm detects a tiny acoustic gradient,
2) the sound source can be localized as discussed in
Sec.(3.3), we examined the vibration of our fabricated
diaphragm. The sound is given from nine directions:
{(¢,0) | ¢ = 7w/12, § = nw/4 (n =1~8)} and ¢ = 0.
As a sound source signal, we chose 200Hz sinusoid so
that the ratio of the diaphragm dimension to the wave-
length of the incident sound is the same as the case of
the parasitoid fly. Note that the phase difference of the
sound pressure between both end of the diaphragm are
very small (less than 1/300) in this condition as shown
in Fig.8 . : .

4.2 Methods Fig.9 shows a schematic diagram
of our experimental setup. The 200[Hz| sinusoid we
synthesized and memoried on a CD was amplified
through an audio amplifier(Bose; 17011I) and output by
a speaker(Bose; 101MM) fixed right above on the sensor
by 30[cm]. In the setup, the directivity of the speaker
gives little influence to experimental results since it is
considered that the directivity is small on the low fre-
quency (the sound source signal is sinusoids of 200Hz as
mentioned) and the sensor is always located in the front
of the speaker. The sensor and measurement system are
mounted on two rotational stages as shown in Fig.10 so
that we can adjust the direction of the sound source by
inclining and rotating them relative to the sound source.

The vibration of the diaphragm was measured by a
laser displacement sensor (Keyence; 1.C-2430), digitized
by an A/D board (Interface; PCI-3163), and analyzed
on a desktop PC. In this system, we can observe only
one point on the diaphragm at once. So, by using the
sound source signal, we synchronized vibration wave-
forms, z(t) at four points (i = A, B,C,D) shown in
Fig.11 . Then, we obtained in-phase, z-axis reversed-
phase, and y-axis reversed-phase components of the di-
aphragm vibration by (z4(t) + zg(t) + z¢(t) + zp(t)) /4,
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Fig. 9.
setup.

A schematic diagram of the experimental
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i

Four measurement points on the di-
aphragm. The distance between the neighboring
points is 10[mm].

Fig. 11.

(—2a(t)+28(t) —20(t)+2p(%))/4; and (—za(t) —z5(H)+
zo(t)+2p(t)) /4, respectively. In order to investigate the
vibration of the diaphragm in high S/N ratio, each sig-
nal is obtained by 500 times synchronized accumulation
for noise reduction. !
4.3 - Results

Fig.12 shows the vibration wave-

 In practical situation, we don’t apply synchronous accumula-
tion because an input signal is unknown. But, the short-time cor-
relation in the localization algorithm works as a noise reduction
process. The introduction of the efficient transduction mechanism
to the sensor will improve the S/N ratio of the sensor signal and
reduce the necessary integral interval. :



_ 003
E 002
£ 001
7]
E 0
& -0.01
& -002
003
0 2 4 6 8 10
time [ms]
— 003 . i : —
E oot ‘ Y
E 001K
g 0 _M""-« = Y e ]
_{% -0.01 [ |
& 002t 1
® 008 I L ! "
° 2 4 6 8 10
time [ms]
. 003 e i . .
E o02f C ]
£ 001 f o]
Q ". 5 g .
E 0 I~ B "-‘ . K '-‘ -
é‘ -0.01 ':__ -',." ‘ '-_.. :‘- "
B 002 | e e A
® 003 L s . .
0 2 4 6 8 10
time [ms]
— 00p3 . . i
§ oo2f
001} ™
ﬂ)
£ o o i
g ool ™ 4
e o2k 0 e |
® 003 L o ) )
0 2 4 6 8 10
time [ms]
Fig.12. The vibration waveforms on four mea-

surement points, A, B, C, D, from top to bottom.
The direction of sound source is (¢, ) = (7/12, 0).

forms on four measurement points when the direction of
sound source is (¢, 6) = (7/12, 0). These graphs clearly
indicate that A, C and B, D vibrates in different phase
and the gimbal diaphragm detects a very small acoustic
gradient. The vibration displacement is about 0.02[pm)].

Fig.13 shows in-phase, z-axis reversed-phase, and y-
axis reversed-phase components of the vibration in two
cases: (¢, 0) = (7/12, 0),(n/12, —7w/2). We can con-
firm that the reversed-phase vibrations are depend on
the sound source direction, while the in-phase vibration
is independent of it because the former is driven by the
sound gradient and the latter is driven by the sound
pressure. The fact is also in coincidence with our theory
. that the phase difference between the in-phase and the
reversed-phase signals is 7/2.

Fig.14 shows an experimental result of the sound
source localization. The true sound source directions
(open circles) and localized directions (closed circles) are

represented by S, and .S, defined by eq.(14), eq.(15). A |

large circle indicates ¢ = 7/12. In this experiment, we
determined the constant, C in eq.(16) experimentally.
Since it can be regarded as fitting about ¢, the errors of
¢-are less than those of 8. Fig.15 shows another result of
the sound source localization when the sound source sig-
nal is 400[Hz| sinusoid. In both cases, the sound source
is localized in almost right directions.
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Fig. 13. Three components of the vibration: the
in-phase (top), the z-axis reversed-phase (center),
and the y-axis reversed-phase components (bot-
tom). The directions of the sound source are

(¢, 0) = (w/12, 0),(7/12, —7/2).
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Fig.14. The sound source localization result when
the sound source signal is 200[Hz| sinusoid. The
horizontal and the vertical axis represent sin ¢ cos 6
and sin ¢ sin 8, respectively.

5. Conclusion

In this paper, with mimicking an excellent mecha-
nism of the parasitoid fly’s ear, we proposed a gimbal
diaphragm, which realizes a simple and optimal trans-
duction mechanism for a very small pressure gradient
caused by the sound field. As a first step to realize
a micro sound source localization sensor, we fabricated
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Fig.15. The sound source localization result when

the sound source signal is 400[Hz] sinusoid. The
horizontal and the vertical axis represent sin ¢ cos 8
and sin ¢ sin 6, respectively.

a model diaphragm by thin metal plate and confirmed
that 1) it detects a very small sound gradient, 2) it lo-
calizes the direction of the sound source as the theory,
by experiments. ‘

The subjects of succeeding works will be the estab-
lishment of strict design rules of the diaphragm and
the introduction of the efficient transduction mecha-
nism from mechanical vibrations to electric signals. We
are considering 1) piezoresistive transduction: placing
piezoresisters on the ring and the beams of the gimbal,
where the deformation of the diaphragm is concentrated,
and detecting the vibration by strains there, 2) capaci-
tive transduction: forming four condensers with the di-
aphragm and back-electrodes separated into 2 x 2 cells
and detecting the vibration capacitively. In both cases,
good agreement with the Si micromachining process is
the most important concern for us.
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