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Low power consumption microspeaker using Cu/Ni
magnetic nanocomposite [1-3]

An electroplated Cu-Ni magnetic nanocomposite coil is
developed and optimized for low-power electromagnetic
microspeaker fabrication. Via the incorporation of Ni
nano-particles into Cu matrix, the magnetic property can
be effectively modified from diamagnetism to
ferromagnetism without having drastic resistivity increase.
Fig. 1 shows the M-H loop of Cu-Ni nanocomposites
plated with different line structures in the baths with 2g/L
Ni concentrations. It shows that Cu film has been
modified from diamagnetism to ferromagnetism via the
incorporation of Ni nano-particles. The power saving
ratio determined by the trade-off between the electrical
and magnetic properties of Cu-Ni nanocomposite can be
calculated as follows:

2
PComposite — lur,Cu kCu (1)
PCu

/ur,Composite

where P Composite/,ur,Composite/ kComposite; P Cu/,ur,Cu/ kCu are the
power  consumption, relative  permeability, and
conductivity of the coil made by Cu-Ni nanocomposite
and pure Cu, respectively. By trading off the increase of
magnetic flux density against the decrease of electrical
conductivity of the actuated nanocomposite coils, better
performance in terms of power saving can be found.

According to equation (1), the power saving can be

Composite
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estimated based on the measured electrical and magnetic
properties. From the calculation, the optimal process
condition, i.e. 200pm wide line structure electroplated in a
bath with the Ni concentration of 2g/L, can have the
highest power efficiency. According to SPL (Sound
Pressure Level) versus input power normalized with the
coil thickness due to the process variation in a frequency
range from 1 to 6kHz as shown in Fig. 2, the composite
coil can generate higher SPL than the Cu one under the
same power input and averagely provide about 40%
power saving than the Cu coil one for the same SPL
output at 70dB. The inset of Fig. 2 shows the
photograph of as-fabricated microspeaker.

In summary, we present a process optimization scheme
for low-power electromagnetic microactuation using
Cu-Ni nanocomposites. The optimal condition, i.e.
200pm wide inductive coil electroplated in a bath with the
Ni concentration of 2g/L, can realize ~40% power saving
of EM force driven speaker performed in a frequency
range of 1 to 6kHz in comparison with the coil made of
pure Cu for the same speaker design.

Oxalis-like microphone for sound source localization
applications [4]

A micromachined microphone with oxalis-like
electroplated copper sensing diaphragm is developed for
sound source localization applications. The proposed
microphone basically follows the concept which is a
center-supported gimbal circular diaphragm structure
proposed by Ono et al.[5-7]. However, instead of using a
full circular diaphragm design, the oxalis-like leaf design
combined with the employment of serpentine springs
could resolve the problem due to the diaphragm
disintegration which can make the sensing leaf more
flexible to have larger deformation resulted by sound
pressure. Meanwhile, the serpentine springs to connect
the leaves with each other can ensure the whole sensing
diaphragm vibrates in-phase and reversed-phase modes
like the auditory organ of the parasitoid fly. Under 60dB
SPL sound stimulation, about 70% of maximum
displacement enhancement in a  reversed-mode
deformation can be obtained in comparison with the
conventional design [8].

Fig. 3 shows the as-fabricated biomimetic microphone.
Three copper layers are used as the top sensing diaphragm,
supporting via, and the other sensing electrode at bottom,
respectively. The inset of Fig. 3 is an enlarged view on the
central gimbal region showing the fully released device
structure.  Fig. 4 shows the polar pattern of the
normalized displacement of simulation and measured data
by applying a pressure load 60dB SPL (0.02Pa) at 200Hz.



There is a large displacement discrepancy between the
simulation and experimental data which could be resulted
by applying incorrect sound pressure loading to the
simulated structure. Therefore, a sound pressure
gradient, which is about 0.062Pa/m close to the exact
experimental setup, instead of uniform pressure load on
the half of the sensing diaphragm is then applied for the
analysis. The inset of Fig. 4 shows smaller displacement
discrepancy between the simulation and experimental data.
Although the discrepancy still exists, both results still
provides qualitatively verification to the prediction of our
ANSYS simulation.

In summary, a micromachined microphone with
oxalis-like electroplated copper sensing diaphragm is
presented for sound source localization applications.
Experimental results verify the correctness of the
simulation further indicating such a biomimetic
microphone can indeed exhibit a better acoustic response
for sound source localization.

Physical analytical model of center-supported gimbal
circular diaphragm [9]

An analytical model in both views of material and
dimensional characteristics is developed to well predict
the net displacement and sound source localization of the
biomimetic microphone based on a center-supported
gimbal circular diaphragm. Mechanically and physically,
by considering the angle of twist and deflection of a
center-supported gimbal circular diaphragm caused by the
time varying sound pressure gradient and gravity force,
total displacements, Z(t), should be superposed:

2= 2, 8 :
2T°aG  9m(a’ —c*)E

(a’- cz).[;m(r)gdr
2Ta(T> - W?*)E
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where P, A, g, W, m, T, G, E are sound pressure, gradient
factor, gravity acceleration, width of beam, mass,
thickness, shear modulus, and Young’s modulus of
material, respectively. Two cases are adopted for verifying
the modeling analysis: 1.5um thick diaphragm with a
radius of 1500pm and 30pm thick diaphragm with a
radius of 10.8mm, respectively. Fig. 5 presents the
model validation for both cases by comparing model
evaluations and experimental measurement demonstrated
by Ono et al. [5-7]. 400 and 200Hz sinusoidal sound
waves are chosen as sound source signals for the two
cases, respectively. The results show good data matches
in terms of displacement and related response with time
variation. Slight mismatches might be due to the neglect
of damping force.  Therefore, based on the total
displacements of center-supported gimbal circular
diaphragm, design optimization could be first trade-off
between structural sensitivity and rigidity by means of this
analytical model.

In summary, an analytical model for prediction of
biomimetic microphone mechanism on floating
center-supported gimbal circular diaphragm is proposed.
Excellence data match between the calculation and
measurement result shows the accuracy of this model, and
50% improvement of the diaphragm displacement is
predicted. By modifying the material dimensions and
properties, the optimized structure will be found for sound
source localization.

Hybrid Biomimetic Directional Microphone for the Full
Space Sound Source Localization [10]

A hybrid biomimetic directional microphone with a
central floating support is developed by hybridizing the
supersensitive ears of the parasitoid fly with the flexibility
of the clover stalk for the full space sound source
localization. By introducing the mIIDpA, the mIPD, and
the sensing region, the presented design with the
state-of-the-art characteristics of mIIDpA 2.7dB/mm?2 and
mIPD 155° has shown a highly potential application for
the directional microphone with full space sensitivity.

It has been being a challenge using a miniature
microphone to realize sound source localization due to
diminutive interaural level difference and interaural time
difference. Several developed biomimetic MEMS
microphones still exhibit several deficiencies, such as the
structural sensitivity, rigidity and the process complexity
with readout integration [5,11-13]. Among them, the
biomimetic microphone proposed by Ono et al. has drawn
lots of attention due to the characteristics of simple
fabrication process, easy sensing circuit implementation,
and good directional identification as well as signal
sensing ability. However, the microphone using central
pivot-supported (CP-S) designs [5], the asymmetrical
beam structure, shown in Fig. 6 (a), would lead to an
undesired deformation that might cause device failure or
degradation of sensitive and directional abilities. In
order to overcome this dilemma, we present a new
symmetrical beam structure. By hybridizing the
supersensitive ears of the parasitoid fly with the flexibility
of the clover stalk, as shown in Fig. 6 (b), the structurally
coupled mechanism of the central floating support reveals
two unique design merits: (1) fourfold rotation axial
symmetry of the central beams effectively compensates
the undesired deformation due to gravity and residual
stress for maintaining diaphragm rigidity, and (2) the
central floating joint makes the sensing diaphragm more
flexible for higher sound sensitivity and directivity.

By considering the equation of motion of the
microphone diaphragm, the corresponding displacement
in the steady state of the ipsi- (+) and contralateral (—)
membranes can be expressed by the linear combination of
the displacements of translational and rocking modes:
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where P(1), a, ¢, m, 7, ¢; and ¢,, ®, o, and w,, and 5, and 7,
are the sound pressure, the diaphragm radius, the radius of
central support, the mass of the diaphragm, the time delay
factor, the translational- and rocking-mode phases, the
operating frequency, the translational- and rocking-mode
resonant frequencies, and the translational- and
rocking-mode damping ratios, respectively. Additionally,
the performances of a biomimetic microphone can be also
strictly compared using two mechanical indicators, the
mechanical interaural intensity difference per area
(mIIDpA) and the mechanical interaural phase difference
(mIPD) [1], which can be obtained as follows:

1/7:((12 -c?), mIPD:A% )
ipsi

For instance, the ipsi- and contralateral membranes move
in opposite directions with equal amplitudes must have the
mIIDpA and mIPD with the values of near 0 dB/mm?* and
180°, respectively. The presented hybrid design with the
state-of-the-art characteristics of mIIDpA 2.7dB/mm’ and
mIPD 155° has shown highly potential applications for the
directional microphone with full space sensitivity.

Meanwhile, for fairly comparison, two microphones
with the hybrid and CP-S designs both having the same
diameter and thickness are fabricated to validate device
performance. Measured resonant frequencies of the
hybrid and CP-S designs are about 10 and 12 KHz,
respectively, close to the CoventorWare, as shown in Fig.
7 (a). Better directivity and larger net displacement in
the polar plot shown Fig. 7 (b) reveal that the hybrid
design has a superior ability in sound source localization,
i.e. about 36% sensitivity and 34% directivity
improvements in comparison with that of the CP-S design.
Fig. 8 shows measured acoustic responses of the hybrid
microphone applied with 80dB sound waves in frequency
domain and it evidences that the hybrid design has
well-performance at 200Hz with significant phase
difference. Fig. 9 shows diaphragm displacement of the
two kinds of microphones driven by a 80dB and 200Hz
sinusoidal sound wave located at (r, 0, ¢) = (24cm, 37°,
0°). The theoretical model for elaborating the dynamic
response is likewise verified by experimental
measurements depicted in Fig. 9. Excellence match
between calculation and measurement results indicates the
accuracy of presented model and about 30% net
diaphragm displacement improvement.

In summary, we develop a hybrid biomimetic
microphone with a central floating support. Better
acoustic sensitivity and directivity can be realized
theoretically and experimentally. The hybrid structure
can not only inherit the advantages from conventional

ipsi

mIIDpA = [20 log,

contra

CP-S design, but also promote sound source localization
sensitivity for MEMS microphones with a potential
application for hearing aid devices.
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HYBRID BIOMIMETIC DIRECTIONAL MICROPHONE

FOR THE FULL SPACE SOUND SOURCE LOCALIZATION
C. C. Chen*, Y. C. Chen, Keng-Yu Lin, and Y. T. Cheng
Microsystems Integration Laboratory, Department of Electronics Engineering & Institute of Electronics,
National Chiao Tung University, Hsinchu, Taiwan, ROC.

ABSTRACT

The paper presents a hybrid biomimetic directional
microphone with a central floating pivot support by hybridizing the
supersensitive ears of the parasitoid fly with the flexibility of the
clover stalk. By introducing the mIIDpA, the mIPD, and the sensing
region, the presented design with the state-of-the-art characteristics
of mIIDpA 2.7dB/mm? and mIPD 155° has shown a highly potential
application for the sound source localization with full space
sensitivity. Excellence match between theoretical calculation and
measurement results indicates the accuracy of the presented model
and about 30% net diaphragm displacement improvement.

INTRODUCTION

It has been a challenge using a miniature microphone to realize
sound source localization due to diminutive interaural level
difference and time difference [1]. Several developed biomimetic
MEMS microphones still exhibited several deficiencies, such as the
trade-off of structural sensitivity and rigidity and the increase of
process complexity with optical readout integration [1,2,4]. Among
them, the biomimetic microphone using a central pivot-supported
(CP-S) design [3] has drawn lots of attention due to the
characteristics of simple fabrication process, easy sensing circuit
implementation, and good directional identification as well as signal
sensing ability. However, the asymmetrical beam structure, shown
in Fig. 1 (a), would lead to an undesired deformation that might
cause device failure or the degradation of device sensitive and
directional abilities. In order to overcome this dilemma, we present
a new symmetrical beam structure. By hybridizing the
supersensitive ears of the parasitoid fly with the flexibility of the
clover stalk, as shown in Fig. 1 (b) and (¢), the structurally coupled
mechanism of the central floating support reveals two unique design
merits: (1) fourfold rotation axial symmetry of the central beams
effectively compensates the undesired deformation due to the
gravity and the residual stresses for maintaining diaphragm rigidity,
and (2) the central floating joint makes the sensing diaphragm more
flexible for higher sound sensitivity and directivity.

For fair comparison, two microphones with the hybrid and
CP-S designs both having the same structure parameters listed in
Table 1 are fabricated using a three-layer copper electroplating
process [5] respectively to validate device performance. Measured
resonant frequencies of the hybrid and CP-S designs are about 10
and 12 KHz, respectively, close to the CoventorWare simulation [6]
shown in Fig. 2 (a). Better directivity and larger net displacement in
the polar plot shown in Fig. 2 (b) reveal that the hybrid design has a
superior ability in sound source localization, i.e. about 36%
sensitivity and 34% directivity improvements in comparison with
that of the CP-S design. Figure 3 shows measured acoustic
responses of the hybrid microphone applied with 80dB sound waves
in frequency domain and it evidences that the hybrid design has
well-performance at 200Hz with significant phase difference.
Figure 4 shows the diaphragm displacements of the two kinds of
microphones driven by a 80dB and 200Hz sinusoidal sound wave
located at (r, 8, p) = (24cm, 37°, 0°).

Meanwhile, by considering the motion equation of the
microphone diaphragm, the corresponding displacement in the
steady state of the ipsi- (+) and contralateral (—) membranes can

0-9640024-8-5/HH2010/$25©2010TRF
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Figure 1: (a) Schemes of the conventional CP-S design with
coordinate parameters (r, 0, @). (b) Scheme of the hybrid
biomimetic microphone with central floating gimbal design. (c)
The SEM photograph of the hybrid microphone.

be expressed by the linear combination of the displacements of
translational and rocking modes:

P(t)-n(a* =c?) y
m

Z, =
Q)]

)

cos(wr/2)sin(wt + %) sin(wr/2)cos(ot + 5

+
J@ —0) + Qo] (@ -0*) +Qo.n,0)

where P(¢), a, ¢, m, 7, ¢, and ¢,, ®, o, and w,, and 7, and 7, are the
sound pressure, the diaphragm radius, the radius of central support,
the mass of the diaphragm, the time delay factor, the translational-
and rocking-mode phases, the operating frequency, the
translational- and rocking-mode resonant frequencies, and the
translational- and rocking-mode damping ratios, respectively. The
theoretical model for elaborating the dynamic response is likewise
verified by experimental measurements depicted in Fig. 4.
Excellence match between calculation and measurement results
indicates the accuracy of presented model and about 30% net
diaphragm  displacement improvement. Additionally, the
performances of a biomimetic microphone can be also strictly
compared using two mechanical indicators, the mechanical
interaural intensity difference per area (mIIDpA) and the
mechanical interaural phase difference (mIPD) [1], which can be

obtained as follows:
Z
z(a® —c*), mIPD= /=
Zipxi
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Table 1: Dimension parameters of the hybrid and CP-S design
Hybrid design

Radius of diaphragm (@) 1500um
Thickness of diaphragm (7) Spum
Length of edge-clamped supporting beam (L) 250um
Length of central beam (L) 250pm
Width of beam (/) 15pum
Spacing between beams 15um
CP-S design
Radius of diaphragm (@) 1500pm
Thickness of diaphragm (7) Sum
Radius of CP region (c) 225um
Radius of ring 270um
Width of ring 30um
Length of beam (L) 30um
Width of beam (1) 30um
..“ — Measured data of Hybrid design (@ A (b)-
T3g | — Measured data of GP.S design —
£ Simulation of Hybrid design  (Magnitude) [
a7 Simulation of CP-S design
§ 7
3 18
s
2
a

180
=+ Measured data of hybrid design
- Measured data of CP-S design

10000 15000
Frequency (Hz)

Figure 2: Comparison of (a) the frequency spectrum and (b) the
logarithmic polar patterns of net diaphragm displacements
between the hybrid and CP-S design.
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Figure 3: Acoustic responses of hybrid design in frequency
domain in terms of (a) amplitudes and (b) phases of ipsilateral
and contralateral of diaphragm, respectively.
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For instance, the ipsi- and contralateral membranes move in
opposite directions with equal amplitudes must have the mIIDpA
and mIPD with the values of near 0 dB/mm? and 180°, respectively.
Table 2 shows the comparisons in terms of nature frequencies and
mechanical performances between the parasitoid fly [2], the
conventional designs [1,3,4] and the new structure. The presented
hybrid design with the state-of-the-art characteristics of mIIDpA
2.7dB/mm? and mIPD 155° has shown a highly potential application
for the sound source localization with full space sensitivity.

In summary, we develop a hybrid biomimetic microphone with
a central floating pivot support. Better acoustic sensitivity and
directivity can be realized theoretically and experimentally. The
hybrid structure can not only inherit the advantages from
conventional CP-S design, but also promote sound source
localization sensitivity for MEMS microphones with a potential
application for hearing aid devices [1].
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achievement and by trading off the increase of magnetic flux density
against the decrease of electrical conductivity of the actuated
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