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Electroacoustic analysis of an electret loudspeaker using
combined finite-element and lumped-parameter models
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An unconventional type of electrostatic loudspeaker is presented in this paper. The loudspeaker
made of thin, light, and flexible electret material lends itself well to the space-concerned
applications. Electrical impedance measurement reveals that the coupling between the electrical
system and the mechanical system is weak, which renders conventional parameter identification
based on electrical impedance measurement impractical. A different approach is thus employed to
model the electret loudspeaker. To predict the loudspeaker’s dynamic response, finite-element
analysis �FEA� is conducted on the basis of a simple model and a full model. In the simple model,
FEA is applied to model the electret membrane, leaving the rest of system as rigid parts. In the full
model, FEA is applied to model the entire membrane-spacer-back plate assembly. Velocity response
of the membrane subject to a uniformly distributed force is calculated using FEA harmonic analysis.
Mechanical impedance is then calculated with the velocity response. The acoustical impedance due
to the back cavity, pores, and the radiation loading at the front side is calculated by theoretical
formulas. The volume velocity of the membrane and the resulting on-axis sound pressure level are
predicted with electrical-mechanical-acoustical analogous circuits. The response data predicted by
the simulation compare very well with experimental measurements.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3117377�

PACS number�s�: 43.38.Bs, 43.38.Ja, 43.40.Dx �AJZ� Pages: 3632–3640
I. INTRODUCTION

A flat type of loudspeaker based on electret technology
is presented in this paper. The loudspeaker is made of thin,
light, and flexible electret material, which lends itself very
well to space-concerned applications as demanded by many
3C �computer, communication, and consumer electronics�
products. This paper aims to model the electret loudspeaker
and assess the acoustical performance using a combined
finite-element and lumped-parameter model. Being able to
simulate the response of the transducer is crucial to optimiz-
ing the performance of this special type of transducer.

The principle of the electret loudspeaker resembles that
of electrostatic loudspeakers. An electrostatic loudspeaker
exploits the varying electrostatic force generated between
two charged plates separated by an air gap. In the 1930s,
there were a number of practical electrostatic loudspeakers
invented.1 McLachlan2 conducted theoretical investigations
of sound power and pressure at resonant and non-resonant
frequencies on a stretched-membrane electrostatic loud-
speaker. On the other hand, electret is a dielectric material
that has a quasi-permanent electric charge or dipole polariza-
tion. An electret generates internal and external electric
fields, and is the electrostatic equivalent of a permanent mag-
net. There is a similarity between electrets and the dielectric
layer used in capacitors; the difference being that dielectrics
in capacitors possess an induced polarization that is only
transient, dependent on the potential applied on the dielec-
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tric, while dielectrics with electret properties exhibit quasi-
permanent charge storage or dipole polarization in addition.
Paajanen et al.3 modeled the electret film using a simplified
model involving multiple parallel air gaps. Reciprocity of the
sensor and actuator is demonstrated experimentally using the
model. Mellow and Karkkainen4 calculated the free-space
radiation of a tensioned circular membrane. Near-field and
far-field pressure responses and efficiency were calculated
based on the diaphragm impedance. The on-axis pressure
response calculated using this method was compared with
that obtained using a finite-element model. Medley et al.5

analyzed an electrostatic transducer analytically and numeri-
cally. The frequency response of the transducer with layered
construction was calculated and compared with experimental
data.

Electret transducers have advantage over conventional
electrostatic transducers to enable simple and compact elec-
troacoustic construction without external polarization circuit
and power supply. A celebrated example is the electret con-
denser microphone invented at Bell laboratories in 1962 by
Sessler and West,6 using a thin metalized Teflon foil. Rather
than the well established microphone technology, the recip-
rocal application of electret material to loudspeakers is at-
tempted in this paper. Over the past years, various polymer
materials such as polyethylene, polystyrene, polyurethane,
polyethyleneterephtalate, Teflon �FEP and PTFE�, polyvi-
nylidene fluoride, and polypropylene �PP� have been used as
electret materials.7,8 These are usually homogeneous solid
materials. Paajanen et al.8 suggested a new multipurpose ma-
terial, electromechanical film �EMFi�. The EMFi is a thin,

cellular, biaxially oriented PP film that can be used as an
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electret. Having a special voided internal structure and high
resistivity, it is capable of storing large permanent charge.
EMFi can be applied to sensors, switches, loudspeakers, spe-
cial transducers, etc. Saarimaki et al.9 developed heat-
resistive sensors and actuators using electromechanical
cyclo-olefin-based polymer films. They described in detail
the manufacturing of electromechanical and electrostatic
transducers used in the audible frequency range. Recently,
Chiang and Chen10 proposed a new flexible electret loud-
speaker using nano-technology. The electret diaphragms are
fabricated using fluoro-polymer with nano-meso-micro pores
precharged by the corona method. Heydt et al.11 measured
the acoustical response produced by electrostrictive polymer
film loudspeakers. Measurements of harmonic distortion are
also shown, accompanied with results demonstrating reduced
harmonic distortion achieved using a square-root wave shap-
ing technique.

This paper aims at establishing a simulation platform for
electret loudspeakers with the main structure consisting of a
membrane, a spacer grid, and a back plate. Due to the effect
of the spacer grid, the membrane is rigidly constrained at the
grid such that the motional impedance presented in the ter-
minal electrical impedance is almost negligible. As we shall
see later in the presentation, the characteristics of the me-
chanical system are not present in the electrical domain and
the effective electrical impedance resembles that of a capaci-
tor. Electrical impedance measurement reveals that the cou-
pling between the electrical system and the mechanical sys-
tem is weak, which renders conventional parameter
identification based on electrical impedance measure-
ment12–14 impractical in the case of electret loudspeakers. In
this paper, a different approach is thus employed to model
the electret loudspeaker by taking advantage of the fact that
the electrical and the mechanical systems are weakly
coupled. Specifically, the electrical response is treated as a
capacitor without considering the mechanical loading,
whereas the mechanical response is calculated by using the
unloaded electrical response as the input to the mechanical
systems. Finite-element analysis �FEA� is employed in a
simple model as well as a full model to predict the loud-
speaker’s dynamic response. The FEA model is tuned by
matching the resonance frequency predicted by a single-cell
model with the velocity response measured by a laser vibro-
meter. The mechanical impedance is estimated by the aver-
age velocity response subjected to a uniformly distributed
force. Furthermore, the acoustical impedance due to the back
cavity, pores, and the radiation loading at the front side is
calculated by the theoretical formulas. Using this hybrid
model, the volume velocity of the membrane and the on-axis
sound pressure level �SPL� can be calculated with accuracy.

II. OPERATING PRINCIPLES OF AN ELECTRET
LOUDSPEAKER

A sample of electret loudspeaker with length 101 mm
and width 41 mm is shown in Figs. 1�a� and 1�b�. The main
structure of the loudspeaker includes a membrane �nano-
porous fluoro-polymer�, a spacer grid, and a perforated back
plate �stainless steel� with 24.15% perforation ratio. The gap

between the membrane and the back plate is 100 �m. Figure
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1�c� is the top-view of the loudspeaker structure, where the
arrangement of the spacer grid is shown. The time-varying
attraction force between the back plate and the membrane
gives rise to the motion of the membrane. The device per se
is a capacitor with capacitance varying with the distance be-
tween the membrane and the back plate, as shown in Fig.
2�a�. The static attraction force �Coulomb force� between the
membrane and the back plate can be calculated using the
following formula:

F0 =
�S

2

E0
2

d2 . �1�

The dielectric constant � is given by

� =
C0d

S
, �2�

where S is the area of action, E0 is the effective dc bias
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FIG. 1. The electret loudspeaker. �a� Photo �front view�. �b� Photo �rear
view�. �c� Schematic showing the perforated back plate and the spacer grid.
voltage due to the precharged electret, d is the distance be-
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tween the membrane and the back plate, and C0 is the static
capacitance. Assume that the membrane motion is small and
the gap between the membrane and the back plate is nearly
constant. The dynamic attraction force produced by the driv-
ing voltage can be approximated as

f = �S
E0e

d2 , �3�

where e is the driving voltage. The electret loudspeaker can
be modeled with the electroacoustic analogous circuit in Fig.
2�b�. The linearized ac dynamic equation can be expressed as
follows:

e = ZEi +
1

j�CEM
uM , �4�

f =
1

j�CEM
i + ZMuM , �5�

where

ZE =
1

, �6�
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FIG. 2. The electret loudspeaker. �a� Cross-section. �b� Electroacoustic
analogous circuit. �c� Analogous circuit reflected to the electrical domain.
j�C0
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CEM =
�S

q0
, �7�

i is the current, uM is the membrane velocity, ZM is the
�open-circuit� mechanical impedance of the diaphragm, ZE is
the �blocked� electrical impedance, q0 is the static charge,
and C0 is the static capacitance. Equations �4� and �5� can
also be expressed in matrix form

�e

f
� = � ZE

1

j�CEM

1

j�CEM
ZM

�� i

uM
� . �8�

The fact that the impedance matrix is symmetric indicates
that the device is a reciprocal transducer �XDCR� with an
associated transduction factor �

� =
C0E0

d
=

C0

CEM
. �9�

Equations �4� and �5� can be rewritten as

e =
1

j�C0
ic, �10�

f =
�

j�C0
ic + ZmsuM , �11�

where

ic = i + �uM , �12�

Zms = ZM −
1

j�C0/�2 . �13�

Zms is the short-circuit mechanical impedance, which is the
sum of the open-circuit mechanical impedance ZM and a
negative capacitor �−C0 /�2�. The negative capacitor can be
removed if controlled sources are used in lieu of the trans-
former coupling.

Figure 2�c� shows the circuit with the mechanical sys-
tem reflected to the electrical domain. Zme is the motional
impedance reflected to the electrical domain from mechani-
cal system.

Zme =
Zms

�2 . �14�

Since the transduction factor ��� is very small, the mechani-
cal impedance reflected to the electrical domain effectively
becomes an open circuit. This is why the mechanical char-
acteristics would not appear in the electrical impedance. In
the following, we shall verify this point by using a practical
measurement and FEA.

The terminal electrical impedance is measured from
400 Hz to 10 kHz using a 1.5 Vrms sweep-sine input. Figure
3�a� shows the experimental arrangement for the measure-

ment, with symbols defined in the figure
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Ze =
egG − er

er
R , �15�

where G is the gain of the voltage amplifier and Ze is the
terminal electrical impedance. The measured electrical im-
pedance is shown in Fig. 3�b�. It can be observed from the
figure that the measured electrical impedance fits very well
with the impedance of an ideal capacitor because the elec-
tromechanical coupling is weak enough to conceal the mo-
tional impedance.

	Ze	 =
1

�C0
. �16�

Although the mechanical parameters cannot be extracted
from the measured electrical impedance, the static capaci-
tance �C0� can still be estimated as follows:

log C0 = − log � − log	Ze	 . �17�

Using this formula, the static capacitance �C0� can be esti-
mated from the impedance log-log plot to be 7.9577
�10−10 F. For the electret loudspeaker sample under test, the
effective dc bias voltage �E0� is approximately 600 V, the
gap between the membrane and back plate is 0.1 mm, and
the applied voltage �e� is 20 Vrms. Thus, the dielectric con-
stant ��� is estimated by Eq. �2� to be 1.9217�10−11. The
transduction factor ��� calculated using Eq. �9� is 0.0048.
The static and dynamic attraction forces estimated using Eqs.

(a)
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��

� �
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voltage cross
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FIG. 3. �Color online� The electrical impedance measured at the terminals
of the electret loudspeaker. �a� Experimental arrangement. �b� The frequency
response of the measured electrical impedance.
�1� and �3� are 1.4324 N and 0.0955 Nrms, respectively.
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III. THE MODEL OF THE ELECTRET LOUDSPEAKER

As mentioned previously, the electrical impedance of the
electret loudspeaker is predominantly capacitive without be-
ing influenced by the motional impedance, meaning the elec-
tromechanical coupling is extremely weak. Therefore, the
parameter identification based on electrical impedance mea-
surement is not applicable to the electret loudspeaker. An
alternative approach for modeling the electret loudspeaker
will be presented next.

A single-cell model, a simple model, and a full model
based on FEA are developed to model the electret loud-
speaker. Specifically, FEA is applied to a single-cell on the
membrane in the single-cell model, and FEA is applied to the
membrane in the simple model, leaving the rest of system as
rigid parts, whereas FEA is applied to the entire membrane-
spacer-back plate assembly in the full model. The FEA is
carried out with the aid of ANSYS®.15 In the single-cell
model, the natural frequencies and the mode shapes of the
membrane are calculated by the FEA modal analysis. This
FEA result combined with the laser vibrometer measurement
determines the material constants of the membrane. To
evaluate the mechanical impedance of the membrane, the
displacement frequency response of the membrane is calcu-
lated and converted into velocity by using the FEA harmonic
analysis. The ratio of the external force to the mean velocity
of diaphragm in mechanical system is defined as the open-
circuit mechanical impedance ZM. In order to facilitate the
integration of the mechanical system, the open-circuit me-
chanical impedance �ZM� defined in the following lumped-
parameter two-port formalism is calculated using the com-
plex velocity response.

ZM =
F

ū
, �18�

where F is an external force applied in the finite-element
model and ū denotes the mean of the complex velocity,
which is obtained by the FEA harmonic analysis. Moreover,
the impedance Zme that is reflected from the mechanical do-
main to the electrical domain can be calculated by Eq. �14�.
Figure 4 compares 	Zme	 and the electrical impedance 	ZE	. It
can be observed from the figure that 	Zme	 is much greater
than 	ZE	. Therefore, the mechanical impedance reflected to
the electrical domain effectively becomes an open circuit.
The mechanical characteristics would not appear in the elec-
trical impedance. This justifies the weak coupling assertion
between the electrical and the mechanical systems.

The FEA simulation is based on both the simple and the
full models. The mechanical impedances are calculated using
harmonic analysis of FEA. The mean velocity uM can be
obtained by solving the electrical-mechanical-acoustical
analogous circuits of Fig. 2�b�. From a membrane with ef-
fective area SD, the on-axis pressure at a far field distance r
can be calculated using the simple source model

p�r� =
j�0�UM

2�

e−jkr

r
, �19�

where UM =SDuM is the volume velocity, �0 is the density of
3
air ��0=1.21 kg /m �, and k is the wave number.
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The FEA simulation is based on both simple and full
models.

A. The single-cell model and the simple model

In the simple model, it is assumed that the back plate
and the spacer are rigid, while the FEA models only the
flexible membrane of the electret loudspeaker. The mem-
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FIG. 4. The comparison between the frequency response functions of Zme

and ZE.
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FIG. 5. �Color online� The mesh plot of the simple FEA
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brane is modeled with the element “shell 41,” which is a
three-dimensional element allowing membrane �in-plane�
stiffness but no bending �out-of-plane� stiffness. The element
has four nodes and three degrees of freedom �Ux, Uy, and Uz�
at each node.

We begin with tuning the single-cell FEA model with
reference to the laser velocity response measurement. The
mesh used in the finite-element model of a single-cell is
shown in Fig. 5. The boundary conditions are selected such
that all degrees of freedom for the outer edge of the single-
cell and the displacements at the spacer are zero. Using this
approach, the determined material constants of the mem-
brane are summarized in Table I.

Next, the simple FEA model and the associated mesh of
the membrane are shown in Fig. 5. The boundary conditions
are selected such that all degrees of freedom for the outer
edge of the membrane and the displacements at the spacer
are set to be zero. The complex velocity and mechanical
impedance are calculated using the FEA harmonic analysis.

spacer

mm

simple model

TABLE I. Material properties of the electret loudspeaker.

Parameters Spacer and back plate Membrane

Young’s modulus �N /m2� 201�109 82�109

Poisson’s ratio 0.28 0.3
Density �kg /m3� 8000 700
Thickness �m� 17�10−3 32�10−6
101
model and single-cell FEA model of the membrane.
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B. The full FEA model

In the full model, FEA is applied to the whole structure
of the electret loudspeaker consisting of the membrane, the
spacer grid, and the back plate.16 The material constants as-
sumed in the FEA are those obtained in the single-cell model
�Table I�. The membrane, the spacer, and the back plate are
modeled using “shell 41,” “solid 45,” and “shell 63,” respec-
tively. The solid 45 element has eight nodes and three de-
grees of freedom �Ux, Uy, and Uz� at each node. The shell 63
element has four nodes and six degrees of freedom, �Ux, Uy,
Uz, ROTx, ROTy, and ROTz� at each node. The finite-element
mesh is shown in Fig. 6. The boundary conditions are se-
lected such that all degrees of freedom for the outer edge of
the electret loudspeaker are zero. The attraction forces be-
tween the back plate and membrane are calculated using Eqs.
�3� and �4�. The effective mechanical impedance of the loud-
speaker can also be established via the FEA harmonic analy-
sis, as that of the simple model.

C. Modeling of the acoustical enclosure

Apart from the electrical and the mechanical systems,
the modeling of the electret loudspeaker takes into account
the acoustical loading resulting from the perforation of the
back plate and the cavity between the back plate and the
membrane. The back plate has 1000 square holes uniformly
distributed over the metal sheet �perforation ratio=24.15%�.
The acoustical impedance of the perforation can be written
as14

ZAP = RAP + j�MAP, �20�

RAP =
�0

N�ah
2

2��� tp

ah
+ 2�1 −

�ah
2

b2 �� , �21�

MAP =
�0

N�ah
2�tp + 1.7ah�1 −

ah

b
�� , �22�

where N is the number of holes of the back plate, � is the
kinematic coefficient of viscosity ��=1.56�10−5 m2 /s�, ah

is the equivalent radius of the hole, b is the spacing between
the center of the adjacent holes, and tp is the thickness of the
back plate. The cavity can be modeled as acoustic compli-

membrane

spacer

back plate

FIG. 6. �Color online� The full FEA model of the electret loudspeaker.
ance
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CA =
V

�0c2 , �23�

where V is the volume of cavity and c is the speed of sound
�c
345 m /s at the room temperature�. The analogous cir-
cuit of the acoustical system of the electret loudspeaker is
shown in Fig. 2�b�. In particular, the circuit parameters to
approximate radiation impedance are given by14

MA1 =
8�0

3�2ah
, �24�

RA1 =
0.4410�0c

�ah
2 , �25�

RA2 =
�0c

�ah
2 , �26�

CA1 =
5.94ah

3

�0c2 . �27�

The FEA-based simulation procedure for the electret
loudspeaker can be summarized as follows.

�1� Obtain the resonance frequencies and velocity response
from the single-cell FEA model of membrane.

�2� Measure the membrane velocity by a laser vibrometer
and compare the data with the FEA results. Tune the
FEA model with the experimental data.

�3� Using the simple FEA model, obtain the complex veloc-
ity response of the membrane via FEA harmonic analy-
sis.

�4� Using the full FEA model, obtain the complex velocity
response of the membrane via FEA harmonic analysis.

�5� Calculate the mechanical impedance �ZM� based on the
complex velocity response.

�6� Calculate the acoustical impedance �ZA� due to the per-
forated back plate and the cavity by the theoretical for-
mulas and combine the mechanical impedance and the
acoustical impedance to form a coupled lumped-
parameter model.

�7� Calculate the volume velocity using the coupled model.
Calculate the on-axis pressure based on the volume ve-
locity response.

�8� Compare the measured on-axis pressure with the re-
sponse simulated using the simple and full FEA models.

IV. NUMERICAL AND EXPERIMENTAL
INVESTIGATIONS

Experimental investigation was undertaken to validate
the proposed simulation models of the electret loudspeaker.
The experimental arrangement for an electret loudspeaker
sample is shown in Fig. 7. The electret loudspeaker is
mounted on a baffle of length 1650 mm and width 1350 mm
according to the standard AES2-1984 �R2003�.17 On-axis
SPL and total harmonic distortion �THD� of the electret loud-
speaker are measured using this setup. A 20 Vrms swept-sine

signal is used to drive the electret loudspeaker in the fre-
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quency range 20 Hz–20 kHz. The on-axis SPL is measured
by using a microphone positioned at 10 cm away from the
loudspeaker.

A. Comparison of the measured and the simulated
responses

Simulation of the membrane response was carried out
using the single-cell finite-element model. The fundamental
resonance frequency predicted by the FEA modal analysis is
849.43 Hz, with the associated mode shape shown in Fig.
8�a�. Using the FEM harmonic analysis, complex displace-
ment is calculated and converted into the velocity. The fun-
damental resonance frequency of the velocity response mea-
sured using the laser vibrometer is 818.75 Hz, which is in
close agreement with the foregoing FEA result. Figure 8�b�
compares the velocity responses obtained from the experi-
ment and simulation. Except for some minor discrepancies at
high frequencies, the simulated responses �dotted lines� com-
pare well with those of the measured results �solid lines�.
Some peaks of the measured frequency response may corre-
spond to unmodeled high-order modes of the membrane.
Those modes cannot be predicted by the single-cell model.

On the basis of the material constants determined in the
single-cell model, simulation can be conducted for the elec-
tret loudspeaker using the simple and the full models. FEA
modal analysis reveals that the fundamental resonance fre-
quency of the simple model is 811.6 Hz, with the associated
mode shape shown in Fig. 9�a�. In the fundamental mode, a
drumming motion appears locally in phase at every cell of
the membrane. The fundamental resonance frequency found
in the full model is 789.3 Hz, with the associated mode
shape shown in Fig. 9�b�. Clearly visible is that the entire
membrane-spacer-back plate assembly moves in phase col-
lectively in this fundamental mode.

Next, the mechanical impedance of the membrane is cal-
culated with the aid of the FEA harmonic analysis. Combin-
ing the mechanical impedance and the acoustical impedances
due to the cavity and radiation enables the estimation of the
volume velocity produced by the electret loudspeaker, with
which the on-axis SPL can be calculated. Figure 10 com-
pares the on-axis SPL obtained from the simulation and the
experiment, respectively. The FEA simulation is based on
both the simple and the full models. It can be observed that

electret loudspeaker

microphone

signal
generator

analyzer

FIG. 7. �Color online� Experimental arrangement of the on-axis SPL mea-
surement for the electret loudspeaker.
in lower frequencies the on-axis SPL response predicted by
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the FEA simple model is in good agreement with the mea-
surement. The discrepancy between the measured low-
frequency response and the FEA full model could be due to
the effect of the spacer and the back plate, which may induce
some unmodeled low-frequency motions. In high frequen-
cies, however, the simple model fails to capture the response
due to the flexural modes of the structure. By contrast, the
FEA full model seems to have predicted the high-frequency
response better than the simple model. The on-axis SPL re-
sponse calculated using the full FEA model matches reason-
ably well the measured response.

B. Nonlinear distortion

In order to assess the nonlinear distortion of the electret
loudspeaker, THD is calculated from the measured frequency
response of the on-axis SPL.18

THD =

p2f

2 + p3f
2 + ¯ + pnf

2

p1f
� 100 % , �28�

where pnf is the sound pressure magnitude of the nth har-

(a)

(b)

FIG. 8. �Color online� The simulation results obtained using the single-cell
FEA model. �a� The fundamental mode shape of membrane. �b� Comparison
of the simulated velocity response with the measured response.
monic in the spectrum and p1f is the sound pressure magni-
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tude of the input fundamental frequency. The measured THD
of the electret loudspeaker sample is shown in Fig. 11. It can
be observed that the average THD is about 17% and the THD
is greater than 10% in the frequency range above the funda-
mental resonance frequency. The maximum THD even
reaches about 20% in the range 2–3 kHz. It may be caused
by the structural resonance of the loudspeaker. Informal lis-
tening tests revealed that ringing artifact is audible for some
music signals involving percussion instruments.

V. CONCLUSIONS

A simulation technique for an electret loudspeaker based
on the FEA alongside electroacoustical modeling has been

(a)

(b)

FIG. 9. The fundamental mode of the electret loudspeaker. �a� Result ob-
tained using the simple FEA model. �b� Result obtained using the full FEA
model.

FIG. 10. �Color online� Comparison of the on-axis SPL responses of the

electret loudspeaker obtained from the simulation and the experiment.
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presented in this paper. As an early attempt for the transducer
of this kind, the loudspeaker element has an extremely low
sensitivity. The coupling from the mechanical to the electri-
cal circuit was simply too low to make parameter measure-
ments based on electrical impedance measurements. Due to
the weak coupling between the electrical and the mechanical
systems, the electrical impedance-based parameter identifica-
tion procedure is not applicable to the electret loudspeaker.
An alternative approach has been presented in the paper to
model the electret loudspeaker. FEA was exploited for mod-
eling the loudspeaker with a simple model and a full model.
The mechanical impedance, the volume velocity of mem-
brane, and the on-axis pressure can be predicted using the
coupled electroacoustical model.

ACKNOWLEDGMENTS

The work was supported the National Science Council
in Taiwan, under Project No. NSC 95-2221-E-009-009-MY2.
Special thanks also go to the Electronics and Optoelectronics
Research Laboratories, Industrial Technology Research Insti-
tute in Taiwan.

1I. M. Charles, “A wide-range electrostatic loudspeaker,” J. Audio Eng.
Soc. 7, 47–54 �1959�.

2N. W. McLachlan, “The stretched membrane electrostatic loudspeaker,” J.
Acoust. Soc. Am. 5, 167–171 �1933�.

3M. Paajanen, J. Lekkala, and H. Valimaki, “Electromechanical modeling
and properties of the electret film EMFI,” IEEE Trans. Dielectr. Electr.
Insul. 8, 629–636 �2001�.

4T. Mellow and L. Karkkainen, “On the sound field of a circular membrane
in free space and infinite baffle,” J. Acoust. Soc. Am. 120, 2460–2477
�2006�.

5A. P. Medley, D. R. Billson, D. A. Hutchins, and L. A. Davis, “Properties
of an electrostatic transducer,” J. Acoust. Soc. Am. 120, 2658–2667
�2006�.

6G. M. Sessler and J. E. West, “Self-biased condenser microphone with
high capacitance,” J. Acoust. Soc. Am. 34, 1787–1788 �1962�.

7J. Lekkala and M. Paajanen, “EMFi—New electret material for sensors
and actuators,” IEEE Tenth International Symposium on Electrets, Athens,
Greece, �1999�.

8M. Paajanen, J. Lekkala, and K. Kirjavainen, “Electromechanical film
�EMFi�—A new multipurpose electret material,” Sens. Actuators, A 84,
95–102 �2000�.

9

10
1

10
2

10
3

10
4

10
5

0

10

20

30

40

50

60

70

80

90

100
THD

Frequency (Hz)

TH
D
(%
)

FIG. 11. �Color online� The measured THD of the electret loudspeaker.
E. Saarimaki, M. Paajanen, A. M. Savijarvi, and H. Minkkinen, “Novel

Bai et al.: Electroacoustic analysis of an electret loudspeaker 3639

ontent/terms. Download to IP:  140.113.38.11 On: Wed, 30 Apr 2014 06:48:43



 Redistrib
heat durable electromechanical film processing: Preparations for electro-
mechanical and electret applications,” IEEE Trans. Dielectr. Electr. Insul.
13, 963–972 �2006�.

10D. M. Chiang and J. L. Chen, “A novel flexible loudspeaker driven by an
electret diaphragm,” AES 121st Convention, San Francisco, CA �2006�.

11R. Heydt, R. Pelrine, J. Joseph, J. Eckerle, and R. Kornbluh, “Acoustical
performance of an electrostrictive polymer film loudspeaker,” J. Acoust.
Soc. Am. 107, 833–839 �2000�.

12H. Olson, Acoustical Engineering �Van Nostrand, New York, 1957�; ibid.,
reprinted �Professional Audio Journals, Philadelphia, PA, 1991�.

13L. L. Beranek, Acoustics �Acoustical Society of America, Melville, NY,

1996�.

3640 J. Acoust. Soc. Am., Vol. 125, No. 6, June 2009

ution subject to ASA license or copyright; see http://acousticalsociety.org/c
14W. M. Leach, Jr., Introduction to Electroacoustics and Audio Amplifier
Design �Kendall-Hunt, Dubuque, IA, 2003�.

15Swanson Analysis Systems, ANSYS User’s Manual, Philadelphia, PA
�2005�.

16G. S. Brady, H. R. Clauser, and J. A. Vaccari, Materials Handbook
�McGraw-Hill, New York, 2002�.

17Audio Engineering Society Inc., AES Recommended Practice Specifica-
tion of Loudspeaker Components Used in Professional Audio and Sound
Reinforcement, AES2-1984, NY �2003�.

18M. R. Bai and R. L. Chen, “Optimal design of loudspeaker systems based
on sequential quadratic programming �SQP�,” J. Audio Eng. Soc. 55,

44–54 �2007�.

Bai et al.: Electroacoustic analysis of an electret loudspeaker

ontent/terms. Download to IP:  140.113.38.11 On: Wed, 30 Apr 2014 06:48:43


