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Abstract. This paper presented a low cost flexible electro-dynamic planar loudspeaker (FEPL)
with coils on polyimide diaphragm. The structure was very simple to put a flexible thin film
diaphragm (electroplated traces of copper coil) above a flexible magnetic (placed in the bottom of
cavity), thus forming an integration of electromagnetic actuation and planar flexible structure. The
advantages are as follows: (1) the new loudspeaker became a flat flexible one, which could not
only directly drive the vibration film to increase the power efficiency, but reduce the total
harmonic distortion (THD). (2) It could be used as flexible electronics and easily deployed on the
surface of any object with magnetic property or using adhesive transfer tapes. To optimize the
performance of sound pressure level (SPLs), this study made detailed analyses on the thickness of
cavity, turns of coil, magnet polarization, and diaphragm dimension. Noted as the cavity height
increasing, the magnetic flux densities of both vertically and horizontally polarized magnet were
decreased. But they were nearly constant over the surface with the same height for the vertically
polarized magnet. On the other hand, as the cavity height of the horizontally polarized magnet
increased, the magnetic flux densities would be decreased rapidly at the locations moving farther
away from the center point. Several kinds of planar-type loudspeakers for the coils wounded in
spiral-in, spiral-in and spiral-out, and zigzag shapes and plated with copper and aluminum were
applied for performance tests, and the comparisons with the traditional cone-type loudspeaker
were also made. Finally, the sound pressure levels (SPLs) were compared for three rectangular
coils with different dimensions and number of turns. These effects were not discussed in previous
literature of study.
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1. Introduction

Flexible electronics has been a hot research and development topic in the electronics industry
since the past few years. The reason is owing to the rapid growth of flexible electronic technology
[1,2]. The speaker is an important part of the consumer electronics and has received many
attentions for a hundred years [3-11]. Some progresses have been made to develop the flexible
loudspeaker, and most of them have failed to commercialize. The method of electro-acoustic
transduction could have applied many kinds of actuation mechanisms in loudspeaker design, such
as electromagnetic [4, 12-16], piezoelectric [5-6], electrostatic [8, 17], and electro-thermal [18, 19]
actuation methods. Among them the flexible and transparent loudspeakers with piezoelectric
actuator were developed [3, 5] using the piezoelectric polymer PVDF. Their study showed that
the PVDF driven flexible loudspeaker could produce 70 dB and 80 dB sound pressure levels (SPLs)
in the frequency ranges of 1-20 kHz and 400 Hz-10 kHz, respectively. However, the complex
production process makes PVDF material be very expensive [6]. The frequency response of which
is better in the higher one but not in the lower band. In 2009 Industrial Technology Research
Institute (ITRI) at Taiwan filed a patent [ 17] of an ultrathin flexible loudspeaker using electrostatic
actuator, it could produce sound in the ranges of medium to high frequencies such as
200 Hz-20 kHz [11]. They combined arrays of tiny, bendable capacitance type speakers to
produce a sound system by inkjet printing polymer electret on paper or plastic substrate, and then
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sandwiches this substrate between a pair of thin metal layers. Nevertheless, the drawbacks are that
it can operate only at higher frequencies and voltages. Furthermore, other capacitance-based
flexible loudspeakers, developed by Fujifilm [8], Yamaha Corporation [9] and Warwick audio
technologies [10], can produce sound only in a specified direction and suffered the safety problems
of higher operating voltages. Next, comes the inspired work of Xiao et al. applying the
electro-thermal mechanism [19], they brought a light, flexible and stretchable loudspeaker using
carbon nano-tubes (CNT). But this loudspeaker has a major drawback to develop an available
method to make the thin films of CNTs. Thus, at this moment nobody has applied the
electromagnetic actuation mechanism to make a flat flexible loudspeaker. But this paper presents
a method to realize it, and shows that the new flat flexible loudspeaker can be used in pop up
banners, portable exhibition stands, and other uses required.

This study has explored the possibility to develop a flexible electro-dynamic planar
loudspeaker with coils on polyimide diaphragm. In the past, electromagnetic actuation has been
proven to be the most efficient way to generate sound [4-13]. The proposed design adopts the
structure of a single or double ended planar electro-dynamic loudspeaker [7, 14]. Fig. 1 showed
the explosive structure of the proposed design. The key technologies were as follows: (1) To
electroplate a layer of copper on a diaphragm of polyimide film directly, when an audio current
was applied to the coil to generate an alternative magnetic field, which can interact with the
permanent magnet located at the bottom of cavity, thus the resulting repulsive and attraction forces
could exert on the diaphragm and produce sound pressure. (2) To substitute the conventional rigid
magnet with a flexible magnet made of mixture of polymer and neodymium (NdFeB) or ferrite
material. So, the new planar FEPL became a flat flexible one with direct drive mode to increase
the power conversion efficiency. By the way, since the diaphragm was without any curved
structure, it can reduce the total harmonic distortion (THD).
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Fig. 1. Proposed FEPL: a) explosive structure, b) side view of meshed geometry of loudspeaker

On the other hand, the force exerted to the traditional cone-type loudspeaker was operated in
the manner of indirect mode as shown in Fig. 2, so the cone might be distorted at the conditions
of larger amplitudes of vibrations, and thus both the performances of power conversion efficiency
and the total harmonic distortion (THD) were not better than the newly proposed one. Besides,
the thickness of the whole structure can be reduced by the new design, because the traditional rigid
magnet was replaced by a flexible magnet made by the mixture of polymer and neodymium
(NdFeB) or ferrite material. The typical value of the magnetic flux density was 1.8 MgOe
(2730 gauss) or more [21-24].

This paper shows that the flexible loudspeaker is better when all the militating factors are
considered later. Besides, a thin flexible film (polyimide, PI) is applied as the diaphragm
electroplated with a copper coil. The 3D model of the flexible loudspeaker is applied using
COMSOL,; one can select the material properties of PI and permanent magnet of neodymium in
the material libery and set the boundary conditions. The outer boundary of diaphragm is adhered
on a fixed frame. The testing points of SPLs are at a height of 10 cm from the diaphragm center;
and the magnetic fields are measured above the upper surface of speaker lying in the vertical
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planes along the center axes of the diaphragms. The monopole source model and the governing
equations defined in COMSOL can be selected for application [23]. So, one can do all the
simulations of Helmholtz equation for the acoustic pressure, Navier-Stokes equation for the stress
and strain, acoustic-solid interaction and frequency domain analyses. Besides, the 2D triangles are
applied as the shape of grids, which can generate the 3D tetrahedron, the numbers of the meshes
at the terminals and boundaries are set as 204 and 505, respectively. Fig. 1(b) shows the meshed
geometry of the baseline loudspeaker. In this paper the audio signal of 1V was applied to the coil
of loudspeaker, thus by Ampere’s law and the COMSOL package, the generated AC magnetic
field can interact with the permanent magnet at the bottom of cavity, and generates not only
repulsive and attraction forces on the diaphragm, but the SPLs for measurement. This study made
both mechano-acoustic and electrodynamic analyses on the thickness of cavity, diaphragm
dimension, and magnet field configuration (respectively as vertically (axially) and horizontally
(radically) polarized). Besides, this paper takes the SPLs of FEPL for three rectangular coils with
different dimensions and number of turns into consideration. These effects are not discussed in
previous literature of study. The paper is organized as follows: the first section is an introduction;
the next part illustrates the FEPL structure configuration and optimization method; Section 3 is
the performance tests and discussions for various shapes and materials of coils; the last part is a
conclusion.
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Fig. 2. Side view of traditional cone-type loudspeaker

2. FEPL structure configuration and design

The density, thermal coefficient of expansion and thickness of diaphragm (polyimide, endurable
to 200 °C and light weight) are respectively as 1430 kg/m?, 5.5x107/K and 0.122 mm. The core
structure was to substitute the previous rigid magnet with a flexible magnet made of mixture of
polymer and neodymium (NdFeB) or ferrite material. The typical value of magnetic flux density can
be up to 1.8 MgOe (2730 gauss) or more [21]. It is very good for flexible loudspeaker application.
Besides, Fig. 1(a) shows that the copper coil is electroplated on the surface. Figs. 3(a) and 3(b) show
the vertical and horizontal modes of magnet polarization, respectively. Since the loudspeaker under
investigation is in a planar structure, two magnetic flux components are responsible for the vertical
force actuation; the x-component By, and the y-component B,,. Due to different distributions of
magnetic flux densities of B, and B,,, so the generated repulsive and attraction forces of the coils on
the diaphragm are also different from each other.
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Fig. 3. Two basic modes of magnet polarization
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Considering the structure of the proposed FEPL, the factors responsible for the performance
are the FEPL cavity height between the distance of the coil and the magnet, the magnet
polarization and the magnet arrangement. Let the diameter (D) of the magnet be 3 mm, and the
cavity height is variable from 2 mm to 4 mm. For easy of presentation, Figs. 4(a) and 4(b) show
the magnitude curves of magnetic flux densities B (in one dimension) for different cavity heights
by using vertically and horizontally polarized magnets, respectively.
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Fig. 4. Magnitude curves of B above the speaker surface lying in the vertical planes along the center axes
for different cavity height: a) vertically, b) horizontally polarized magnets (diameter 3 mm)

Note that if the cavity height increased, for either vertically or horizontally polarized magnet
the magnetic flux density decreases rapidly away from the center point. Moreover, if the diameter
of the magnet is enlarged to 6 mm, Figs. 5(a) and 5(b) respectively show the magnetic flux
densities by using the vertically and horizontally polarized magnets. Note that the magnitudes of
the magnetic flux densities are larger than those shown in Figs. 4(a) and 4(b). Also note if the
cavity height increases, the magnetic flux densities of both vertically and horizontally polarized
magnet are decreased. But the distribution of the magnetic flux densities is still very uniform over
the surface of the diaphragm at the same height of the vertically polarized magnet. However, if
the cavity height of the horizontally polarized magnet increases, the magnetic flux densities will
be decreased rapidly farther away from the center point.

Thus, one can predict the performance of speaker using the vertically polarized magnet is better
than the horizontally polarized magnet. The reason is that the distribution of the magnetic flux
density B for the latter would not be so uniform, which will exert unequal forces on the coils, and
many distortion modes of vibration can be easily excited.
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Fig. 5. Magnitude curves of B for different cavity height by using: a) vertically,
b) horizontally polarized magnets (diameter 6 mm)

3. Performance tests and discussions for various shapes and materials of coils

In this section several kinds of planar-type loudspeakers (B = 0.3 T) for the coils wounded in
spiral-in, spiral-in and spiral-out, and zigzag shapes and plated with copper and aluminum are
applied for performance tests, and the comparisons with the traditional cone-type loudspeaker are
also made. By the way a typical audio signal (peak value be 3.3 V) with frequencies from 20 Hz
to 20 kHz is applied for a period of 140 seconds to test the loudspeakers.
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3.1. Copper and aluminum coils of spiral-in shape

Firstly, two planar-type loudspeakers, with coils of spiral-in shape and plated with copper
(resistance 5 Q) and aluminum (resistance 300 Q), are applied for test as shown in Fig. 6(a), the
structure of the loudspeaker is also shown in Fig. 6(b). The performance tests and comparison
with a traditional cone-type loudspeaker as shown in Fig. 7 are also made.
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10mm
— -
o000 000 $
Cavity |,4mm
t
g ?mm
= 50mm >
Speaker Side View
b)

Fig. 6. a) Proposed planar loudspeakers for coils of spiral-in shape plated
with copper and aluminum, b) Structure and parameters

The time-domain responses of the sound pressures for the three kinds of loudspeakers using
the previously mentioned audio test signal are obtained as shown in Fig. 7(a). The sound pressure
levels for the frequencies from 20 Hz to 20 kHz are also shown in Fig. 7(b), note that the
performances of the proposed planar-type loudspeaker for the coil plated with copper are better
with lower resistance, and even compatible to that of the traditional loudspeaker. Besides, the
proposed loudspeaker has the advantages over the traditional cone-type speaker, e.g. its thickness,
weight, structure, cost, manufacturability and versatility. Thus, it can be as a wearable loudspeaker.
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Fig. 7. Performances of loudspeakers with audio test signal for frequencies of 20 Hz-20 kHz over 140 s:
a) time-domain responses of sound pressures in Pa (Pascals), b) sound pressure levels in dB

3.2. Aluminum coils with spiral-in, zigzag, and spiral-in and spiral-out shapes

The time-domain responses of the sound pressures for the three kinds of shapes, e.g. spiral-in,
zigzag, and spiral-in and spiral-out, are obtained as shown in Fig. 8(a). The sound pressure levels
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are also shown in Fig. 8(b), one can see the performances of the coil with the shape of spiral-in is
better at lower frequencies below 5 kHz, while the performance of the zigzag shape is better at
middle frequencies between 5 kHz and 15 kHz. The performance of the spiral-in and spiral-out
one is the worst, because the magnetic flux will be reduced due to the cancellation effect produced
by the spiral-in and spiral-out coils, its performance is better only for a small band of higher
frequency, e.g. between 15 kHz and 18 kHz.
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Fig. 8. Performances of aluminum coils with spiral-in, zigzag, and spiral-in and spiral-out shapes:
a) time-domain responses of sound pressures (in Pa), b) sound pressure levels (in dB)

3.3. Planar rectangular coils with different dimensions and number of turns

In this section, for easy of comparison three simple acoustical sound enclosures in rectangular
boxes as shown in Fig. 9 are applied to compare the SPLs of three rectangular coils with different
sizes and number of turns. The dimensions and number of turns of the coils are listed in Table 1
for reference. The curves of SPLs are shown in Figs. 10-12. Note that the smaller the size (#6),
the better the higher frequency response; and the larger the size (#8), the better the lower frequency
response. Thus, the result is reasonable.

Fig. 9. Several rectangular coils equipped with sound enclosures in rectangular boxes also

Table 1. Three rectangular coils with different dimensions and number of turns

Number #6 #7 #8
Dimensions (cm?) | 10.15x9.2 | 12.3x11.6 | 14.2x13.4
Number of turns 41 51 61
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Fig. 12. SPL curve for EFPL #8
4. Conclusions

This paper proposed a novel flexible electro-dynamic planar loudspeaker with coils on
polyimide diaphragm that can generate a good audible sound. All the thickness (height) of the
cavity, magnet polarization, and diaphragm dimension are taken into consideration. In this study
several kinds of planar-type loudspeakers for the coils wounded in spiral-in, spiral-in and
spiral-out, and zigzag shapes and plated with copper and aluminum are applied for performance
tests, and the comparisons with the traditional cone-type loudspeaker are also made. The proposed
loudspeaker has advantages over the traditional cone-type speaker, e.g. its flexibility, simple
structure, cost effectiveness, easy manufacturability and application versatility. The idea behind
this study using a planar-type loudspeaker with wounded coil on a diaphragm is a novel one, and
which was unexplored before.
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