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A Loudspeaker

The present invention relates to a loudspeaker.

Background

At its most basic, a loudspeaker can be considered o be an electro-acoustic transducer,
which produces sound in response 1o electrical energy input. A loudspeaker receives
electrical energy and converts this electrical energy into mechanical energy, and thus
acoustic energy (i.e. sound) is generated.

A variety of different techniques have been used to convert elecirical energy into acoustic
energy in loudspeakers. The most widely used technique for converting electrical energy
into acoustic energy in a loudspeaker is {0 use a so-called “moving-coil” arrangement.
This technique is also widely considered to be the most efficient technigue for converting
electrical energy into acoustic energy in a loudspeaker.

An example of a known moving-coil type loudspeaker is shown in FIGS. 1 and 3. As
shown in FIGS. 1 and 3, the loudspeaker 1 comprises a frame 3 (also called a basket)
having an aperture 5 (or opening). A diaphragm 7 (i.e. that comprises a thin sheet of
material that forms a partition) extends across the aperture 5 of the frame 3. The
diaphragm 7 is connected to the frame 3 by a flexible surround 9 that is connected (i.e.
extends) around an outer perimeter 11 of the diaphragm 7 and that is also connected (i.e.
extends) around a corresponding inner perimeter of the aperture 5. The diaphragm 7 is
connected around the inner perimeter of the aperture 5 by means of a gasket 12

The diaphragm 7 has a substantially conical-shaped geometry, which extends from the
outer perimeter 11 to a voice coil former 13 that protrudes from a central region of the
diaphragm 7. Thus, the diaphragm 7 comprises a thin sheet/layer part and a voice coil
former 13. The voice coil former 13 is a hollow tube made of a thin and light-weight sheet
of material (e.g. paper, or very thin aluminium) that has been rounded to form a hollow
cylinder. The thin sheet/layer part of the diaphragm 7 continues over an end 15 of the
voice coil former 13 o cover the opening of the hollow tube, and is glued to the voice coil
former 13 at the end 15 of the voice coil former 13.
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A voice coil 17 is wound around the voice coil former 13 of the diaphragm 7. The voice
coil 17 can essentially be regarded as a variable electromagnet. In response to an input
electrical signal, e.g. an electrical signal provided by an amplifier of an audio system, a
magnetic field is generated around the voice coil 17. The polarity of the generated
magnetic field depends on the direction of flow of the electrical signal through the voice
coil 17, i.e. switching the direction of flow of the electrical signal causes the polarity of the
generated magnetic field to be switched. The magnitude of the generated magnetic field
is determined by the magnitude of the electric current passing through the voice coil 17.

The voice coil former 13 protrudes from the diaphragm 7 into an opening (or aperture) 19
defined by a permanent magnet 21 of a magnetic assembly, and accepts a part of the
magnetic assembly inside the hollow tube of the voice coil former 17. This helps to
enable the voice coil 17 to be positioned in the static magnetic field generated by the
permanent magnet 21. A narrow air gap is present between the permanent magnet 21
and the voice coil 17 wound around the voice coil former 13.

The combination of the voice coil and the permanent magnet can be termed a “magnetic
circuit”. As discussed in more detail below, the magnetic circuit is usable {o drive
oscillations of the diaphragm.

A spider 23, which is a flexible suspension, connects the voice coil former 13 of the
loudspeaker 1 to the frame 3. The function of the spider is discussed in more detail
below. As shown in FIG. 1, the spider 23 extends around substantially the whole of an
outer perimeter of the voice coil former 13 and around substantially the whole of an inner
perimeter of the frame 3. The spider 23 has a wavy and/or corrugated
appearance/structure. The spider is glued to the voice coil former 13.

In use, when an electrical signal is passed through the voice coil 17, a magnetic field is
generated around the voice coil 17 (i.e. it acts as a variable electromagnet). The
interaction between this magnetic field and a static magnetic field generated by the
permanent magnet 21 generates a magnetic force that causes the voice coil 17, and
therefore the attached voice coil former 13 and the diaphragm 7, to move relative to the
permanent magnet 21. By varying the magnitude of the electric signal passed through
the voice coil 17, the magnitude of this magnetic force, and therefore the magnitude of the
displacement of the diaphragm, can be varied.
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The spider 23 has a first role of providing a restoring force (i.e. when it is deformed, e.g.
stretched or bent, a force is generated urging it to return {o its initial configuration before it
was deformed) for returning the voice coil 17, and therefore the diaphragm 7, to an
equilibrium position when no electric signal is passed through the voice coil 17 (i.e. after
the voice coil has been displaced by a previously applied magnetic force). The surround
9 also acts to provide a restoring force for returning the diaphragm 7 to the equilibrium

position.

The spider 17 also has a second role of constraining the voice coil 17 to only move axially
within the opening 19 of the permanent magnet 21, i.e. along a straight axis that coincides
with the symmetry axis of the loudspeaker 1 (i.e. parallel to the dotted lines shown in FIG.
1). The surround 9 also acts to constrain the voice coil to only move axially within the
opening 19 of the permanent magnet 21, by helping to centre the diaphragm within the
aperture 5 of the frame 3.

Constraining the voice coil 17 to only move along a linear axial direction of the
loudspeaker 1 helps to maintain the air gap between the voice coil 17 and the permanent
magnet 21. Maintaining an air gap is necessary because any contact between the metal
parts of the voice coil 17 and metal parts of the magnetic circuit (i.e. metal parts of the
permanent magnet 21) creates an unwanted sound, and therefore significantly degrades
the acoustic properties of the loudspeaker 1. The flexible parts of the loudspeaker 1, i.e.
the spider 23 and the surround 9, are responsible for keeping the voice coil 17 from
touching the metal parts of the magnetic circuit.

In addition, constraining the voice coil 17 to only move along a linear axial direction of the
loudspeaker 1 improves the quality (e.g. the fidelity) of the sound produced by the
loudspeaker 1. Any unintentional sideways (i.e. perpendicular to the central symmetry
axis of the loudspeaker 1) movement of the diaphragm 7 may adversely affect the quality
(e.g. the fidelity) of the sound produced by the loudspeaker 1.

It is the linear (axial) movement of the voice coil 17, and therefore of the diaphragm 7,
that generates acoustic energy in the form of pressure waves in the surrounding air.

Therefore, the diaphragm 7 represents the primary (main) sound creating element of the



10

15

20

25

30

35

WO 2014/086993 PCT/EP2013/075847

loudspeaker 1, which moves to create the primary (main) sound produced by the
loudspeaker 1.

This known type of loudspeaker has proven itself to be efficient due to many reasons.
One of the reasons is that, in the presence of a static magnetic field, generation of the
force with the magnetic circuit is an efficient way to excite the diaphragm. Therefore, the
loudspeaker does not depend on any additional energy source, other than the supplied
electrical signal provided by e.g. an amplifier, to generate sound.

The stiffness of the diaphragm is not only dependent on the stifiness of the material
forming the diaphragm, but also on the conical-shape of the diaphragm. When the
material is not formed into a particular geometry and is instead formed flat, the rigidity of
the flat diaphragm solely depends on the material properties of the material from which
the diaphragm is made. However, if the diaphragm is formed into a particular geometry
like a cone shape, the total rigidity of the diaphragm depends both on the material
properties and on the geometrical shape of the diaphragm.

It has been noted that, in some cases, the geometry of the diaphragm has more of an
influence on the total rigidity of the diaphragm than the material properties of the material
from which the diaphragm is made. When compared to flat panel loudspeakers, a cone-
shaped diaphragm has an advantage that the cone-shaped geometry of the diaphragm
leads to an increased stiffness and/or rigidity of the diaphragm. A greater stiffness and/or
rigidity of the diaphragm improves the overall efficiency of the diaphragm as a means for
generating acoustic energy. Thus, the conventional moving-coil type loudspeaker has
increased efficiency due to the cone-shape of the diaphragm, as compared to e.g. a flat
diaphragm.

Since the first introduction of moving-coil type loudspeakers, the design of the moving coil
loudspeaker has been changed in a variety of different ways according to the needs of
the desired applications. One of the main desired requirements recently has been to
achieve the flatiest and/or the thinnest moving coil loudspeaker. The extent of the
flatness and/or the thickness of the loudspeaker has become one of the main
differentiators between loudspeakers, and flatter and/or thinner loudspeakers have
achieved marketing advantages in many different areas like automobiles, television sets,
mobile audio applications and the like.
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Various changes have been made to the conventional moving-coil loudspeaker shown in
FIG. 1 in order to try to design a flatter loudspeaker. These changes have primarily
involved arranging the positioning of the surround and the spider in such a way that they
can fit into a smaller package. For example, the diaphragm has been folded or made flat
in order fo reduce the total height of the loudspeaker. However, these modified moving-
coil loudspeakers still require the magnetic drive system to generate the forces required
to produce acoustic energy. The magnetic drive system takes up a significant space, and
therefore limits the minimum thickness that can be achieved with a moving-coil type
loudspeaker.

Many atiempis have been made to replace the magnetic circuit of a moving-coil
loudspeaker, to benefit from the cone shaped diaphragm for efficiency but at the same
time reduce the height of the loudspeaker by using an alternative technology to excite the
diaphragm.

There are further motivations for replacing the magnetic circuit of a moving-coil
loudspeaker. The efficiency of a moving-coil type loudspeaker can be increased by
reducing the size of the air gap between the voice coil and the permanent magnet.
However, reducing the size of this air gap increases the risk of the voice coil touching one
of the metal parts of the magnetic circuit (i.e. a metal part of the permanent magnet). As
discussed above, such contact is undesirable because it creates an unwanted sound, and
therefore degrades the acoustic properties of the loudspeaker. Therefore, in the absence
of the magnetic circuit, and particularly in the absence of the permanent magnet, there
would be a considerable amount of simplification in the design of the loudspeakers, due
to the reduced tolerances in constraining sideways movement of the diaphragm.

Aside from magnetism, pneumatics has been used to excite the diaphragm or to generate
directly a pressure difference. These types of loudspeakers have been found to be useful
in alarm systems or in systems that require high acoustic energy output, where the fidelity
is not the main objective. However, this type of loudspeaker has been found to produce
poor fidelity sound.

Piezoelectric materials have also been used as another way to excite the diaphragm in a
loudspeaker. These types of loudspeakers have been found to be efficient in high
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frequency applications, where small magnitude diaphragm movements are sufficient to
generate acceptable levels of sound. However, their limitations in terms of magnitude of
deflection have significantly limited their application in other areas, especially in low
frequency applications.

The electro-static phenomenon has also been used in panel loudspeakers to generate a
wide band high fidelity sound. This involves exciting charged panels with an audio
electrical signal to generate sound. However the requirement for a high external
polarization voltage has considerably limited their areas of application.

Given all the alternatives and their disadvantages, up till now no practical way of
efficiently exciting a diaphragm has existed other than the magnetic circuit system of the
moving-coil type loudspeaker. In particular, no practical way of efficiently exciting a cone-
shaped diaphragm has existed other than the magnetic circuit system.

Summary of the Invention

The present inventors have realised that electro-active polymers can be used to efficiently
excite a diaphragm of a loudspeaker.

The term “diaphragm” refers to the primary (i.e. main) sound creating element of the
loudspeaker, which moves in order {o create the primary (i.e. main) sound output of the
loudspeaker.

Electro-active polymers are polymers that exhibit a change in size or shape when they
are stimulated by an electric field. At their most basic, electro-active polymers can be
thought of as electro-mechanical transducers that convert electrical energy (an applied
electric filed) into mechanical energy (a change in size or shape). Electro-active polymers
are finding applications as actuators in some different technical fields, such as in robotics
or in medical applications, because of their ability to convert electrical energy into
mechanical energy relatively efficiently and controllably.

A known way of applying an electric field to a layer of an electro-active polymer is to
sandwich (i.e. position or place) the layer of electro-active polymer material between two
compliant electrodes, which may be directly formed on, coated on, applied on, or bonded
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to, opposite surfaces of the electro-active polymer material. The resulting structure can
be used as an actuator (or as an electrical-mechanical transducer), and may be termed

an “electro-active polymer actuator” or an “electro-active polymer transducer”.

For high-flexibility applications, the electrodes may be made of graphite, formed into a
thin layer on surfaces of the electro-active polymer (or formed separately and then
bonded to the surface of the electro-active polymer).

In some embodiments of the present invention, the electrodes may comprise carbon
conductive grease, for example the commercial products 846-80G and/or 846-1P
available from MG Chemicals. Carbon conductive grease is an electrically conductive
silicone grease suitable for establishing electrical connections between irregularly shaped
surfaces and parts. Alternatively, in other embodiments of the present invention the
electrodes may comprise carbon black particles that are applied as a single component or
as a mixture with another material. Some examples of carbon black particles that can be
used in embodiments of the present invention are: Vulcan XC-72 from Cabot Corp.,
Ketjenblack EC300J from Akzo Nobel, Raven 7000 from Columbian Chem. Corp and
Shawinigan Acetylene Black P-1250 from VSP

The exact deformation of an electro-active polymer achieved when it is stimulated by an
applied electric field depends upon the initial geometry and design of the electro-active
polymer.

There are a variety of different types of electro-active polymers, including, but not limited
to, dielectric electro-active polymers (also commonly called “dielectric elastomers”),
ferroelectric electro-active polymers, electrostrictive graft electro-active polymers, and
ionic electro-active polymers. Much of the following description relates to the particular
example of dielectric elastomers. However, it is 10 be understood that other types of
electro-active polymers can be used instead of dielectric elastomers, and that the present
invention is intended to cover the use of any suitable type of electro-active polymer for the
purposes described below.

Electro-active polymers can be broadly grouped into high-voltage and low-voltage electro-
active polymers, depending on the magnitude of the voltage across the electrodes that is
required to cause a change in size or shape of the electro-active polymer. Both high and



10

15

20

25

30

35

WO 2014/086993 PCT/EP2013/075847

low voltage electro-active polymers may be utilised in embodiments of the present
invention. High voltage electro-active polymers which are currently available and may be
used in embodiments of the present invention include, but are not limited to, the VHB-
4910 from 3M, the Nafion 117 from DuPont, and Elastosil P7670 from Wacker. These
products require a voltage of approximately 100 to 200 Volts per micron thickness, and
are currently available at thicknesses of down to 5 microns. Low voltage electro-active
polymers have been reported that operate (i.e. can be deformed, or caused to change
size or shape) at voltages of 5 Volts per micron or lower. Low voltage electro-active
polymers may be particularly well suited to use in the loudspeakers of the present
invention, as the voltage required to operate them is close to the normal voltages of
operation of a loudspeaker. However, the present invention is not limited to low voltage
electro-active polymers.

The basic working structure of an electro-active polymer is illustrated in FIGS. 2A and 2B.
The basic working structure 25 comprises a layer 27 (or a film) of an electro-active
polymer sandwiched (i.e. placed or positioned) between two compliant (e.g. flexible
and/or elastic) electrodes 29. For example, in the specific example of a dielectric
elastomer, the layer 27 may be a layer of a dielectric elastomer polymer.

When an electrical signal is applied to the two compliant electrodes (via a circuit — not
shown in FIGS. 2A or 2B), an electric field is produced that causes a change in size
and/or shape of the electro-active polymer layer 27 (and also consequently a change in
size and/or shape of the compliant electrodes 29). The extent of the change in size
and/or shape may be dependent on the magnitude of the applied electric field. The
change in size and/or shape may also be dependent on the direction of the applied
electric field.

In the specific example of a dielectric elastomer actuator/transducer, the dielectric
elastomer actuator/transducer can essentially be considered to be a compliant capacitor.
In more detail, when a voltage is applied to the two electrodes 29, a charge Q stored on
the two electrodes 29 is increased. The increase in the stored charge causes an increase
in the Coulomb forces acting between the two electrodes 29. Because the charge stored
on one electrode 29 is negative and the corresponding charge on the other electrode 29
is positive, the Coulomb force is attractive.
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This increase in force causes a corresponding increase in the electrostatic pressure on
the dielectric elastomer polymer layer 27, which causes the dielectric elastomer polymer
layer 27 to be compressed/squashed (so that it contracts) in the thickness direction (i.e. in
a direction perpendicular to the two electrodes 29) and to expand in the plane of the
dielectric elastomer polymer layer 27 (i.e. in directions parallel to the two elecirodes 29).
When the voltage is no-longer applied to the two electrodes 29, the dielectric elastomer
polymer layer 27 may return back to its original size and shape (i.e. the deformation of the
dielectric elastomer polymer layer 27 is elastic rather than plastic, because the polymer is

an elastomer).

The changes in thickness, area or both that can occur when an electrical signal is applied
to an electro-active polymer enables electro-active polymers to be designed to deform in
a variety of different possible directions. Such deformation may include e.g. bending, or
deflection of the electro-active polymer.

The present inventors have realised that simply replacing a diaphragm of a conventional
loudspeaker with a diaphragm made of electro-active polymer material(s) has various
disadvantages. Due to their mechanical properties, electro-active polymers may not be
suitable materials to be used as diaphragms. For example, electro-active polymers
generally have a low elastic modulus and a high density as compared {o other materials
conventionally used to make a diaphragm for a loudspeaker. Therefore, using electro-
active polymers to form the diaphragm may lead to a diaphragm that is too heavy, or
insufficiently rigid, to produce good quality (e.g. high-fidelity) sound. When a more rigid
structure is attached (e.g. glued) over a part of an electro-active polymer diaphragm to
improve the stiffness of the diaphragm, the total weight of the diaphragm will increase.
This increase in weight causes a disadvantageous decrease in the efficiency of the
loudspeaker.

Instead, the present inventors have realised that the considerable freedom in terms of the
design of the configuration of electro-active polymers means that electro-active polymers
can be used in a loudspeaker to efficiently excite (i.e. displace) a diaphragm, e.g. a
conventional diaphragm where at least a part of the diaphragm does not comprise an
electro-active polymer, or where the whole diaphragm does not comprise an electro-
active polymer. In other words, an electro-active polymer(s) can be used as an
actuator/transducer to displace/deflect the diaphragm.
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Therefore, at its most general, the present invention provides a loudspeaker in which a
diaphragm, at least a part of which does not comprise an electro-active polymer, of the
loudspeaker is excited using an electro-active polymer(s).

According to an aspect of the present invention, there is provided a loudspeaker
comprising: a frame, a diaphragm, at least a part of which does not comprise an electro-
active polymer, and one or more connecting parts comprising an electro-active polymer
connecting the diaphragm to the frame, wherein the one or more connecting paris are
operable to excite the diaphragm to displace it relative o the frame.

Of course, the loudspeaker may comprise a plurality of the connecting parts.

The term “diaphragm” means the primary (i.e. main) sound creating element of the
loudspeaker, which moves in order {o create the primary (i.e. main) sound output of the
loudspeaker.

The fact that the diaphragm is excited by the one or more connecting parts that comprise
an electro-active polymer means that it is not necessary for the loudspeaker to include a
magnetic circuit, for example the magnetic circuit of the conventional moving-coil type
loudspeaker illustrated in FIG. 1. Therefore, some or all of the magnetic circuit of the
conventional moving-coil type loudspeaker shown in FIG. 1 may be omitted in the
loudspeaker according to the present invention, because its function has been replaced
by the one or more connecting parts.

In particular, in the loudspeaker according to the present invention the permanent magnet
21 of the moving-coil type loudspeaker illustrated in FIG. 1 may be omitted, because
excitation of the diaphragm is achieved using the electro-active polymer connecting
pari(s) rather than by a magnetic force. In addition, the voice coil 17 of the moving-coil
type loudspeaker illustrated in FIG. 1 may also be omitted, for the same reasons. The
removal of the permanent magnet 21 and the voice coil 17 may mean that the size of the
voice coil former 13 of the diaphragm 7 may be significantly reduced, i.e. it may be made
significantly shorter so that it protrudes from the diaphragm o a lesser extent, or it may be
omitted entirely.

10
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Therefore, the present invention provides an advantage that the physical size of the
loudspeaker may be significantly reduced when compared to e.g. the conventional
loudspeaker illustrated in FIG. 1. In particular, the removal of the magnetic circuit means
that the loudspeaker may be made significantly flatter and/or thinner than e.g. the
conventional loudspeaker illustrated in FIG. 1, i.e. the height/thickness of the loudspeaker
may be significantly reduced.

The fact that the magnetic circuit (particularly the permanent magnet and the voice coil)
may be omitted in the loudspeaker according to the present invention may also have an
advantage of simplifying the required tolerances in the design of the loudspeaker. As
discussed in more detail above, in the moving-coil type loudspeaker illustrated in FIG. 1 it
is desirable to reduce the size of the air gap between the voice coil and the permanent
magnet as much as possible to improve the efficiency of the magnetic circuit drive
system, whilst still maintaining a sufficiently large air gap so that the voice coil does not
come into contact with the permanent magnet. Maintaining this air gap requires
tight/strict tolerances in the design of the size of the air gap, and in the design of the
spider which acts to constrain the voice coil and diaphragm to only move along a central
axis of the loudspeaker (rather than e.g. sideways into the air gap). With the loudspeaker
according to the present invention, these required tolerances are significantly simplified or
removed altogether, which provides an advantage of simplifying the design and
manufacture of the loudspeaker.

Electro-active polymers are capable of achieving relatively large deformations in response
to an applied electrical signal. Therefore, with the loudspeaker according 1o the present
invention it may be possible to achieve relatively large deformations of the connecting
pari(s), and therefore to achieve relatively large displacements of the diaphragm. As
such, the loudspeaker according to the present invention may be able to provide the
necessary deflection of the diaphragm for low frequency sound generation. This is in
contrast to many of the other proposed replacements for the magnetic circuit discussed
above, such as piezoelectric materials, which cannot provide the necessary deflection of
the diaphragm for low frequency sound generation.

In addition, electro-active polymers can also be controlled to achieve relatively small

deformations in response to an applied electrical signal. Therefore, with the loudspeaker
according 1o the present invention it may be possible to achieve relatively small

11
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deformations of the connecting part(s), and therefore to achieve relatively small
displacements of the diaphragm. As such, the loudspeaker according to the present
invention may be able to provide the necessary deflection of the diaphragm for high
frequency sound generation.

Indeed, the electro-active polymer may be able to achieve both relatively small and
relatively large displacements, depending on the magnitude of the applied electrical
signal, so that the loudspeaker is able to produce both low and high frequency sounds.

Thus, in addition to reducing the size (i.e. thickness or height) of the loudspeaker, the
loudspeaker of the present invention may also provide an advantage that the frequency
range of the loudspeaker may include low frequency sounds, and/or may be a broad
frequency range that covers both low and high frequency sounds. In this way, the fidelity
of the sound produced by the loudspeaker may also be maintained at a high level (e.g.
high-fidelity sound).

The fact that at least a part of the diaphragm does not comprise electro-active material
means that the diaphragm may be made primarily from a material that has a higher
elastic modulus and a lower density than an electro-active polymer, and therefore is more
suited to use in a diaphragm.

The loudspeaker according to this aspect of the invention may have any one, or to the
extent that they are compatible, any combination of the following optional features.

The one or more connecting parts may be operable to excite the diaphragm by applying
an electric field to the one or more connecting parts to change the size or shape of the
one or more connecting parts. For example, applying an electric field may cause the size
of the one or more connecting parts to increase or decrease, or may cause the one or
more connecting parts to bend or to otherwise deform and change shape. Therefore, it is
not necessary for the loudspeaker to include a permanent magnet as with the
conventional loudspeaker illustrated in FIG. 1, because displacement of the diaphragm
can be achieved by applying an electric field to the one or more connecting parts.

The extent of the change in size or shape of the one or more connecting parts may
depend on the magnitude of the applied electric field. For example, the extenVmagnitude

12
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of the change in size or shape of the one or more connecting parts may be increased
when the magnitude of the applied electric field is increased, and decreased when the
magnitude of the applied electric field is decrease. Therefore, changing the applied
electric field may change the extent to which the one or more connecting parts displace
the diaphragm relative to the frame.

Indeed, the one or more connecting paris may be operable to excite the diaphragm to
displace it relative to the frame by an amount that depends on the magnitude of the
applied electric field. For example, the displacement of the diaphragm relative to the
frame may be increased by increasing the magnitude of the electric field applied to the
one or more connecting parts, and decreased by decreasing the magnitude of the electric
field. Therefore, it may be possible to control the displacement of the diaphragm relative
to the frame by controlling the magnitude of the applied electric field. In this way, the
diaphragm can be controllably displaced (e.g. made to oscillate) to produce acoustic
energy.

The direction in which the diaphragm is displaced relative to the frame may be reversed
when the direction of the applied electric field is reversed. Thus, it may be possible to
excite the diaphragm to move in more than one direction, e.g. to oscillate, by reversing
the direction of the applied electric field.

The one or more connecting parts may comprise a layer of electro-active polymer
sandwiched (i.e. placed, or positioned) between two compliant (i.e. flexible, and/or elastic)
electrodes. Therefore, an electric field may easily and controllably be applied fo the layer
of an electro-active polymer in a uniform manner by connecting the two electrodes to an
electrical circuit that provides an electrical signal. The strength of the applied electric field
may be changed by changing the voltage of the electrical signal provided to the
electrodes. The direction of the applied electric field may be switched by switching the
polarity of the voltage of the electrical signal provided to the electrodes. This may provide
an efficient and practical way of applying the electrical field to the electro-active polymer.

Furthermore, the fact that the electrodes are compliant means that the electrodes can

deform (i.e. bend, and/or change shape, and/or change area) with the polymer. Thus, the
electrodes may not significantly restrict the deformation of the electro-active polymer.
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The one or more connecting parts may be operable to excite the diaphragm to displace it
relative to the frame by an amount that depends on a voltage applied to the two compliant
electrodes. For example, the amount by which the diaphragm is displaced relative to the
frame may be increased by increasing the voltage that is applied to the two compliant
electrodes (or the voltage difference), and decreased by decreasing the voltage applied to
the two compliant electrodes. Therefore, the extent of displacement of the diaphragm
relative to the frame may be easily controlled, enabling the generation of good quality
(e.g. high-fidelity) sound.

The direction in which the diaphragm is displaced relative to the frame may be reversed
when the polarity of the voltage applied to the two compliant elecirodes is reversed.
Therefore, the diaphragm can be made to move in more than one direction, e.g. to
oscillate, by reversing the polarity of the voltage applied to the two compliant electrodes.
It may therefore be possible to generate good quality (e.g. high-fidelity) sound.

The one or more connecting parts may be usable to excite the diaphragm to displace it
linearly (i.e. along a straight line) relative to the frame. In other words, the one or more
connecting parts may act to only displace the diaphragm along a straight line. For
example, the one or more connecling parts may be arranged so that any forces applied
by the one or more connecting parts to the diaphragm in any other direction cancel or
balance out, so that the resulting force acting on the diaphragm is along the straight line.
Thus, it may be possible to achieve linear displacement of the diaphragm, {0 generate
sound. As discussed above, any non-linear movement of the diaphragm, e.g. rocking or
side to side movement of the diaphragm, may reduce the quality of the sound produced
by the loudspeaker. Therefore, displacing the diaphragm linearly (i.e. along a straight
line) relative to the frame may improve the quality (e.g. fidelity) of the sound produced by
the loudspeaker.

Indeed, the one or more connecting parts may be usable to excite the diaphragm to
displace it linearly relative to the frame in a direction parallel to a central axis of the
loudspeaker (e.g. a central symmetry axis of the loudspeaker, or an axis perpendicular to
a central portion of the diaphragm). Thus, the quality (e.g. fidelity) of the sound produced
by the loudspeaker may be improved.
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The one or more connecting parts may be usable to excite the diaphragm to displace it in
either of two opposite directions relative to the frame. For example, the one or more
connecting parts may be usable o excite the diaphragm to displace it in two opposite
directions along a linear direction (e.g. an ‘up’ or ‘outwards’ direction and an opposite
‘down’ or ‘inwards’ direction). Therefore, it may be possible to make the diaphragm
oscillate relative 1o the frame (e.g. move forwards and backwards) and therefore generate

sound.

The one or move connecting parts may be disposed (e.g. positioned or arranged) so that
they constrain the diaphragm to move in a linear direction relative to the frame. For
example, the one or more connecting parts may be disposed so that any sideways forces
(i.e. not along a central axis of the loudspeaker) applied to the diaphragm may cancel out
or balance out around the diaphragm, so that the resulting force on the diaphragm acts in
a single, linear direction. Therefore, the one or more connecting parts may constrain (i.e.
restrict or force) the diaphragm to only move in a linear fashion, e.g. along the central axis
of the loudspeaker. Thus, the loudspeaker may produce good guality (e.g. high-fidelity)

sound.

Indeed, the one or more connecting parts may be evenly disposed (e.g. at fixed intervals,
e.g. at a fixed angular separation between connecting parts or between parts of a
connecting part) around the diaphragm and may constrain the diaphragm to move in a

linear fashion.

The electro-active polymer may be a dielectric polymer. In other words, the polymer may
be an electrical insulator that can be polarised by an applied electric field. Thus, when an
electric field is applied to the layer of dielectric polymer, e.g. using the two electrodes, the
dielectric polymer may become polarized. Therefore, the actuator/transducer may
effectively act as a capacitor, as it comprises a layer of dielectric material between two

conductors.

The electro-active polymer may be an elastomer polymer. In other words, the polymer
may be an elastic polymer which deforms elastically (rather than plastically) in response
to an applied force. Thus, the electro-active polymer, and therefore an electro-active
polymer actuator/transducer containing the electro-active polymer, may automatically
return to its original configuration (i.e. size, shape, efc.) when the electric field is removed
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(e.g. when an electrical signal to the conductors is stopped). Therefore, the electro-active
polymer actuator/transducer may effectively act as a compliant capacitor, where a
dielectric elastomer polymer layer is increasingly squashed between the conductors as
the charge on the conductors is increased (as discussed in more detail above).

In addition, the fact that the polymer is an elastomer may mean that it is capable of being
deformed without any plastic deformation and/or damage occurring to the polymer. Thus,
it may be possible to repeatedly deform the polymer, e.g. to make it oscillate to produce

sound.

The diaphragm may have a conical-shaped (cone-shaped) geometry. As discussed
above in more detail, the stiffness of a diaphragm depends not only on the sliffness of the
material from which it is made, but also on the geometry of the diaphragm. It has been
noted that in some cases the geometry of the diaphragm has more of an influence on the
total rigidity of the diaphragm than the material properties of the material from which the
diaphragm is made. When compared to the flat-panel loudspeakers, electro-static or
magneto-static loudspeakers, the advantage of the increased rigidity provided by the
conical-shaped (cone-shaped) geometry may play an important role in increasing the
efficiency of the loudspeaker. The term cone-shaped is intended to cover frusto-conical
shapes, and e.g. the shape illustrated in FIG. 1 in which the diaphragm has a voice coll

former at a central region thereof.

The electro-active polymer connecting parts of the present invention may be an efficient
way of driving/exciting a cone-shaped diaphragm of a loudspeaker, thereby providing a
loudspeaker that benefits from the efficiency increases that arise from using a cone-
shaped geometry for the diaphragm (which causes increased stiffness of the diaphragm
relative to e.g. a flat diaphragm) and that also benefits from a decreased thickness due to
the removal of the magnetic-circuit drive system. Thus, the combination of a cone-
shaped diaphragm and the electro-active connecting parits as a driving/exciting system for
the diaphragm may provide a pariicularly advantageous loudspeaker design, that is
efficient and that has a relatively small thickness/size.

The one or more connecting parts may comprise a surround of the loudspeaker. In other

words, rather than a standard/conventional surround as in e.g. the conventional moving-

coil type loudspeaker illustrated in FIG. 1, the surround may instead be made of an
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electro-active polymer and may have the additional function (in addition to one or more of
the existing functions of the conventional surround discussed above) of displacing the
diaphragm relative to the frame.

Therefore, in addition to the function of exciting the diaphragm to displace it relative to the
frame, the connecting part{s) comprising the surround may also have the function of
constraining the diaphragm to only move linearly along a central symmetry axis of the
loudspeaker. For example, the surround may be disposed so that any forces it applies to
the diaphragm in a direction other than along the central symmetry axis balance out, or
cancel out, around the diaphragm, so that the resulling force is parallel to the central
symmetry axis. Thus, the surround may be able to excite the diaphragm to displace itin a
linear direction, so as to produce sound, while constraining the displacement of the
diaphragm to only be in the linear direction.

In addition, the connecting part(s) comprising the surround may also have a function of
providing a restoring force to return the diaphragm to an equilibrium position when the
diaphragm is not being driven (e.g. because the connecling parts are elastic). Therefore,
the connecting parts may replace the conventional surround and may fulfil one or more of

the functions of the conventional surround.

Indeed, the one or more connecting parts may connect the frame to an outer perimeter of
the diaphragm. Therefore, the one or more connecting parts may act to displace the
diaphragm by moving/displacing an outer perimeter/edge of the diaphragm. For example,
the one or more connecting parts may connect an outer edge of the diaphragm to an
inner edge of an aperture or opening in the frame.

Indeed, a plurality of connecting parts may connect the frame to a plurality of positions on
the outer perimeter of the diaphragm. Thus, as discussed above, the plurality of
connecting parts may combine to produce a linear displacement of the diaphragm,
because any forces applied by the plurality of connecting parts to the diaphragmin a
direction other than the linear direction may cancel out around the diaphragm, because
they are applied at different positions around the diaphragm.

indeed, the one or more connecting parts may form a continuous band around an outer

perimeter of the diaphragm, which may help to balance out, or cancel out, any sideways
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movement of the diaphragm. Therefore, the one or more connecting parts may equally
displace ali positions on the perimeter of the diaphragm. In addition, the one or more
connecting parts may effectively provide a flexible edge/perimeter to the diaphragm,
connecting the diaphragm to the frame, which may prevent air from passing around the
sides of the diaphragm during movement of the diaphragm relative to the frame.

The one or more connecting parts comprise a spider of the loudspeaker. In other words,
rather than a standard/conventional spider as in e.g. the conventional moving-coil type
loudspeaker illustrated in FIG. 1, the spider may instead be made of an electro-active
polymer and may have the additional function (in addition to one or more of the existing
functions discussed above) of displacing the diaphragm relative to the frame.

Therefore, in addition to the function of exciting the diaphragm to displace it relative to the
frame, the connecting pari(s) comprising the spider may also have the function of
constraining the diaphragm to only move linearly along a central axis of symmetry of the
loudspeaker. For example, the spider may be disposed so that any forces it applies to
the diaphragm in a direction other than along the central symmetry axis balance out, or
cancel out, around the diaphragm, so that the resulling force is parallel to the central
symmetry axis. Thus, the spider may be able to excite the diaphragm to displace it in a
linear direction, so as to produce sound, while constraining the displacement of the
diaphragm to only be in the linear direction.

In addition, the connecting part(s) comprising the spider may also have a function of
providing a restoring force 1o return the diaphragm to an equilibrium position when the
diaphragm is not being driven (e.g. because the connecting parts are elastic). Therefore,
the connecting parts may replace the conventional spider and fulfil one or more of the
functions of the conventional spider.

Indeed, the one or more connecting parts may connect the frame to one or more positions
on a central part (or central region) of the diaphragm. Therefore, the one or more
connecting parts may act to displace the diaphragm by moving/displacing the central part
of the diaphragm directly. Thus, the one or more connecting parts may be able o
efficiently displace the diaphragm relative to the frame.

18



10

15

20

25

30

35

WO 2014/086993 PCT/EP2013/075847

Indeed, a plurality of connecting parts may connect the frame to a plurality of positions on
a central part of the diaphragm. Thus, as discussed above, the plurality of connecting
parts may combine to produce a linear displacement of the diaphragm, because any
forces applied by the plurality of connecting parts to the diaphragm in a direction other
than the linear direction may cancel out around the diaphragm, because they are applied
at different positions around the diaphragm.

Indeed, the one or more connecting parts may form a continuous band (i.e. extend
continuously) around a central part of the diaphragm. Therefore, the one or more
connecting parts may equally displace all positions around the central part of the
diaphragm, which may help to balance out, or cancel, any sideways movement of the
diaphragm.

The diaphragm may not comprise an electro-active polymer. In other words, rather than
simply at least a part of the diaphragm not comprising an electro-active polymer, the
whole of the diaphragm may not comprise an electro-active polymer. Thatis, the
diaphragm as a whole (i.e. the primary sound creating element that moves to create the
primary sound of the loudspeaker) may not contain any electro-active polymer.

Of course, the loudspeaker may have various combinations of the above described
connecting parts.

For example, the surround may comprise an electro-active polymer, while the spider does
not comprise an electro-active polymer. Allernatively, the spider may comprise an
electro-active polymer, while the surround does not comprise an electro-active polymer.
Alternatively, both the spider and the surround may comprise an electro-active polymer.

Also, for example, neither the surround nor the spider may comprise an electro-active
polymer, and instead one or more separate connecting parts that comprise an electro-
active polymer and that connect the frame {0 the diaphragm may be provided. These
connecting parts may connect any part of the diaphragm to the frame, and are not limited
to the specific examples discussed above. Alternatively, where the connecting parts do
not comprise the surround and/or the spider, the loudspeaker may omit one or both of the

conventional surround and/or spider.
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Where the connecting parts do not comprise the surround and/or the spider, the
loudspeaker may comprise a conventional (i.e. not comprising electro-active material)
surround and/or spider in addition to the connecting paris, i.e. the connecting parts may
not also replace or fulfil the functions of the surround and/or spider.

Where the spider and/or the surround comprises an electro-active polymer, it is not
essential that the whole of the spider and/or the surround comprises an electro-active
polymer. Instead, only a part of the spider and/or the surround may comprise an electro-
active polymer. For example, the surround and/or the spider may comprise one or more
strips or portions of an electro-active polymer that is merged/bonded/integrated with, or
that covers or is attached to or over, surrounding material of the surround and/or spider
that is not an electro-active material. The electrodes may cover only the electro-active
polymer, or both the electro-active polymer and the surrounding non-electro-active
polymer material. Thus, it may be possible to change the size and/or shape of the
surround and/or spider, and therefore displace the diaphragm, by applying an electric field
to change the size and/or shape of the strips or portions of electro-active material
merged/bonded/integrated into the surround and/or spider.

Alternatively, strips or portions of electro-active polymer material may be attached/bonded
onto one or more surfaces of an existing surround and/or spider that does not comprise

an electro-active polymer material.

Furthermore, in some embodiments part of the spider (but not all of it) and some or the
entire surround may comprise an electro-active polymer. Alternatively, in some
embodiments part of the surround (but not all of it) and some or the entire spider may

comprise an electro-active polymer.

When the loudspeaker has one or more connecting parts that connect to a central part of
the diaphragm, or a spider, the diaphragm may comprise a protruding part that protrudes
from the central part of the diaphragm, and the one or more connecting parts or the spider
may connect to the protruding part of the diaphragm. The protruding part may be similar
in structure and form to the voice coil former 17 of the conventional loudspeaker 1
illustrated in FIG. 1. In particular, the protruding part may comprise a thin and light-weight
sheet of material (e.g. paper, or very thin aluminium) formed into a hollow cylindrical tube,
and the rest of the diaphragm (i.e. a thin sheetl/layer part of the diaphragm) may cover the
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top of the protruding part and may be secured to the top of the protruding part, e.g. by
glue. However, in other embodiments of the invention other types of protruding part may
be used, for example other shapes of tube, or solid rods of material. The reason for
including a protruding part at the central part of the diaphragm is to increase the distance
between the one or more connecting parts that connect to the central part of the
diaphragm, or the spider, and the outer perimeter or edge of the diaphragm. Increasing
this distance may help in restraining the diaphragm to only move in a linear direction
along a central axis of the diaphragm, especially when the diaphragm is also connected
to the frame around its outer perimeter or edge.

In other embodiments, the diaphragm may be deep enough that connecting one or more
connecting parts or a spider to the central part of the diaphragm without a protruding part
being present at the central part of the diaphragm is sufficient to constrain the diaphragm
to only move in a linear direction. Therefore, in some embodiments of the invention it

may not be necessary for the diaphragm to have a protruding part.

The performance of the loudspeaker may be improved by using more electro-active
polymer connecting parts, as this may provide more control over the displacement of the
diaphragm.

The one or more connecting parts may comprise a plurality of layers of electro-active
polymer. In other words, a connecting part may be formed from a number of stacked (i.e.
arranged one on top of the other, possibly with intermediate layers such as electrodes)
layers of electro-active polymer. Forming a connecting part out of multiple layers of
electro-active polymer may mean that the layers can be arranged in such a way that
when they are excited by an electrical signal, the mechanical forces that they generate
cause them to move or to deform in a particular way, for example to bend or to twist.

In one example, a multi-layer electro-active polymer connecting part may be formed from
a plurality of layers of thickness-mode electro-active polymer (e.g. a plurality of layers of
thickness-mode dielectric elastomer(s)). Thickness-mode electro-active polymers are
configured to change their thickness when subjected to an applied electric field. Through
a suitable layering (i.e. arrangement of the layers) of thickness-mode electro-active
polymers the multi-layer electro-active polymer connecting part can be made to bend, for
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example in either of two directions, by applying electrical signals of appropriate voltage
and polarity to the layers of electro-active polymer.

in other embodiments, the one or more connecting parts may instead comprise a single
layer of electro-active polymer. In this case, the connecting part can be configured or
arranged so that the electro-active polymer deforms in a particular way, e.g. by bending
or twisting, when an electric field is applied to the electro-active polymer layer.

In one example, the layer of electro-active polymer may be a bending-mode electro-active
polymer, for example a bending mode dielectric elastomer. Connecting parts comprising
a bending-mode electro-active polymer may have the ability to bend in either of two
directions depending on the polarity of the voltage that is applied to them. As an
example, the chemical configuration of the electro-active polymer layer may be designed
in such a way that a certain polarity of applied electrical signal causes movement of
charge inside the material from one electrode {i.e. on one surface) to another electrode
(i.e. on an opposite surface), and this movement of charges within the material may
cause the material, and therefore the connecting part, to bend.

In other embodiments, a connecting part may include more than one layer of bending-
mode electro-active polymer, for example two layers of bending mode electro-active
polymer (which may be called a bi-morph design). For example, two layers of electro-
active polymer material (e.g. a dielectric elastomer) may be positioned one on top of the
other so that they share one electrode in the middle between them and have one
electrode free each. This arrangement of electro-active polymers may mimic the
deformation that can be achieved with piezoelectric-actuators, and may allow for bending
or twisting of the connecting part.

Brief description of the Figures

Exemplary embodiments of the invention will now be described with reference to the
accompanying drawings, in which:

FIG. 1 shows a perspective view of a prior art moving-coil type loudspeaker;
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FIG. 2A shows a perspective view and a cross-sectional view of a basic working structure

of an electro-active polymer in a first configuration;

FIG. 2B shows a perspective view and a cross-sectional view of the basic working
structure shown in FIG. 2A in a second configuration;

FIG. 3 shows a schematic cross-sectional view of the prior art moving-coil type
loudspeaker shown in FIG 1;

FIG. 4 shows a schematic cross-sectional view of a loudspeaker according to an
embodiment of the present invention, with the diaphragm in a first position;

FIG. 5 shows a schematic cross-sectional view of the loudspeaker of FIG. 4 with the
diaphragm in a second, displaced position;

FIG. 6 shows a partial schematic cross-sectional view of a loudspeaker according to an
embodiment of the present invention, with the diaphragm in a first position;

FIG. 7 shows a partial schematic cross-sectional view of the loudspeaker of FIG. 6 with
the diaphragm in a second position.

FIG. 8 shows a cross-sectional view of a loudspeaker according to an embodiment of the

present invention.

FIG. 9 shows a cross-sectional view of a loudspeaker according to an embodiment of the

present invention.

Detailed Description

With reference to FIG. 4, a loudspeaker 31 according to an embodiment of the present
invention may comprise a frame 33 (also called a basket) having an aperiure 35 (or
opening). The frame 33 may be substantially the same as the upper part (i.e. above the
magnetic drive system 17, 21) of the frame 3 of the conventional loudspeaker 1 illustrated
in FIG. 1. Alternatively, the frame 33 may be different, e.g. a different shape and/or

configuration.
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A diaphragm 37 may extend across the aperture 35 of the frame 33. The diaphragm 37 is
defined as being the primary (main) sound creating element of the loudspeaker 31, which
creates the primary (main) sound produced by the loudspeaker 31.

The diaphragm 37 may be connected to the frame 33 by a surround 38 that may be
connected (i.e. extends) around an outer perimeter of the diaphragm 37 and that may
also be connected (i.e. extends) around a corresponding inner perimeter of the aperture
35. The shape and/or appearance of the surround 39 may be substantially the same as
the shape and/or appearance of the surround 7 of the conventional loudspeaker 1
illustrated in FIG. 1. Alternatively, the shape and/or appearance of the surround 39 may
be different.

Essentially, in this embodiment the surround 39 provides a flexible border or boundary

around the outside of the diaphragm 37, and may act to prevent air from passing around
the side of the diaphragm 37 when the diaphragm 37 moves relative to the frame 33. In
other embodiments, the surround 39 may connect the frame to one or more positions on

the outer perimeter of the diaphragm 37.

The surround 39 may comprise an electro-active polymer. In other words, the surround
39 may comprise a polymer material that exhibits a change of size and/or shape when it
is stimulated by an electric field. The surround 39 can be termed a “connecting part” that
connects the diaphragm 37 to the frame 33, and that can be used to excite the diaphragm
37 to displace it relative to the frame 33.

The extent of the change in size or shape of the surround 39 when stimulated by an
electric field may depend on the magnitude of the applied electric field, i.e. the surround
39 may be deformed to a greater extent by a larger magnitude electric field. Because
changes in size and/or shape of the surround act to move the diaphragm 37, the amount
by which the diaphragm 37 is displaced relative to the frame 33 may also depend on the
magnitude of the applied electric field.

As shown in more detail in FIG. 6, the surround 39 may comprise a layer of electro-active

polymer 41 (i.e. a sheet or film of electro-active polymer material) sandwiched (i.e.
placed, located, positioned) between first 43 and second 45 compliant (i.e. flexible and/or
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elastic) electrodes on opposite sides of the layer of electro-active polymer 41, to form an
electro-active polymer transducer/actuator. In particular the first compliant electrode 43
may be positioned on an upper side of the layer of electro-active polymer 41, i.e. a side
facing out of the loudspeaker 31. The second compliant electrode 45 may be positioned
on an opposite, lower side of the layer of electro-active polymer 41, i.e. a side facing into
the loudspeaker 31.

As illustrated in FIG. 6, each of the compliant electrodes 43, 45 may be connectable to an
electrical circuit (not shown) via terminals 47, for applying an electrical signal to the
compliant electrodes 43, 45, to thereby generate an electric field across the layer or
electro-active polymer 41. In this embodiment, the compliant electrodes 43, 45 may be
made of graphite.

The magnitude of the applied electric field, and therefore the extent of the change in size
and/or shape of the electro-active polymer may be determined by the voltage applied to
the compliant electrodes 43, 45. Therefore, the displacement of the diaphragm 37
relative to the frame 33 may be increased by increasing the voltage applied to the
compliant electrodes 43, 45. Reversing the polarity of the applied voltage may cause the
electro-active material to change size and/or shape in an opposite sense (i.e. o become
smaller rather than larger), and may therefore cause the direction in which the diaphragm
is displaced relative to the frame to be reversed.

As discussed in more detail below, the surround 38 may be usable to excite the
diaphragm 37 to displace it linearly (i.e. in a straight line) relative to the frame 33. In
particular the surround 39 may be usable to displace the diaphragm 37 relalive to the
frame 33 in a direction parallel to a central axis of the loudspeaker (e.g. a vertical in FIG.
4). In particular, the surround 39 may be disposed so that any forces applied to the
diaphragm 37 that would act to move it in a direction other than along the linear direction
balance out, or cancel out, around the diaphragm 37, so that the resulling force on the
diaphragm 37 acts solely along the linear direction. This may be achieved e.g. by the
surround 39 being uniformly disposed, for example symmetrically disposed, around the
diaphragm 37.

In this embodiment, the diaphragm 37 may have a substantially conical-shaped (i.e.
substantially cone-shaped) geometry, which extends from an outer perimeter of the
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diaphragm 37 to a protruding part 49 that protrudes from a central region of the
diaphragm 37. Thus, the diaphragm 37 may comprise a thin sheet/layer part and a
protruding part 49. The protruding part 49 may be similar in structure and form to the
voice coil former 17 of the conventional loudspeaker 1 illustrated in FIG. 1. In particular,
the protruding part 49 may comprise a thin and light-weight sheet of material (e.g. paper,
or very thin aluminium) formed into a hollow cylindrical tube, and the rest of the
diaphragm (i.e. the thin sheet/layer part of the diaphragm) may cover the top of the
protruding part 49 and may be secured 1o the top of the protruding part 49, e.g. by glue.
However, in other embodiments of the invention other types of protruding part 49 may be
used, for example other shapes of tube, or solid rods of material.

The reason for including a protruding part 49 in the present embodiment is to increase the
distance (i.e. along the central axis of the loudspeaker) between the spider 51 (discussed
in more detail below) and the surround 37 around the outer perimeter of the diaphragm
37. Increasing this distance may increase the ability of the spider 51 and the surround 39
to constrain the diaphragm 37 to only move along a linear direction, i.e. along a central
axis of the loudspeaker (as discussed in more detail below). In some other embodiments,
the depth of the diaphragm 37 may be sufficient that it can be suitably constrained by
connecting the spider 51 directly to the sheet part of the diaphragm 37, without requiring a
protruding part 49 to increase the distance (i.e. spacing) between the spider 51 and the
surround 39. Thus, in other embodiments of the present invention the protruding part 49
may be omitted.

As discussed above, a cone-shaped geometry of the diaphragm 37 may significantly
increase the stiffness of the diaphragm 37, relative to the inherent stiffness of the material
making up the diaphragm 37. Increasing the stiffness can provide an increased efficiency
of the loudspeaker 31. As discussed in more detail below, the present embodiment may
provide an efficient way of exciting a cone-shaped diaphragm that retains the efficiency
advantages of the cone-shaped diagram (caused by the increased stifiness) and that
results in a significantly thinner and flatter loudspeaker than the convention moving-coil
type loudspeaker illustrated in FIG. 1 that includes the magnetic circuit drive system.

At least a part of the diaphragm 37 is not made of an electro-active polymer. Indeed, the

whole diaphragm may not include any electro-active polymer material. The diaphragm 37
may be substantially the same as the diaphragm 7 of the conventional loudspeaker 1
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illustrated in FIG. 1. Alternatively, the diaphragm 37 may be different, e.g. a different
shape, size and/or made of a different material.

The diaphragm 37 is preferably made from a material that is light-weight and rigid. Where
the geometry of the diaphragm 37 increases the rigidity of the diaphragm 37, for example
with a cone shaped diaphragm 37 as in the present embodiment, paper material may be
a suitable material for forming the diaphragm 37. Paper is light weight and can be
manufactured to have increased rigidity, for example by pressing the paper or by adding
some chemicals to the paper. Allernatively, some polypropylene materials may be
suitable for forming the diaphragm 37, and have been used for this purpose in the
industry. Very thin sheets of magnesium or aluminium may also be suitable materials for

forming the diaphragm 37.

A spider 51, which is a flexible suspension, may connect the frame 33 to a central part of
the diaphragm 37, for example the protruding part 49 of the diaphragm 37. The spider 51
may connect the frame 33 to one or more position on the central part of the diaphragm
37. Indeed, the spider 51 may exiend continuously around a central part of the
diaphragm 37, e.g. as a continuous band or ring. For example, as with the spider 23 of
the conventional loudspeaker 1 illustrated in FIG. 1, the spider 51 may extend around
substantially the whole of an outer perimeter of the protruding part 49, and around
substantially the whole of an inner perimeter of the frame 33. As shown in FIG. 4, the
spider 51 may have a wavy and/or corrugated appearance (or configuration).

However, as discussed above, in other embodiments of the present invention the
protruding part 49 may be omitted. In these cases, the spider 51 may connect the frame
33 10 a central part of the sheet part of the diaphragm 37 (i.e. to the underside of a lower
part of the sheet part of the diaphragm 37).

The spider 51 may comprise an electro-active polymer. In other words, the spider 51 may
comprise a polymer material that exhibits a change of size and/or shape when itis
stimulated by an electric field. The spider 51 can be termed a “connecting part” that
connects the diaphragm 37 to the frame 33, and that can be used to excite the diaphragm
37 to displace it relative to the frame 33.

27



10

15

20

25

30

35

WO 2014/086993 PCT/EP2013/075847

As shown in more detail in FIG. 6, the spider 51 may comprise a layer of electro-active
polymer 53 (i.e. a sheet or film of electro-active polymer material) sandwiched (i.e.
placed, located, positioned) between first 55 and second 57 compliant electrodes on
opposite sides of the layer of electro-active polymer 53, to form an electro-active polymer
transducer/actuator. In particular the first compliant electrode 55 may be positioned on an
upper side of the layer of electro-active polymer 53, i.e. a side facing out of the
loudspeaker 31. The second compliant electrode 57 may be positioned on an opposite,
lower side of the layer of electro-active polymer 53, i.e. a side facing into the loudspeaker
31.

As illustrated in FIG. 6, each of the compliant electrodes 55, 57 may be connectable to an
electrical circuit (not shown) via terminals 47, for applying an electrical signal to the
compliant electrodes 55, 57, to thereby generate an electric field across the layer or
electro-active polymer 53. In this embodiment, the compliant electrodes 55, 57 may be
made of graphite.

The magnitude of the applied electric field, and therefore the extent of the change in size
and/or shape of the electro-active polymer may be determined by the voltage applied to
the compliant electrodes 55, 57. Therefore, the displacement of the diaphragm 37
relative to the frame 33 may be increased by increasing the voltage applied to the
compliant electrodes 55, 57. Reversing the polarity of the applied voltage may cause the
electro-active material to change size and/or shape in an opposite sense (i.e. o become
smaller rather than larger), and may therefore cause the direction in which the diaphragm
37 is displaced relative to the frame 33 to be reversed.

As discussed in more detail below, the spider 51 may be usable to excite the diaphragm
37 to displace it linearly relative o the frame 33. In particular the spider 51 may be
usable to displace the diaphragm 37 relative to the frame 33 in a direction parallel to a
central axis of the loudspeaker (e.g. a vertical in FIG. 4). In particular, the spider 51 may
be disposed so that any forces applied to the diaphragm 37 that would act to move itin a
direction other than along the linear direction balance out, or cancel out, around the
diaphragm 37, so that the resulting force on the diaphragm 37 acts solely along the linear
direction. This may be achieved e.g. by the spider 39 being uniformly disposed, for
example symmetrically disposed, around the diaphragm 37.
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As illustrated in FIG. 4, the loudspeaker 31 of this embodiment of the present invention
does not have a magnetic circuit drive system for exciting the diaphragm 37. In particular,
the loudspeaker 31 does not have a voice coil (17 in FIGS. 1 and 3). Furthermore, the
loudspeaker 31 does not have a permanent magnet (21 in FIG. 1). The removal of the
magnetic circuit (i.e. the voice coil and the permanent magnet) significantly reduces the
thickness of the loudspeaker 31. For example, comparing the loudspeaker 31 according
to the present embodiment illustrated in FIG. 4 and the conventional loudspeaker 1
illustrated in FIGS. 1 and 3, illustrates that the length/size of the protruding part 49 is
significantly reduced in the loudspeaker 31 according to the present invention.

Therefore, the loudspeaker 31 according to this embodiment may provide an advantage
of having a significantly thinner and or/flatter shape and/or configuration when compared
to e.g. the conventional loudspeaker illustrated in FIG. 1.

As discussed in more detail above, the fact that the magnetic circuit (particularly the
permanent magnet and the voice coil) may be omitted in the loudspeaker 31 according to
the present invention also has an advantage of simplifying the required tolerances in the
design of the loudspeaker 31. This is because it is not necessary to precisely conirol a
small air-gap between a voice coil and a permanent magnet as in the conventional
loudspeaker 1 illustrated in FIG. 1. With the loudspeaker 31 according to the present
invention, these required tolerances are significantly simplified or removed aliogether,
which provides an advantage of simplifying the design and manufacture of the
loudspeaker 31.

In use, displacement (or deflection) of the diaphragm 37 relative to the frame 33, in order
to generate sound, may be achieved by applying electrical signals to the compliant
electrodes 43, 45, 55, 57 of the surround 39 and the spider 51. The extent of the
displacement of the diaphragm 37 may be dependent on the voltage of the electrical
signals applied to the compliant electrodes 43, 45, 44, 57.

The following description assumes that both the surround 39 and spider 51 comprise an
electro-active polymer and are used to excite the diaphragm 37 to displace it relative to
the frame. However, the present invention also covers arrangements where only the
surround 39 or the spider 51 comprises an electro-active polymer, in addition to an
arrangement in which neither the spider 51 nor the surround 39 comprise an electro-
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active polymer and instead additional connecting parts comprising an electro-active
polymer are provided.

As discussed above, other examples are also possible, for example only a part of the
spider 51 and/or the surround 39 comprise an electro-active polymer.

With reference to FIGS. 5 and 6, to displace the diaphragm 37 in a first direction relative
to the frame (i.e. upwards in FIGS. 5 and 6) a positive voltage is applied to the first
electrodes 43, 55 of the surround 39 and the spider 51. A corresponding negative voltage
is applied to the second electrodes 45, 57 of the surround 39 and the spider 51 (these
polarities are intended only as examples and in other embodiments this displacement
may be achieved with opposite polarities).

These applied voltages cause electric fields to be generated across the respective layers
of electro-active material 41, 53 of the surround 39 and spider 53. These electric fields
stimulate the respective layers of electro-active polymer 41, 53 o change size and or
shape, for example to bend or deform. Because the diaphragm 37 is connected to the
frame 33 through the surround 39 and spider 51, changes in the size and/or shape of the
surround 39 and spider 51 will cause the diaphragm 37 to be displaced relative to the
frame 33.

The surround 43 and spider 51 are configured so that applying a voltage with a first
polarity (e.g. as illustrated in FIG. 5) means that the corresponding size and/or shape
changes of the surround 39 and spider 51 displace the diaphragm 37 in a first linear
direction along a symmetry axis of the loudspeaker 31. For example, as illustrated in
FIGS. 4 and 5, applying a positive voltage to the first electrodes 43, 55 of the surround 39
and the spider 51 and a corresponding negative voltage to the second electrodes 45, 57
of the surround 39 and the spider 51 causes the surround 39 and spider 51 o deform so
as to displace the diaphragm upwards relative to the frame. This upward displacement
may be achieved by e.g. the surround 39 and spider 51 being deformed by bending or
deflecting, or by a change in length of the surround 39 and spider 51 (i.e. the distance
along the surround 39 or spider 51 from the frame 33 to the diaphragm 37).
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As discussed above, there are a number of ways in which bending of the whole or part of
the surround 39 or spider 51 can be achieved, in order to displace the diaphragm 37
relative to the frame 33.

The spider 51 and /or the surround 39 may comprise a plurality of layers of electro-active
polymer. In other words, the spider 51 and /or the surround 39 may be formed from a
number of stacked (i.e. arranged one on top of the other, possibly with intermediate layers
such as electrodes) layers of electro-active polymer. Forming the spider 51 and /or the
surround 39 out of multiple layers of electro-active polymer may mean that the layers can
be arranged in such a way that when they are excited by an electrical signal, the
mechanical forces that they generate cause them to move or to deform in a particular
way, for example to bend or to twist. Therefore, the spider 51 and /or the surround 38
can be caused to bend in a particular direction in response to an applied electrical signal
or a particular polarity.

For example, a mulli-layer electro-active polymer spider 51 and /or surround 39 may be
formed from a plurality of layers of thickness-mode electro-active polymer (e.g. a plurality
of layers of thickness-mode dielectric elastomer(s)). Thickness-mode electro-active
polymers are configured to change their thickness when subjected to an applied electric
field. Through a suitable layering of thickness-mode electro-active polymers the multi-
layer electro-active polymer spider 51 and /or surround 39 can be made to bend, for
example in either of two directions, by applying electrical signals of appropriate voliage
and polarity

In other embodiments, the spider 51 and /or the surround 39 may instead comprise a
single layer of electro-active polymer. In this case, the spider 51 and /or the surround 39
can be configured or arranged so that the electro-active polymer deforms in a particular
way, e.g. by bending or twisting, when an electric field is applied to the electro-active
polymer layer.

This single layer of electro-active polymer may be a bending-mode electro-active
polymer, for example a bending mode dielectric elastomer. Thus, the spider 51 and /or
the surround 39 may have the ability to bend in either of two directions depending on the
polarity of the voltage that is applied to them. As an example, the chemical configuration
of the electro-active polymer layer may be designed in such a way that a certain polarity
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of applied electrical signal causes movement of charge inside the material from one
electrode (i.e. on one surface) to another electrode (i.e. on an opposite surface), and this
movement of charges within the material may cause the material, and therefore the spider
51 and /or the surround 39, to bend.

In other embodiments, the spider 51 and /or the surround 39 may include more than one
layer of bending-mode electro-active polymer, for example two layers of bending mode
electro-active polymer (which may be called a bi-morph design). For example, two layers
of electro-active polymer material, for example two layers of dielectric elastomer, may be
positioned one on top of the other so that they share one electrode in the middle between
them and have one electrode free each. This arrangement of electro-active polymers
may mimic the deformation that can be achieved with piezoelectric-actuators, and may
allow for bending of the spider 51 and /or the surround 39.

As shown in FIG. 7, applying the opposite voltages to the electrodes, i.e. a negative
voltage to the first electrodes 43, 55 of the surround 39 and spider 51 and a positive
voltage to the second electrodes 45, 57 of the surround 39 and spider 51 means that the
corresponding size and/or shape changes of the surround 43 and spider 51 displace the
diaphragm 37 in the opposite linear direction along the symmetry axis of the loudspeaker
31, i.e. downwards relative to the frame 33. Again, this downward displacement may be
achieved by e.g. the surround 39 and spider 51 being deformed by bending or deflecting,
or by a change in length of the surround 39 and spider 51.

Therefore, by applying voltages with varying polarities (e.g. positive or negative) to the
electrodes 43, 45, 55, 57, the diaphragm 37 can controllably be displaced upwards and
downwards relative to the frame (i.e. inwards and outwards relative to the loudspeaker
31, along a central axis of symmelry of the loudspeaker 31). Thus, the required linear
movement/oscillation of the diaphragm 37 required to generate acoustic energy can be
achieved by applying electrical signals to the electrodes 43, 45, 55, 57 of the surround 39
and spider 51.

Linear motion of the diaphragm 37 relative to the frame 33 can be achieved by the
surround 37 and/or the spider 51 constraining the diaphragm to only move in the linear
direction. For example, the surround 39 and/or spider 51 may be disposed so that the
resulting forces that they apply to the diaphragm 37 to displace the diaphragm 37 only act
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along this linear direction. This may be achieved by the surround 39 and/or spider 51
being disposed around the diaphragm 37 so that forces applied to the diaphragm 37 in
any direction other than in this linear direction cancel out, or balance out, around the
diaphragm 37, so that the resulting force and subsequent displacement is along the linear
direction. For example, the surround 39 and/or spider 51 may be disposed uniformly or
symmetrically around the diaphragm 37.

Essentially, the surround 39 and spider 51 are used as electro-active polymer
actuators/transducers to controllably displace the diaphragm 37 relative to the frame.

The surround 39 and spider 51 may extend symmetrically around the loudspeaker 31. In
particular, the surround 39 may extend symmetrically around the outer perimeter of the
diaphragm 37, and/or the spider 51 may extend symmetrically around the central part
(e.g. the protruding part 49) of diaphragm 37. Therefore, the changes in shape and/or
area of the surround 39 and/or spider 51 may balance out around the symmetry axis of
the loudspeaker 33 to only result in linear displacement of the diaphragm 37 along a
central symmetry axis of the loudspeaker 31. In this way, the acoustic properties of the
loudspeaker 31 may be maintained at a high level.

Therefore, in addition to being used 1o excite the diaphragm 37 to displace it relative to
the frame 33, the surround 39 and/or spider 51 may also retain their original functions of
constraining the diaphragm 37 to only move linearly along a central symmetry axis of the
loudspeaker 31.

As discussed above, when the magnetic drive system (i.e. the voice coil and the
permanent magnet) are replaced, the tolerances with which the diaphragm 37 must be
constrained to only move in a linear direction along the central symmetry axis are
relaxed/reduced, because it is no longer necessary o precisely maintain a small air gap
between the voice coil and the permanent magnet. This reduction in the necessary
tolerances means that with the present invention it may not be necessary for the
loudspeaker 31 {o have a spider 51 (because the surround 39 alone may sufficiently limit
any sideways movement of the diaphragm 37), and therefore in other embodiments of the
present invention the spider 51 may be omitted, and therefore the protruding part 49 may
also be omitted.
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In this embodiment, both the surround 39 and spider 51 have been described as
comprising electro-active polymer material, and being used 1o excite the diaphragm.
However, it is not essential that both the surround 39 and spider 51 comprise an electro-
active polymer, and only one of these parts may comprise an electro-active polymer. For
example, the surround 398 may comprise an eleciro-active polymer and be used to excite
the diaphragm 37, while the spider 51 may be a conventional spider that does not
comprise an electro-active polymer and is not used o excite the diaphragm. In this case,
as discussed above, the spider 51 may even be omitted altogether. Alternatively, the
surround 39 may be a conventional surround that does not comprise an electro-active
polymer and the spider 51 may comprise an electro-active polymer and be used to excite
the diaphragm 37.

In other embodiments, both the spider 51 and the surround 39 may be conventional and
not comprise an electro-active polymer. In this case, additional connecting members that
comprise an electro-active polymer and which connect the diaphragm 37 to the frame 33
may be present and used to excite the diaphragm 37 to displace it relative to the frame
33. Again, as mentioned above, in this case the spider 51 may even be omitted
altogether.

Where the spider 51 and/or the surround 39 comprise an electro-active material, it is not
necessary for the whole of the spider 51 and/or the surround 39 to comprise an electro-
active material. Instead, the spider 51 and/or the surround 39 may include parts or
portions, for example elongate strips, of electro-active material, embedded/merged with
surrounding material that is not an electro-active polymer. In this case, the elecirodes
may only cover the electro-active polymer, or may cover both the electro-active polymer

and the surrounding material.

Alternatively, electro-active material may be disposed, e.g. attached or bonded, on to a
surface of a conventional surround 39 and/or spider 51.

In this embodiment, the electro-active polymer is a dielectric polymer. Therefore, the
electro-active polymer transducer/actuator formed by the layer of dielectric polymer and
the two compliant electrodes may effectively form a compliant capacitor, in which
changes in the charges stored on the two compliant electrodes cause changes in the
extent of compression/compaction of the layer of dielectric material. In other
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embodiments, other types of eleciro-active material may be used in place of a dielectric
polymer, such as ferroelectric electro-active polymers, electrostrictive graft electro-active
polymers, and ionic electro-active polymers.

In particular, in other embodiments the electro-active polymers may be thickness-mode
electro-active polymers and/or bending mode electro-active polymers.

In this embodiment, the dielectric polymer is an elastomer polymer, i.e. a polymer that
deforms in an elastic manner. Therefore, when the surround 39 and/or spider 51 are
deformed to displace the diaphragm 37 away from an equilibrium position, when the
electrical signal 1o the electrodes 43, 45, 55, 57 is stopped the surround 39 and/or spider
51 may automatically return to their initial configurations, due to the elastic recovery of the
dielectric polymer. Furthermore, because the dielectric polymer is an elastomer polymer,
the changes in shape and/or area of the dielectric polymer may be reversible, and may
not cause plastic deformation or damage to the dielectric polymer. Therefore, the
dielectric polymer may be deformed many times to displace the diaphragm 37 without the
dielectric polymer degrading significantly or being damaged significantly.

In this embodiment, the electrodes of the electro-active polymer actuators/transducers

may comprise carbon conductive grease.

With reference to FIG. 8, in a second embodiment of the present invention a loudspeaker
61 comprises a frame 63, which may be substantially flat, having an aperture 65 (or
opening). A substantially flat (or planar) diaphragm 67 (i.e. a thin sheet of material
forming a partition) may extend across the aperture 65 of the frame 63. The diaphragm
67 may be connected to the frame 63 by a surround 69 that may be connected (i.e.
extends) around an outer perimeter of the diaphragm 67 and that may also be connected
(i.e. extends) around a corresponding inner perimeter of the aperture 65. The surround
69 effectively provides a flexible border, edge or boundary around the outer perimeter of
the diaphragm 67, and may prevent air from passing around the sides of the diaphragm
67 when it moves relative o the frame 63.

The surround 69 may comprise an electro-active polymer. In other words, the surround

69 may comprise a polymer material that exhibits a change of size and/or shape when it
is stimulated by an electric field. The surround 69 can be termed a “connecting part” that
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connects the diaphragm 67 to the frame 63, and that can be used to excite the diaphragm
67 to displace it relative to the frame 63.

In this embodiment, the surround 69 connects an upper edge of the diaphragm 67 o an
upper edge of the frame 63.

Similarly to the previously described embodiment, the surround 69 may comprise a layer
of electro-active polymer material sandwiched between two compliant electrodes, to form
an electro-active polymer actuator/transducer. The overall structure may be substantially
the same as that illustrated in e.g. FIGS. 2 and 6 and described above.

Similarly to the previous embodiment, in use the diaphragm 67 can be excited to displace
it relative to the frame 63 by applying an electrical signal to the electrodes of the surround
69, to cause the surround 69 to change size and/or shape (e.g. to bend or to change in
length), so that it displaced the diaphragm 67 relative to the frame 63.

Other features and/or advantages of this embodiment may be the same or similar to
features and/or advantages of the previously described embodiments.

In a third embodiment of the present invention, as illustrated in FIG. 9, the diaphragm 67
may have a second surround 71 on an opposite side of the diaphragm 67 to the first
surround 69. The second surround 71 may be essentially the same as the first surround
69, e.g. it may comprise an electro-active polymer and may be used to excite the
diaphragm.

Having two such surrounds 69, 71 on opposite sides of the diaphragm 67 may better
prevent any sideways (i.e. parallel to the plane of the diaphragm 67) movement of the
diaphragm 67 relative to the frame 63. Thus, ‘rocking’ of the diaphragm 67 relative to the
frame 63 may be minimised, therefore improving the acoustic properties of the
loudspeaker 61 (i.e. the fidelity of the produced sound).
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Claims

1. A loudspeaker comprising:

a frame;

a diaphragm, at least a part of which does not comprise an electro-active polymer;
and

one or more connecting parts, comprising an electro-active polymer, connecting
the diaphragm to the frame;

wherein the one or more connecting parts are operable to excite the diaphragm to
displace it relative to the frame.

2. A loudspeaker according to claim 1, wherein the one or more connecting parts are
operable to excite the diaphragm by applying an electric field to the one or more
connecting parts to change the size or shape of the one or more connecting parts.

3. A loudspeaker according to claim 2, wherein the extent of the change in size or
shape of the one or more connecting parts depends on the magnitude of the applied
electric field.

4. A loudspeaker according to claim 2 or claim 3, wherein the one or more
connecting parts are operable to excite the diaphragm to displace it relative to the frame
by an amount that depends on the magnitude of the applied electric field.

5. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a layer of electro-active polymer sandwiched between
two compliant electrodes.

6. The loudspeaker according to claim 5, wherein the one or more connecting parts
are operable to excite the diaphragm to displace it relative to the frame by an amount that
depends on a voltage applied to the two compliant electrodes.

7. The loudspeaker according to claim 5 or claim 6, wherein the direction in which

the diaphragm is displaced relative to the frame is reversed when the polarity of the
voltage applied to the two compliant electrodes is reversed.

37



10

15

20

25

30

35

WO 2014/086993 PCT/EP2013/075847

8. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts are usable to excite the diaphragm to displace it linearly relative to
the frame.

9. The loudspeaker according to claim 8, wherein the one or more connecting parts
are usable to excite the diaphragm to displace it linearly relative to the frame in a direction
parallel to a central axis of the loudspeaker.

10. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts are usable to excite the diaphragm 1o displace it in either of two
opposite directions relative to the frame.

11. The loudspeaker according to any one of the previous claims, wherein the one or
move connecting parts are disposed so that they constrain the diaphragm to move in a

linear direction relative to the frame

12. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts are evenly disposed around the diaphragm and constrain the

diaphragm to move in a linear direction relative 1o the frame.

13. The loudspeaker according to any one of the previous claims, wherein the electro-
active polymer is a dielectric polymer.

14. The loudspeaker according to any one of the previous claims, wherein the electro-

active polymer is an elastomer polymer.

15. The loudspeaker according to any one of the previous claims, wherein the
diaphragm has a conical-shaped geometry.

16. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a surround of the loudspeaker.

17. The loudspeaker according to any one of the previous claims, wherein the one or

more connecting parts connect the frame to one or more positions on an outer perimeter

of the diaphragm.
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18. The loudspeaker according to any one of the previous clams, wherein a plurality of
connecting parts connect the frame to a plurality of positions on an outer perimeter of the
diaphragm.

19. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts form a continuous band around an outer perimeter of the

diaphragm.

20. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a spider of the loudspeaker.

21. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts connect the frame to one or more positions on a central part of the

diaphragm.
22. The loudspeaker according to any one of the previous claims, wherein a plurality
of connecling parts connect the frame to a plurality of positions on a central part of the

diaphragm.

23. The loudspeaker according to claim 21, wherein the one or more connecting parts
form a continuous band around a central part of the diaphragm.

24. The loudspeaker according to any one of the previous claims, wherein the
diaphragm does not comprise an electro-active polymer.

25. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a plurality of layers of electro-active polymer.

26. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a thickness-mode electro-active polymer.

27. The loudspeaker according to any one of the previous claims, wherein the one or
more connecting parts comprise a bending-mode electro-active polymer.
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28. A loudspeaker substantially according to any one embodiment herein described
with reference to, and as illustrated in, Figures 2A, 2B and 4 {0 S.
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