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TITLE: PANEL DRIVE

FIELD OF THE INVENTION

This invention relates to..a bending wave panel

speaker and a method of driving such a speaker.

RELATED ART

WO97/09842 to the present applicant, New Transducers
Ltd. ,: ~discloses --benciing- wave loudspeakers; such a
loudépeaker is illustrated in Fiéure 1. In general, a
bending wave loudspeaker includes a panel 1 with at least
one exciter 3 coupled to thé panel 1 at one or more
discrete points or small regions. The exciter position or
positions is or are selected to drive distributed rescnant
bending wave modes to cause the panel to emit sound.

Prior art 'arrangements' with discrete exciters have
the disadvantage that it may be difficult in some
applications to locate the .exciter at the desired
preferential locations, as taught in W097/09842. For
example, the loudspeaker may be required to be installed
in existing equipment, and the required transducer

location may not be possible if another component gets in
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the way. Aiternatively, in a transparent speaker using a
transparent panel, it may be difficult to position an
exciter in a preferred location without creating visual
intrusion, since it is very difficult_to make conventional
exciters transparent.

Thus, it would be advantageous to gain the benefits
of preferential exciter placement without in fact needing
to mount exciters at the preferred locations.

WO00/02417, 1likewise to the present applicant but
published after the priority date of the present
application, mentions a number of arrangements using a
transparent loudspeaker panel and an exciter coupled to
the panel. It is suggested that the exciter may comprise
a piezoelectric or electret material over the panel,
though no specific embodiment discloses such an
arrangement.

- Another prior application which describes a
transparent flat panel speaker is GB 2052919 to Hitachi
nLtd. - This application describes a transparent
piezoelectric speaker with a piezoelectric layer on one
face. ‘As explained in GB20529183 a problem in such
arrangements is that the loudspeaker only operates over a
narrow frequency band. Although in GB 2052919 some
improvement is obtained by choosing an elliptical shape of
loudspeaker panel the results are still unimpressive - the
best results presented have little sound output outside 1
kHz to 3kHz, a very narrow band.

GB 2052919 teaches that essentially only one mode is
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excited, unlike the arrangements of W097/09842 in which a
number of modes at different frequencies may be excited.
However, for a goéd acoustic output over a range of
frequencies using resonant bending wave modes the exciter
should excite a number of resonant modes, distributed in
frequency.

Thus, there is a need for improved performance if
such speakers are to be useful for any but the most basic

of applications.

SUMMARY OF THE INVENTION

According to a first aspect of the invention there is
provided a bending wave .loudspeak_er comprising a panel
capable of supporting bending waves and having opposed
faces, a transducer extending over a large fraction of one
face of the panel and coupled to the panel surface, and at
least one constraint coupled to at least one discrete
small region of the panel constraining the movement of the
panel, 8o that activating the transducer material can
excite a plurality of resonant bending wave modes of the
panel.

Instead of placing the transducer at a predetermined
location, the transducer is spread over a significant part
of the panel area and the panel constrained at one or more
constraint locations. The large fraction of the panel
surface may be at least 60%, preferably 75% or even 20% of
the area of the panel. The larger the fraction, the larger

the transducer and hence the larger the output power
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possible. This is particularly useful wheén the transducer
material only provides a small motion for a unit input, as
is often the case for piezoelectric material.

The large fraction is preferably substantially the
whole surface of the panel and each small region wmay be
small in comparison with the area of the panel.

Each small region may be no more than 10% of the area
of the panel, preferably no more than 1%. Furthermore
each small region may have a linear size no greater than
20% of the width of the panel, preferably no greater than

10% and further preferably no greater than 4%. Too large

a constraint may result in a panel that is very hard to

bend and so which is wvery hard to drive.

The panel may be a panel of a material that is
particularly suitable for supporting resonant bending
waves in a predetermined operative frequency range.

As mentioned above, the applicants believe that one
problem that gave rise to the poor results in GB 2052919
is that the piezoelectric exciter did not excite a good
distribution of resonant bending wave modes.

In the loudspeaker according to the invention the
prévision of a localised constraint allows reasocnable or
good excitation of a plurality of resonant bending wave
modes by a transducer that is extended over the surface of
a panel.

The transducer may comprise a sheet of transducer
material extending over a large fraction of one face of

the panel and coupled to the panel surface.




10

15

20

25

WO 01/05189 PCT/GB00/02422

5

A transducer may be applied to the opposite face of
the panel, in what is known as a “bimorph” configuration.
The further transducer may comprise a sheet of transducer
material extending over the large fraction of the opposite
face of the panel to the first transducer.

A bimorph configuration provides a number of
additional advantages. . Firstly, the plate is then
sandwiched .between:3two transducer sheets; these can be
arranged so that the top sheet shrinks as the bottom
expands to provide a true bending stress to the plate,
rather than just a linear stress applied to one face as
occurs in arrangements with only one sheet of transducer
material (known as a unimorph);

Moreover, the panel and transducer sheets then form
an integral unit which can be optimised as a unit, for a
good distribution of resonant bending wave modes.

The constraint may be a mass fixed to the panel, for
example on one face or embedded within the panel.

The constraint may also be a rigid coupling piece
coupled to the panel over a small region of the panel for
substantially impeding movement of that small region.

The constraint locations may be selected so that the
resohant bending wave modes of the constrained panel,
especially those at the lower end of the operative
frequency range, are spaced beneficially for a desired
acoustic result. Indeed, the location and parameters of
the constraint may be selected to substantially optimise

the acoustic output.
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The locations of the constraints may be determined by
mathematical or numerical methods, or even systematic
experiment.

The constraints may be located at suitable locations
for mounting a conventional small exéiter on a free paﬁel.
Rather than drive a free panel at a discrete location the
panel is driven over a large fraction of its surface and
"pinned” at the location that would be suitable for
driving it using a local transducer. Thus, the loudspeaker
according to the invention is effectively an inverse of a
conventional distributed wode loudspeaker, with a
localised constraint instead of a localised transducer.

In embodiments, the constraints may be locéted away
from the edges, i.e. at least 20% of the width of the
panel away from the edges. By width is meant the distance
across the panel, in a direction generally orthogonal to
the length of the panel. The constraints may be located
at asymmetric locations. If the panel is of symmetric
form having one or more axes of symmetry the constraints
may be spaced away from one or all of the axes of
symmetry, for example by a distance of at least 3% of the
width of the panel, preferably at least 5%.

Such a constraint location is not always possible.
Accordingly, the constraints may be located at the edges
of the panel, or at least located no further from the edge
than 20% of the distance across the panel from the edge.
This is particularly useful in the case that the central

region of the panel is required to be transparent.
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‘The or each sheet of transducer material wmway be
sandwiched between a pair of electrodes to make a
transducer film. The electrodes may be deposited on
either side of a transducer film; they may be transparent.

One suitable transparent electrode material is indium tin
oxide.

A transducer film may be glued to cover one or both
faces of the panel. One electrode of said pair of
electrodes may cover said large fraction of one face of
the panel and mechanically couple the transducer material
to the panel.

The transducer material may be'shape-changing when
electricity is applied. Accordingly, the material may be
a piezo-electric material, such as lead lanthanum
zircouite titanate (PLZT) or polyvinylidene fluoride PVDF.

In embodiments, the panel and the piezo-electric
material may be transparent. This is particularly useful
combined with transparent panels.

The panel may be suspended or otherwise supported in
such a way that the supports have as little effect on the
resonant modes as possible. .

Alternatively, the panel may be supported by the
constraints, or the panel may be supported on a frame as
is conventional in bending wave panels. In the latter
case the constraints may simply have the function of
restraining panel movement at predetermined locations..

" In anoﬁher aspect, a method of making a bending wave

loudspeaker having a panel with_opposed faces, includes
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" determining the shape, size and properties of a
panel,
selecting the properties of a sheet of transducer
material to be applied over a selected large fracﬁion,of a
face of the panel,
selecting the location of at least one small region
and the parameters of the at least one constraint to be
applied to the panel on said at least one small region so
that the panel provides useful acoustic actioh, and
making a loudspeaker from a panel as determined by
applying the selected transducer material over the large
fraction of a face of the panel, and applying selected
panel constraints at the selected small region using the

selected constraint parameters.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, and
purely by way of example, specific embodiments of the
invention will now be described with reference to the
accompanying drawings, in which

Figure 1 shows a conventional bending wave panel

loudspeaker,

Figure 2 shows a schematic top view of a loudspeaker
according to the invention,

Figure 3 ghows a side view of a loudspeaker according
to an embodiment of the invention,

Figure 4 shows a top view of a loudspeaker according

to another embodiment of the invention,
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Figure 5 shows a flow chart of a method of making a
loudspeaker according to the invention,

Figure 6 shows a side view of a panel of another
embodiment of the invention,

Pigure 7 shows the sound output of a loudspeaker
according to the embodiment of Figqure 6, and

Figure 8 shows the terminal impedance of a

loudspeaker according to the embodiment of Figure 6.

DETAILED DESCRIPTION-

In general terms, as shown in Figure 2, a loudspeaker
according to the invention includes a panel 1, with
opposed top 23 and bottom 25 faces. The panel need not be
flat, but can be made to have a form required for a
particular application.

A transducer layer 3 is provided over a substantial

fraction of one face of the panel.  Signal connectors 9

" provide the loudspeaker input, generally in the form of an

electrical signal.

At least one constraint which may be a clamp or a
mass is applied at one of the locations C1-C6 shown. To
mass-load the panel, a mass is fixed or coupled to the
panel; to clamp the panel the panel is locally coupled to
a rigid support.

The choice of location for the constraint will now be
briefly discussed. The approach according to the
invention is in some senses the inverse of a conventional

distributed mode approach such as described in WO097/09842.
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Instead of driving a panel at a selected drive point the
panel is driven over a substantial part of its surface and
pinned at one or more discrete locations.

A good starting point for a location for the
constraint are the preferred drive locations as taught in
W097/09842. Thus suitable constraint locations. are
generally spaced away from a substantial number of lower
frequency nodal lines and these are normally spacéd away
from both the.edges and axes of symmetry.

Locations such as Cl and C4 in which the constraint
is at a distance of at least 10% of the width of the panel
from the edges of the panel may thus be suitable. The
chosen location may also be at least 5% of the width of
the panel from axes parallel to the edges of the rectangle
and passing through the midpoint of the panel.

' I1f a constraint location in the interior of the panel
is impracticable then edge constraint locations such as
C2, C3, C5 or C6 may be used.

Td design a panel the following method may be.used,
illustrated in the flow chart of Fig. 5.

Firstly, the required shape, size and properties of a
panel are.determined (step 51); these are generally set by
other factors such as the application in which the
loudspeaker is to be incorporated.

Then, a suitable choice of transducer material is
made (step 53). The area over which the transducer
material is to be applied is then selected; this may be as

large as possible for maximum acoustic output.
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The panel as designed so far is unlikely to give an
aéceptable acoustic result. To deal with this problem,
the Ilocation of at least one .small' region and tlﬁe
parameters of at least one constraint to be applied to the
panel are selected (step 55). This sfep may be carried
out by calculation, such as finiﬁe element aﬁalysis, or by
systematic experiment.

The constraint parameters and locations may be

selected to give usefully even acoustic output. A useful

figure of merit to optimise is presented in W099/41939 to
New. chénsducers Ltd and incorporated herein by reference.
In embodiments of the invention ‘where the panel is
requiréd to bé tranéparent then providing a constraint
wass or clamp ;i.n the interior of thé panel may not be
practicable, since the constraint mass may then interfere
with the transparency of the loudspeaker as a wholel. In
such cases, it may be lprefel.:re.d to clamp .the Panel at one
or morei discrete locations arqund the é_dge of the panel.
Suitable locations are those taught. to be suitable edgé
drive locations in WO 99/37121 to New Transducers Ltd and
those taugh_t to be suitable edge clamp locations in WO
99/52324 to New Transducers Ltd. _B’éth documents are
incorporated herein by reference. Locations around ¢.38
to 0.50 of the distance along the 1e_ngth of an edge may be
particularly suitable. |
Clamping is pérticularly suitable as a méans of
providing the constré.int at cohstraint iocatiohs_ at or

close to the edge. Nearer the centre of the panel, it may
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be more convenient to provide the constraint by adding
mass. These choices may however be varied to suit any
particular design.

When suitable constraint locations and types have
been selected, a loudspeaker is made (step 57) having a
panel as determined with the selected transducer material
applied over the 1large fraction of a face. The
constraints sélected are applied to the panel at the
selected small region using the selected constraint
parameters.

Purely by way of example, a specific embodiment of
the dinvention will now be described - with reference to
Figure 3. A panel 1 with opposed top and bottom faces
(19,21) has a piezoelectric transducer layer 3, of lead
lanthanum =zirconite titanate (PLZT), applied over the
central region of the top facé 19 of the panel 1. The
piezoelectric layer 3 is sandwiched by top and bottom
electrodes 5, 7 connected to electrical input wires 9. The
bottom electrode 5 covers the central region of the panel,
a large fraction of the area of the panel, and couples the
transducer layer 3 to the panel 1.

The panel ié mounted in a frame 13 on é soft
resilient coupling 17 coupled to the outer part of the
bottom face 21 of the panel.

To mass-load the panel at position C4 (Fig. 2), a
mass 11 is fixed to the panel at that location. To clamp
the panel at location C6 (Fig. 2), the panel is rigidly

coupled to the frame 13 by rigid coupling piece 15 at that
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location, instead of the resilient coupling 17 wused
elsewhere.

Another preferred embodiment of a loudspeaker will
now be described with reference to Figure 4. A
lightweight multimedia loudspeaker has a panel 1 of weight
10g and of rectangular form with an aspect ratio, i.e. a
ratio of length to width, of 1.3:1. A constraint mass 11
of 10g is affixed to the rear face of the panel at a
position 4/9 of the length of the panel from one end and
3/7 of the width of the panel from one side, i.e. spaced
away from axes 23. Substantially the whole of the front

face of the panel is covered by a piezoelectric electrode

‘sandwich = structure 3,5,7 as .described above. The

electrode sandwich.is spaced laterally away from the edges
of the panel. The panel is supported on a foam support
15.

A furthe# preferred embodiment will now be described,
with reference to Figures 6 to 8. 1In this embodiment, two
piezoelectric layers are provided, one on each side of the
panel. The panel is thus a bimorph.

A rectangular panel 1 was made of lmm thick Rohacell
of length 150mm and width 135mm. Two pieces of
commercially available polyvinylidene fluoride (PVDF) film
with electrodes provided by the_manufacturer were attached
to the panel, one on each side of the panel. so that the
panel was sandwiched. The film used was manufactured by
the Pennwalt corporation, of Norristown, PA, USA and sold

under the name "Kynar Piezo Film sample type S02BK". The
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film includes a ‘pdlyvinylidene fluoride “Bheet sandwiched

by silver electrodes. Bach piece of PVDF covered

approximately 90% of the area of the rectangular panel 1,
leaving the edges clear. The adhesive used was.' a
thermoplastic polyu_rethane adhesive, "Puro H-25g".

The film used is slightly anisotropic and when a

voltage is applied it bends slighly more in one direction,

the active direction, than the direction orthogonal to the

active direction. The top and bottom films were both
=aligned with the active direction parallel to the long
sides of the panel.

A 1.2g mass 11, to act as the constraint, was applied
to the pan'el' at a location 3/7 of the length of the panel
from one end of the panel and 4/9 of the width of the
panel from one side. For comparison, ﬁhe mass of the
panel was 7g. The mass is small in size, .and thus covers
onlyl a small area of less than 1% of the area of the
panel.

The following estimates of various panel propertiés
were made, calculated using the measured or known
properties of each of the components.  The behding
stiffness of the panel and the piezoelectric 1ayei:s was
estimated to be 0.9Nm, the mass per unit area 1.78Kg/m’,
and the mechanical impedance 10.12 Ns/m. The coincidence
frequency, i.e. the frequency that the speed of sound in
air matches that in the panel, is estimated to be 26.7kHz.

The fundamental frequency is roughly 120Hz.

The electrodés 5,7 of the upper 61 and lower 63 films
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were electrically connected together in parallel.

An experiment was perﬁ_ormed to measure the acoustic
sound pressure level films as a function of frequency
produced by the loudspeaker at 0.5m w:.th a 20V input to
the parallel c.ionne_cted. The results are presented in
Figure 7. _'I_‘he loudspeaker gives a. useful and even
frequency :espénse over a wide frequex_mcy: range. It should
be noted that no transflor.mer_ was used for the test so the
sound output obtained indicates good efficiency.

The slighf anisotropy of the films used, mentioned

above, means that some of the low frequency resonant modes

~of the panel are less strongly excited. This gives rise

to the slight falling off o__f power bélow about 1,.5kHz,

~seen in Figure 7. If this is a problem, pairs of films

could be mounted on each face of the panel, each pair of
films having orthogonal active directions. Thus, four
films could be used.

Figure 8 .shows the electrical impedance presented by
the two piezoelectric films. As can be seen, the
impedance is -jhigher at lower frequency; this is
ché.racteristic of p_iezoelectric transducers.

The invention is not restricted to the above
embodiments, and a number of changes may be made without
departing from the scope of the invention. For example,
any suitable transducef material that responds to
electrical signals may be used, including PLZT or
polyvinylidene .fluoride (PVDF) as mentioned above.

Indeed, the transducer may be an array of microactuators
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covering a substdiitial portion of the panél' surface.

The electrodes may be made of ény suitable conductive
material, such as gilver, | conductive polymer; copper, or
the like. The electrodes may be transparent electrodes,
for example made of Indium Tin Oxide (ITO).

Fine tuning of the position and type of constraint is
possible, either by calculating the correct position or by
systematic analysis of the results.

A wmass may be fixed to the panel by a vériety of
fixing means, such as adhesive, adhesive tape, a scijew or
bolt, or alternative fixings as are known.

A mass may be embedded into the panel, for example in
the core material of a core and skins structure. A mass
may also be fixed to either or boﬁh sides, at or near the
centre or at the pefiphery.

The term "clamp" is not intended to be reétricted to
a conventional clamp and any means fixing one localised
region of the panel may be used. For example, it includes
a rigid coupling member may rigidly coupling one point on
the panel to a rigid frame, or one pori;ion of the panél
sandwiched between clamp members. The frame itself may be
shaped to clamp one portion of the panel .. The skilled
person will readily devise alternmative methods of clamping

the panel, i.e. of substantially preventing movement of

.one region of the panel.

The panel material 9 capable of supporting bending
waves and its size and shape may also be wvaried as

reguired.
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1. A bending Qave loudspeaker compriSing
a panel - capable of supportlng . bending waves and

having opposed faces |

a transducer extending over and coupled to a large
fractlon of a panel face, and

‘at least one constraint coupled to at least one
discrete small region of the“ panei. constraining the
movement of the panei so that activation of the
transducer materlal is capable of excxtlng a plurality of
resonant bending modes of the panel. |

2. A bending wave loudspeaker accordlng to claim 1

wherein the transducer includes a sheet of transducer

material extending over and coupled to the_large.fraction
of a penel face; N

3. A bending wave loudspeaker laccording to claim 2
wherein the sheet' of transducexr material is sandwiched
between a pair'of electrodes. |

4. A bending' wave loudspeaker according to ciaim 3
wherein one electrode of said pair of electrodes.covers
said large fraction of one face 'of the panel and
mechenically couples the transducer.macerial co the panel.
5. A bending wave loudspeaker according to any of clsins
2 to 4 wherein the transducer msterial is a piezo-electric
material. |

6. A bending wave loudspeaker accOrding' to claim 5
wherein the.piezo-electric materral is.transparent.

7. A bending wave loudspeaker according to any preceding
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cléim whéiein-at least one constraint is a.-Wass .
8. A bending wave loudspeaker according tb any preceding
claim wherein at least one constraint is a rigid coupling
piece coupled to the panel over a small region of the
panel for substantially impeding movement of that small
region of the panel.
9. A bending wave loudspeaker according to any preceding
claim wherein the large fraction of the area of the panel
is at least 75%.
10. A bending wave loudspeaker according to any preceding
claim wherein each small region has no linear size greater
than 20% of the width of the panel.
11. A bending wave loudspeaker according to any preceding
claim wherein each small region has an area no greater
than 1% of the area of the panel.
12. A bending wave loudspeaker according to any preceding
claim wherein opposed transducers are mounted, one on each
of the opposed faces of the panel, over said large
fraction of the area of the panel.
13. A Dbending wave loudspeaker according to claim 12
wherein transducer includes a sheet of transducer material
sandwiched between a pair of electrically conductive
electrodeé.
14. A bending wave loudspeaker according to any preceding
claim wherein the at least one constraint is located at a
distance away from the edge of the panel of at least 20%
of the width of the panel.

15. A bending wave loudspeaker according to claim 14,
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wherein the panel has at least one axis of symmetry and
the at least one constraint is located spaced away from
each axis of symmetry by a aistance at least 4% of the
width of the panel.
16. A bending wave loudspeaker according' to any preceding
claim wherein the panei is supported by the constraints.
17. A bending wave loudspeaker according to any preceding
claim wherein the resonant bending wave modes of the panel
constrained by the at least one constraint are distributed
substantially evenly in freguency.
18. A method of making a bending wave loudspeaker having
a panel with opposed faces, including - .

determining the shape, size and properties of a
panel,

gelecting the properties of a  sgheet of transducer
material to be applied over a. selected large fraction of a
face of the panel, .

selecting the location of at least one small region
and the parameters of the at least one constraint to be
applied to the panel on said at least one small region so
that the panel provides useful acoustic action., and

making a loudspeaker from a panel as determined by
applying the selected transducer material over the large
fraction of a face of. the panel, and selected panel
constraints at the selected small region wusing the
selected constraint parameters.
18. A method according to claim 18, including selecting

the location and the parameters of the at 1least one
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constraint for substantially optimal evenness of acoustic
output of the bending wave 1oudspéaker over a
predetermined operative frequency range.

20. A wmethod according to c¢laim 18 or 19, including
selecting the location and the parémeters of the at least
one constraint for substantially optimal evenness of
spread of frequency of the resonant bending wave modes of

the panel over a predetermined operative frequency range.




