*166166* A Paranetrlc Speaker and a nethod of making it Field of the

i nvention The present invention relates to a paranetric speaker, and to a
met hod for o] netric speaker. 5 Background of Invention A
maj or concern mmmmuwmmwwwmm a | oudspeaker is to enable it to produce pure
sound. One conmon sglution to this is to use a conbinations of woofer, md-
range and tweeter spea ers to achieve a high-fidelity effect. .10 Another
solution is to use paranetric speakers, tthat is to say speakers whi ch
generate ultrasonic waves. The principle of a known paranetric speaker

systemis illustrated in Fig. 1. An audio signal 1 input fromthe left of
the figures is pre-processed by a pre-processing unit 3, and then used by

a nultiplier unit 5 tg pmgme@ﬁgsgeaggérﬁf&%&héaw%a@ﬁgﬂuced by an
ultrasonic 15 oscill ator singl e frequency

in the ultrasonic range. The result is transmtted to a power anplifier 9,
and from t helrield of the ipvgntiant ri ¢ speaker 11. Let us assune that the speaker
9 emits two ultrasonic waves with frequencies f, and f2. The ultrasonic
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usual |y nor eproduieings paginséticgpehkely be in the audio range. The systemis
designed such that this difference frequency corresponds to the frequency
of the audi o, si.gnal [pput .to the left of Fig. 1. If the bandw dth of the
par amet ri% s%%ggﬁﬁgﬁigiﬁﬁfﬂgﬂﬁntly great, the difference frequency f1-f2
can be arranged to be within any of the |ow, mddle and high 25 audio
frequency r ' [ pl e
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10 Another solution is to use parametric speakers, that is to say speakers which
generate ultrasonic waves. The principle of a known parametric speaker
system is illustrated in Fig. 1. An audio signal 1 input from the left of the
figures is pre-processed by a pre-processing unit 3, and then used by a
multiplier unit 5 to modulate an ultrasonic signal produced by an ultrasonic

15 oscillator 7 which produces vibrations at a single frequency in the ultrasonic
range. The result is transmitted to a power amplifier 9, and from there to a
parametric speaker 11. Let us assume that the speaker 9 emits two ultrasonic
waves with frequencies f; and f,. The ultrasonic waves have a non-linear
interaction with the air, to generate sound waves having tones f;+f, and f;-f,.

20  Of these, the difference signal fi-f, is usuaily more interesting since it may be
in the audio range. The system is designed such that this difference frequency
corresponds to the frequency of the audio signal 1 input to the left of Fig. 1. If
the bandwidth of the parametric speaker is sufficiently great, the difference
frequency f1-f2 can be arranged to be within any of the low, middle and high

25 audio frequency ranges. More generally, if the audio signal 1 contains multiple
audio frequency components of differing amplitudes, then the preprocessor
unit 3 aims to operate such that these amplitudes are equal to the

corresponding amplitudes of the audio frequency signals produced by the
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*@00002* 2. ultrasonic wave. Thus, a paranetric speaker provides an
alternative way of providing audi bl e sound radi ati on. An advant age of
using a paranetric speaker conpared to a conventional 5 speaker is that it
is relatively easy to produce a directed beam of ultrasonic waves,
conpared to audi o waves, so paranetric speakers make it possible to
produce highly directional audio sound, which is interesting for many
~applications. Sone publications describi®g paranmetric speakers, also known
as "paranetric arrays" or "parametric audio systens", include K - Aoki, T.
10 Kamakura and Y. Kumanoto, "Paranetric Loudspeaker - characteristics of
acoustic field and suitable nodul ation of carrier ultrasonic", Electronics

and Comuniugteddoriswale JAREE), a Pardmetric ¥peakdr piRidel anl@%rnafive Way of
Bl ackst ock, "Audi o application of the paranmetric array", J. Acoust. Soc.

Am, 102, 3Poe\iding aupioesoxng rRdiatieReyama, J. Fujinoto, Y. Kawanp, and S.
Sasabe, "The audi o 15 spotlight: an application of non-linear interaction
of sound waves to a new type of |oudspeaker design", J. Acoust. Soc. Am,

73(5), 1983.An advditage of asingrd paramhetriesperakéer corapdicd Y5 EemFEntiohal
paranmetric spea er/gét rasoni c iransducer tg%gl cal % I ncl udes a | arge anount
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sound di stortion. er drawba 'S t I'ts rabi y an
repeat abi | i tproduee highlygdiczttional abdio souindswhichi is imteresdingi foprmaatyi cal f or
production. Paranetri % ﬁ)eakg{.s usi n%ﬁa Jonolithic thin film grgvi de a
practical arftPPicRY{ONS; Somig pblications (esgribing Rafametrs sReakermAISeKNAN such
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Communications in Japan, Part 3, vol 74, No. 9, 1991; D. T. Blackstock,
"Audio application of the parametric array", J. Acoust. Soc. Am., 102, 3106(A),
1997; and M. Yoneyama, J. Fujimoto, Y. Kawamo, and S. Sasabe, "The audio
15  spotlight: an application of non-linear interaction of sound waves to a new
type of loudspeaker design”, J. Acoust. Soc. Am., 73(5), 1983. In these
~conventional parametric audio systems, the parametric speaker/ultrasonic
transducer typically includes a large amount of ceramic-based piezoelectric
bimorph elements. One drawback of such a parametric speaker is its narrow
20 bandwidth, which results in audible sound distortion. Another drawback is that
its manufacturability and repeatability are not good, which results in it being

impractical for production.

Parametric speakers using a monolithic thin film provide a practical and cost-
25 effective way to reproduce directional sound. Such speakers are described in
US 6, 044,160 issued to E.G. Norris, and US patent application 2001/0007591
A1 by F. J. Pompei. These are basically electrostatic ultrasonic
transducers/emitters. The basic structure of this type of emitter is that an
insulating thin film is provided on a flat metallic back-plate having shallow

30 grooves, and a thin metallic layer is deposited/sputtered onto the thin film. A



30 grooves, and a thin netallic layer is deposited/sputtered onto the. thin
film A3 DCvoltage bias is applied across the insulating thin film
between the netallic I|ayer and the back-plate, thereby causi ng extensive
pre-stress in the film resulting in a curvature of the nonolithic film An
AC excitation is superinposed onto the voltage across the insulating film
to induce high 5 frequency vibrations of the thin film Both the resonant
frequency and the electro-acoustic tran8fer efficiency are strongly
dependent on the groove depth and the thin film s geonetry, so the

el ectrostatic paranmetric speaker requires both an accurate back-plate
structure and a very thin film(of the order of a few mcrons). These pose

sone di ffi cud¢ vBRad® bidieisiapplibd aticy’ hednddlafi®s thil fiRd betwéeh e fetAli¢ ype of
speaker/transducer. By contrast, piezoelectric filmultrasonic emtters
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addition, as US 6, 011, 855 describes in relationto i1ts Fig. 5 the

en tter 10as masapdudtion of this tye7edspaskesiiapsguds. kHz, which is not wide

enough to cover the human audi o frequency range (which is about 20 Hz to
20 kHz), and thus if such an emtter is used to reproduce sound there wll
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alternative for use in a parametric aué/io system. Such a device is described in
US patent no. 6,011,855, issued to A. R. Selfridge and P. Khuri-Yakub. This is

15  a piezopolymer-based parametric speaker in which a thin piezoelectric film is
disposed across an emitter plate having many through holes. A pressure
source, such as one provided by a vacuum pump, is coupled to the a back-
cavity of the emitter plate, and develops a bias pressure at the apertures to
cause extensive pre-stress in the film, and deform the film into an arcuate

20 configuration capable of constricting and extending in response to variations
in an applied electrical input. However, the application of a constant pressure
differential to such a structure to maintain the required curvature of the
piezoelectric film is not a trivial task. In addition, as US 6, 011,855 describes
in relation to its Fig. 5, the emitter has a bandwidth around 37KHz of only 5

25  kHz, which is not wide enough to cover the human audio frequency range
(which is about 20 Hz to 20 kHz), and thus if such an emitter is used to
reproduce sound there will be an audible distortion at high audio frequencies.
It is possible to increase the bandwidth of the emitter by increasing the carrier
frequency (for example, the —6dB bandwidth reaches 16kHz when the carrier

30 frequency is 93kHz), but raising the carrier frequency results in a quick



frequency (for exanple, the -6dB bandw dth reaches 16kHz when the carrier
30 frequency is 93kHz), but raising the carrier frequency results in a
quick 4 attenuation of the ultrasonic sound, so that the ultrasound beam
will have a shorter length. In order to reduce sound distortion due to the
narrow bandw dt'h, sone efforts 5 have been nade to devel op equalisation or
pre-processing nethods in the paranetric audio system Exanples include T.
D. Kite, J. T. Post and M F. Hamlton, 4'Paranetric array in air:

di stortion reduction by preprocessing”, J. Acoust. Soc. Am, 103 (1998),
but these approaches can only reduce distortion within limts. They cannot .
elimnate it conpletely. 10 Apart from US 6, 011, 885, discussed above,
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described which use a corrugated PVDF filmis the artlg ased- mat ched
ai r ul trasonshortardergiiucers using corrugated PVDF filmwi th hal f wavel ength
depth", M 15 Toda, | EEE Transactions on U trasonics, Ferroelectrics, and
Frequency control, Vol. 48, No. 6, 2001. In this paper, the author
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configuration of the sheet, a wav his required to
ensure ttat the corrugated PVDF ultrasonic transducer has phase-matching

and good dirgeLh Yty us B has! distissid atbve! bibfer publication in which
phased-matched air ultrasonic transducers are described which use a
corrugated PVDF film is the article "Phased-matched air ultrasonic
transducers using corrugated PVDF film with half wavelength depth", M.

15 Toda, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency-
control, Vol. 48,-No. 6, 2001. in this paper, the author mentions in the
introduction section the concept of highly directional speakers in the audio
range using amplitude-modulated, high power, non-linear ultrasonic wave
propagation, but the majority of the text is directed to a transducer which is

20 not said to be suitable for use in a parametric speaker. Note that it is more
desirable for such a speaker to have both the narrow beam pattern almost
without side-lobes and the wide bandwidth. The transducer includes a
piezoelectric film sheet which is held in a sinusoid-like corrugated
configuration by sinusoid-like support members extending along the edges of

25 the sheet. Due to the sinusoid-like configuration of the sheet, a depth of half a
wavelength is required to ensure that the corrugated PVDF ultrasonic
transducer has phase-matching and good directivity. However, it is not a trivial
task to maintain this requirement since there often is a significant tolerance
between theoretical calculations and actual fabrication. In this paper, a trial

30  and error approach is adopted to vary some parameters to achieve a good



task to maintain- this requirenent since there often is a significant

tol erance between theoretical calculations and actual fabrication. In this
paper, a trial 30 and error approach is adopted to vary sone paraneters to
achieve a good 5 performance, but this will result in |lowyield of
ultrasonic transducers with inconsistent characteristics. Summary of the

I nvention 5 The present invention ains to provide a new and usef ul
paranetric speaker, and a nethod of nakbng the new paranetric speaker.
Preferably, the speaker at least mtigates the di sadvantages of the known
speakers descri bed above. As discussed bel ow, preferred enbodi nents of the
present invention are speakers which are |Iightweight, thin and conpact.
Advant ageougderforinafge, B tARARISESUIFRYIoREYIERSEMARESotit hemksalcekayith ,

sel ectabl e beamdirectivity. Also advantageously, the speaker has a w de
bandwi dt h t dneangfigientaehasaolesisties. sound distortion, and a narrow beam
pattern to reproduce a highly-directional audible sound. In general terns,
the present invention proposes that a speaker includes a 15 flexible

pi ezoel ectric filmhaving el ectrodes for applying a voltage signal to the
film The fiSumi@ary okthé Iheeatismibstrate which holds the filmin a corrugated
configuration, in which the substrate is firmy attached to the film

bet ween t he corrggﬁ*ions.and.the filmjs free tqQ noye at the corrugations.

The film may-_”}f'epfq V‘Vm'ger%ﬁ‘st@ RTRYIGE # NMePRELH? WeharamealiaePeakerusi ng
an 20 adhesjnea nfthdl I atihg the nBY \%@m@tﬁ&sg%?l@ﬁw rAB1§, thebsidaRbe and

a cover. In the latter case,"the co prefer y 1 ncludes” apertures for
perntting satueast nytigetestibd disadviantdgdsofitbe knotvnaspaakeredesdribedsalimer at e
may i nclude support elenents for supporting the corrugations of the film

b fi i xed he film T | b din_ 25
ool ums whi cbF S8R0 rEIBY. iRt Gt FIER FEhRoREsaahineemibry 572 he
support el engtiakefRWHish 6! lightweRtht C hih N&ld Sorfsdcl! [RlvahtadddfisRXithesd the

10  speakers may be resonance tuned and have selectable beam directivity. Also

advantageously, the speaker has a wide bandwidth to reduce demodulated
sound distortion, and a narrow beam pattern to reproduce a highly-directional

audible sound.

In general terms, the present invention proposes that a speaker inciudes a
15  flexible piezoelectric film having electrodes for applying a voltage signal to the
film. The film is fixed to a substrate which hoids the film in a corrugated
configuration, in which the substrate is firmly attached to the film between the

corrugations and the fiim is free to move at the corrugations.

The film may be firmly attached to the film between the corrugations using an

20 adhesive, or alternatively by clamping it between the substrate and a cover. In
the latter case, the cover preferably includes apertures for permitting sound
generated by the film to be transmitted.

The substrate may include support elements for supporting the corrugations
of the film, but not firmly fixed to the film. The elements may be arranged in

25 columns which correspond to the respective corrugations. Optionally, the
support elements may be sections of cylinders, parallel to the axis of the
cylinders.



cylinders. 6 Optionally, the support elenents nmay be convex elenents. If
so, then in the <case that a cover is provided, the cover may include
concave depressions corresponding in position to the convex el enments and
deeper than the height of the convex elenents, so that the filmis not
firmy clanped between the 5 support elenents and the cover. Additionally,
the invention proposes a nethod of form ng a speaker which, in general
terns, is to attach a piezoelectric filnbto a substrate such that the film
is corrugated and the portions of the filmbetween the corrugations are
firmy fixed to the substrate whereas the corrugations thensel ves are not
so fixed. 10 Additionally, the invention proposes a nethod of generating
sound by amtionady elrRCSipsort eEtaéis trfal R eRRACEIcRIROSIESoDYhd It the

i nvention. Brief Description of The Figures Preferred features of the

i nvent i on wicake ribal Becenascisi pyedidetiothe noveakeayinclude woncave slepsessionsai t h

reference t . ] ' i Lch; Fi 1 sho sghematcally
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paranetric penkejonvekdlements,fdd tat BEbRIEH IEAbt Gfmiyhelahipeenbevsertite 3 1S
conposed of Fig. 3ﬁa) whi ch is an expl oded cross-sectional view of the
enbodi meft SUPPPY.elemeptsandith® CoMerch is a cross-sectional view of 20 the
assenbl ed speaker, and Fig. 3(c) which is an enlarged view of part of Fig.

of tne. Pvi SRR B flonof prdidths"GRpnat | S ToifGen SBBaRI Wlhi ™

i |l ust r at es geneealterrks nig tpratiach@ pieadelelstricelitbotti asobstodteFSugh that #e fing. 5,
which is conposed of Fig,.,5(a) _and 5(b),.is perspective views of _
Fespect | ve.BF ROTHACISGRT £ BOMGIPTanE Uin pEiHeEPr B cremiaelions updial o
the enmbodi Nejxkdb té Qubsirate whereas the corrugations themselves are not so fixed.

10  Additionally, the invention proposes a method of generating sound by

applying electric signals to the speaker proposed by the invention.

Brief Description of The Figures

Preferred features of the invention will now be described, for the sake of
illustration only, with reference to the following figures in which:
15 Fig. 1 shows schematically a known parametric speaker system;
Fig. 2 is an exploded view of a parametric speaker which is a first
embodiment of the invention;
Fig. 3 is composed of Fig. 3(a) which is an exploded cross-sectional
view of the embodiment of Fig. 2, Fig. 3(b) which is a cross-sectional view of
20 the assembied speaker, and Fig. 3(c) which is an enlarged view of part of Fig.
3(b);
Fig. 4 is composed of Fig. 4(a) which illustrates the operating mode of
the PVDF element of the embodiment of Fig. 2, and Fig. 4(b) which illustrates
the working principle of the embodiment of Fig. 2;
25 Fig. 5, which is composed of Fig. 5(a) and 5(b), is perspective views of
respective bimorph PVDF films which are suitable for use as an element of
the embodiment of Fig. 2;



7 Flg 6 is conposed of Fig. 6(a) and Fig. 6(b) which respectively show
two more PVDF films which are suitable for use as an el enent of the

enbodi ment of Fig. 2; Fig. 7 is a top view of an alternative formof the
solid support of the 5 enbodinent of Fig. 2; Fig. 8 shows experinental
measurenents of the sound pressure level vs. frequency of the enbodinent;
Fig. 9 is conposed of Fig. 9(a) and 9(b) which respectively show
experinental neasurenents of sound press@re |evel vs. angle of the second
10 enbodi nent for (a) horizontal beamdirectivity and (b) vertical beam
~directivity, respectively; Fig. 10, which is conposed of Figs. 10(a) to
10(l), shows a second enbodinent of the present invention; Fig. 11 is an

expl oded vi ew of t t v [eTe¥: i G a
sinplified, cr os e@%ﬁ%@@%egvpﬁ t8 ae) ét]ﬁjl 'r:@ g@o‘@’?ﬁ%ﬁs‘g‘?&“’{e%*’ment. on;
and Fig. 13 twm/rmcrre IP‘s’D(chnrlmsselnicbfarEisgﬁainaa‘()amse as B3(algmephofthea substrate

el ement for use fﬂ:l _enbodi nent of the present invention. 20
Det ai | ed Dese(g?t??d t8 »embodi ments Referring to Fig. 2, the paranetric

speaker which is Ft@l_e7 id & %dp GBROSH éF?Q&el?\fatlvé RSP bERR Y olid MIHOrOS the Shown in

an expl oded view. The speaker includes three main elenen a substrate
el ement 30, embodiriept of EIgeZOeI ectric film20 25 and a cover el enent 30.

The substrate 10 eral ly rect ular and | a
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| abel | ed the/stréqngﬁéy énthelembodimeft; The surface 12 carries a nunber of
di screte, partially-cylindrical convex cggort el emrents of two kinds. A

first kind of supp@r? Isst@npased af Bige 8(@)an®BY(b) which respectively show
experimental measurements of sound pressure level vs. angle of the second

10  embodiment for (a) horizontal beam directivity and (b) vertical beam
directivity, respectively;
Fig. 10, which is composed of Figs. 10(a) to 10(l), shows a second
embodiment of the present invention;
Fig. 11 is an exploded view of a third embodiment of the invention;
15 Fig. 12 is a simplified, cross-sectional view of the third embodiment of
the invention; and
Fig. 13, which is composed of Figs. 13(a) to 13(c), shows a substrate
element for use in a fourth embodiment of the present invention.

20 Detailed Description of the embodiments

Referring to Fig. 2, the parametric speaker which is the first embodiment of
the present invention is shown in an exploded view. The speaker includes
three main elements: a substrate element 10, a fiexible piezoelectric film 20

25 and a cover element 30.

The substrate 10 is generally rectangular and laminar. It has a substantially
flat surface 12 which is perpendicular to a direction labelled the z-direction in
Fig. 2. The surface 12 carries a number of discrete, partially-cylindrical convex

support elements of two kinds. A first kind of support elements are convex



partially-cylindrical protrusions 11 at two opposite sides of the substrate
10. The second kind of support elenents 13 are narrower. Each of the
support elenents 11, 13 nay be treated as a portion of a notional
respective cylinder, and the cylinder for each of the first support )
el ements 13 is coaxial with the 5 cylinders of two of the protrusions 13.
The cylinders for all the support elenents 11, 13 have axes extending in a
direction in the plane of the surface 18 called the x-direction.
Specifically, the first support elenments 13 are in an array having colums
(parallel to the x-direction) and rows (parallel to an direction |abelled
the y-direction and orthogonal to both the x- and the z 10 directions). The
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for the other enhodi nents describ bel ow),. The cover 30 includes apertures
33 whi ch ar OB EHIBRGH ST & - ALYIS SHPPOTTRETOTs Uy 45 Saend ©
aligned in tthg_éé'nﬁ’é Fh%rngt%o%tt'ﬂeCﬂhgé“b? tRE stuﬂ%céepz‘?rlﬂ thRUERBbHirfeATRY S 13,
and in the x-directionn with spaces between the support
array of the second support elements 13 has six columns and nine rows, but
the invention is not limited to this number of columns and rows. In fact, in a
15 large speaker a correspondingly larger number of columns and rows is
desirable to increase the sound pressure and avoid any saturation of the air

medium at high sound levels.

The piezoelectric film 20 is preferably a piezo-polymer which in use overlies
the substrate 10. It carries two flexible electrode layers (not shown)
20 substantially covering its respective sides. The electrodes may be made by a
conventional method, for-example using silver ink. The piezo-polymer may be
polyvinylidine fluoride (PVDF) or one of its co-polymers. This material has a
very high dynamic range, a low acoustic impedance, a high elastic
compliance, a high dielectric strength and low cost. Moreover it can be
25 fabricated in complex designs (a feature which is particularly advantageous

for the other embodiments described below).

The cover 30 includes apertures 33 which are slots elongate in the x-direction.
The apertures 33 are aligned in the y-direction with columns of the second

support elements 13, and in the x-direction with spaces between the support



¢ 9 elenents 11, 13 along the correspondi ng colum. The cover 30 further
I ncl udes concave depressions 31 in its |ower surface positioned in the y-
direction in locations corresponding to the colums of support elenments 11
and extending in.the x-direction. along the whole Iength of the cover 30 5
(except when they intersect with the apertures 33). A cross section of the
substrate 10, film 20 and cover 30 is shown in Fig. 3(a) exploded, and in
Fig. 3(b) joined to formthe speaker uni®. Wen they are joined together,
the substrate 10 and the cover 30 co-operate to shape the piezoelectric
film20 into a configuration such that it has corrugations 14 with 10 an
axis parallel to the x-direction and spaced apart by flat portions 16 of

the film pajghbsais ta, 118 Hond abe &dredporidiey fdaMimpOrthesovep 30 fuRRef i | M
20 the filmis firmy fixed (by clanping between the substrate 10 and the
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firmly fixed (by clamping between the substrate 10 and the cover 20) to the
substrate 10, so these portions of the substrate are referred to as fixing
portions 18 of the substrate 10. The natural lengths of the parts of the film 20
15 between the fixing positions 18 of the substrate 10 is greater than the spacing
of the fixing positions 18, so that the substrate holds the film 20 in a
corrugated configuration. The support elements 11, 13 ensure that the
corrugations flex away from the surface and correspond to the respective
columns of support elements 11, 13. Due to the corrugations 14, the film 20
20 behaves as a sound radiation device, which as described below may be tuned
in both resonance and beam-directivity. The piezoelectric film 20 is clamped
onto the substrate 10 at the fixing positions 18 where the substrate is flat, and

other parts of the film 20 are not clamped.

In contrast to the proposal for a transducer made by M. Toda in the article
25 referenced above, the corrugations of the embodiment of Fig. 2 do not have a
sinusoid-like shape, which means that there is no limitation that the height of
the corrugations should be half of the wavelength of the emitted sound. By

contrast, in the embodiment of Fig. 2 the corrugations have a shape which is



contrast, in the enbodiment of Fig. 2 the corrugati ons have a shape which
Is 10 substantially a portion of a cylinder. In further enbodi nents

di scussed bel ow, the corrugations take other shapes. During the assenbly
of the speaker shown in Fig. 2, the cover 30 is pushed onto the substrate
10 slowmy, so that the film20 is naturally flexed to followthe 5 profile
of the substrate 10 and cover 30, and no excessive internal pre-stress is

i nduced in the film20 during this procetlure. At the fixing positions 18
the cover 30 is pressed against the substrate 10 with a force F, which is
suitably chosen and controlled. As has been noted above, a pre-stress in
the film20 has an effect on the films elastic stability, the speaker's

central fredigreantang alfoitioh draneyindel: InTetheP LAiboimBRY di8chisefbtiewt he
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Note that the film 20 is clamped or bonded onto the substrate 10 only at the
part where the substrate 10 is planar. Along the entire length of the columns
including the support elements 11, 13 the film 20 is not clamped or bonded,
15  but only in contact with the substrate at the support elements 11, 13. There is
a tolerant match of the substrate's support elements 11, 13 and the cover's
concave depressions 31, as illustrated in Fig. 3(c) which shows an enlarged
view of part of the structure of Fig. 3(b) (omitting hashing for simplicity). The
height d of the convex elements 11, 13 above the surface 12 is less than the

20 depth D of the concave depressions 31.

One of the functions of the support elements 11, 13 is to maintain the
corrugated shape of the film 20 without extensive internal pre-stress in the film
20. Another function of the support elements 11, 13 is to provide mechanical
damping. Friction between the film 20 and the support elements 11, 13
25 transfers mechanical energy into heat energy which is dissipated. In this way,
the mechanical resonance of the speaker is suppressed, which results in a

speaker having a wider bandwidth.



11 Note that there is a space 19 between the film 20 and the substrate 10
in the parts of the colums other than the support elenents 11, 13. The
hei ght of this space is preferably |less than. one wavel ength so as to
elimnate any possible backside wave refl ection. However, it should
preferably be nore than 5 0.5mm so as to elimnate any possible air
squeeze-fil mdanping. Optionally, and in particular for speakers such that
the space 19 between the film20 and the substrate 10 is high, a sound
absorption material such as foammay be inserted into the space 19, so as
to reduce any possi bl e backside wave reflection. The spacing of the
support elenents 11, 13 along any given row 10 does not follow a strict

requi renment NAQEtthal $2eaid ¥ Pateay Petwdent the MIRNEE and AREISLUBsBAEM 0 iPthe
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The substrate 10 and cover 30 may be formed of materials which are either a

metal such as aluminium, copper or brass, or a plastics material such as ABS
(Acrylonitrile Butadiene Styrene). In the case that it is metal, aluminium is the
15 presently preferred alternative since it has low density and low acoustic
impedance, but in this case ultra-precision machining such as CNC
(Computer Numeric Control) should be adopted to ensure that the coupling
between the substrate 10 and the cover 30 is substantially perfect.
Alternatively, one of both of the substrate 10 and cover 30 may be a plastics
20 material, and moulded to have the desired shape. This latter possibility is
cost-effective when the speaker is to be mass produced. Preferably, both the
substrate 10 and cover 30 are thin and lightweight, which results in a compact

and portable speaker unit.

Turning to Figs. 4(a) and 4(b), which show the film 20 schematically with a
25 voltage supply connected to its electrodes, the mode of oscillation of the film
20 is shown. The film 20 is preferably operated in its d3; mode, illustrated in
Fig. 4(a) in the case that the film 20 is flat. if the film 20 were flat, no
significant sound wave would be produced. However, since in the
.embodiment the film 20 is supported in corrugations by the support elements



enbodi ment .the film20 is supported in corrugations by the support elenents
12 11, 13 and the fixing positions 18, its vibrations in the d31 node w ||
produce sound waves parallel to the films surface. An accurately

controll able partially cylindrical PVDF sound emtter, such as the parts
of the PVDF overlying the second support elenents 13, has a central
frequency given by: 5 =(1/27r r Y/p (1) Wuere Y is the averaged Young's
nodul us of the film20 with its electrodegs, p is its average density, and
r is the radius of curvature. Once the PVDF material is chosen, equation
(1) allows us to choose the central frequency of the speaker by selecting
Its radius of curvature. Thus, a resonance-tuned 10 paranetric speaker is
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plurality of filns 20 (each belng separate speaker elenent), is able to
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cost-effective. 20 In an alternative formof the first enbodi ment, the film
20 can be replaced by a binmorph PVDF film 120 as shown in Fig. 5(a), made
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10  parametric speaker is achievable. Note that the central frequency for the
parametric speaker of the present embodiments is more than 40kHz, more
preferably over 50 kHz, so as to reduce or even eliminate the risk that the
lowest frequency component in the modulated ultrasonic carrier signal falls

into the audible range.

15 The larger the effective area of the film 20 the higher the sound pressure level
generated by the speaker, and thus the higher the intensity of the sound.
Thus, a speaker with a large enough film 20, or a plurality of films 20 (each
being a separate speaker element), is able to achieve a parametric speaker

which is thin, flat, compact and cost-effective.

20 In an alternative form of the first embodiment, the film 20 can be replaced by a
bimorph PVDF film 120 as shown in Fig. 5(a), made up of two PVDF films
121, 122. Such a film gives the speaker a higher actuation capability and a

higher electro-acoustic transfer efficiency.

In another alternative form of the first embodiment, the film 20 can be
25 replaced by a bimorph PVDF film 220 shown in Fig. 5(b) made up of two
PVDF films 221, 222 spaced apart by a layer of a visco-elastic damping

material 223. The function of the visco-elastic material is to suppress the



13 nechanical resonance of the PVDF filns and increase the bandw dth of
the speaker. In a further alternative formof the first enbodi nent, shown
in Fig. 6(a), the film20 is replaced by a PDVF film 320 having a pattern
of elongate electrodes 5 321. These el ectrodes are given a pattern which
permts beam steering. (i.e. directing the beam of ultrasonic waves
produced by the speaker). Each patterned part 321 is equal to one speaker
el enent. By neans of tine- delayed drivitgy of each speaker el enment 321, the
sound beam direction nmay be controlled to sweep one dinensionally by
powering the electrodes 321 in a 10 |linear sequence. Alternatively, the
filmmy be of the form420 shown in Fig. 6(b), having a two-di nmensional

pattern of erh@&ﬁérﬁéﬁsreﬁgﬁanﬁé‘@fgﬁ'e WGF%?@ ér{?)einc?@é’é%ﬂ%ﬁrﬁ??ﬁﬁe\&ﬁjﬁio:fan may

be controlled to vary in a two-di nensional pattern. of
t he second espeadienent is for the substrate 10 to be replaced by the
substrate 110 shown in top viewin Fig. 7(a), in which the 15 convex second
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sound beam direction may be controlled to vary in a two-dimensional pattern.

A further variant of the second embodiment is for the substrate 10 to be
replaced by the substrate 110 shown in top view in Fig. 7(a), in which the
15 convex second support elements 113 are in a different array from the second
support elements 13 of the substrate 10. Again, the x-direction is the direction
in which the corrugations extend. Fig. 7(b) shows a cross section of a part of
the substrate 110 indicated as B-B in Fig. 7(a). This part of the substrate
includes a single second support element 113, and Fig. 7(b) indicates the
20 angle o subtended by the second support element 113, and the radius of

curvature r of the second support element 113.

In many applications, it is preferable that the speaker of the present invention
should produce a narrow and dense sound beam with littie or no side lobes. It
can be verified that the beam pattern is related to the carrier frequency and
25 the geometrical parameters of the array: the spacing g of the convex elements
113 in the y direction, the spacing d of the convex elements 113 in the x

direction, and the value of « .



In an exenplary case, the paraneters are r-4mm g=lmm d=20nm and a =60,
and the thickness of the piezoelectric filmis 28 mcroneters. Wth these
paranmeters, we have determ ned experinmentally that the relationship

bet ween the sound pressure | evel and frequency is as shown in Fig. 8 5
Figs. 9(a) and 9(b) show the variation of the sound pressure |evel vs.
angle for the horizontal plane (i.e. parallel to the xz-plane) and the
vertical plane (i.e. parallel to the yzidlane). Thus, the peak of Figs.
9(a) and 9(b) is indicative of the beamdirectivity. As can be seen from
these figures, the directivity is high, despite the absence of any
focusing, and there are alnobst no side |obes. The 10 bandwi dth is high: the
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Figs. 10(a) — 10(f) show the construction of steps of a second embodiment of

the invention. In this embodiment, the substrate 210 is initiaily used together

with a shaping member 211, as a combination 219. The members 210, 211

15 are shown separated in Fig. 10(a) and in combination in Fig. 10(b). The
shaping member 211 is a thin plate 212 having shaping elements 213 formed

on it; the shaping elements 213 are discrete (i.e. spaced from each other),
stand up from the plate 212 in a regular array, and have straight sides and a
“rounded top surface. The substrate 210 is a plate 215 having a pattern of

20 openings 217 for receiving the respective shaping elements 211. The
openings 217 are defined between rims 218 which extend orthogonally in the
plane of the plate 215. The rims extending in the x-direction have substantially

flat tops and constitute the fixing portions of the substrate 210, but the rims
extending in the y-direction have convex upper surfaces and constitute

25 support elements.

A thin layer of adhesive 250 may be provided on the tops of the rims 218 as
shallow trenches, as shown in Fig. 10(c) which is a cross-sectional view of
part of the combination 219 shown in Fig. 10(b) along the line C-C. The



adhesi ve' s volune and thickness should be controlled, especially to ensure
that it is thin. As shown in Fig. 10(d), a speaker is fornmed by slowy
bringing the conbination 219 towards the cover 230 with the film 20 (which
may be 5 replaced by any of the films 120, 220, 320 or 420) sandw ched
between them as shown in Fig. 10(e). The cover contains concave
depressions 231 corresponding to the shapes of the support elenents 213
(and thus to the corrugations which are1so0 be fornmed in the film 20), but
need not contain apertures. The conbination 219 and cover 230 shoul d be.
brought together 10 with a force and a velocity such that excessive
Internal pre-stresses in the film 20 are avoided. Due to the adhesive 250
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retiection 210 are avoided. Due to the adhesive 250 on the tops of the rims 218, the film
20 will be bonded to the fixing portions of the substrate 210. Then, when the

bond is secure, the cover 230 can then be removed.

Similarly, the shaping member 211 is also be removed, so that the film 20 is

15 left supported by the element 210 alone, as shown in Fig. 10(f). A space
exists beneath the lower surface of the corrugations in the film 20 (as viewed
in the orientation of Fig. 10(f)). This space increases the sound pressure level
of the speaker. An exploded view of the speaker is given in Fig. 10(g).

In order to cause the speaker to emit ultrasound only in a single direction, a
20 tray-like member 260 having side walls 261, as shown in Fig. 10(h), is
provided, and attached to the bottom of the element 210, to form the
completed speaker shown in Fig. 10(i). The speaker shown in Fig. 10(i) is

thin, lightweight, and compact.

A chamber is defined between the element 210 and the tray-like member 260.
25 Particularly, in the case that the maximum height in the chamber is more than
one wavelength, sound absorption materials such as foam elements 270 may
by placed onto to the plate 260, so that they are enclosed in the chamber.

These elements reduce any possible sound reflection.



Fig. 11 shows a further enbodiment of the invention. In this case, both the
substrate 310 and the cover 330 are fornmed with narrow ridges 311, 331 on
their opposing faces. Each ridge is preferably forned with a chanfer or
fillet (not shown) on its top surface. The cover 330 further includes
rectangul ar 5 apertures 333. Wen the substrate 310 and cover 330 are

pl aced together sandwiching a film20 (or alternatively any of the filns
120, 220, 320 or 420), and with the ridggs 311 interleaved with the ridges
331, corrugations are fornmed in the film20 parallel to the ridges 311,
331, which is the x-direction in Fig. 11. 10 The substrate 310 may i ncl ude
an adhesive on the surface 312 between the ridges 311, such that the film
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enbodi nent of the inventiion. The substrate a geheral rectangul ar
form conposfedmet inithe filre 26rparaleirterthe risiged B 1e 884 ndinid isrthe ixedireddiondat i on
and second ﬁ%g g(ilte menbers 412 extending 25 in the y-direction. The second
el ongate ne s 412 include concave partially cylindrical upper surfaces.
This substrate 410 is fornmed into a speaker by placing a piezoelectric

film ontt t heheepbstrater 34C endf inciriesahsidhabRe dr the 8BKAES 3t1beoéiW%éﬁ@lh60t ric
filmfollow the profile of the upper surface of the substrate 410, and

fixing the f'ﬂqigﬁ‘% 31 t.rchithat the fanga@ desemssradherad to the substrate 310 at the
locations where the ridges 331 on the cover 330 force the film 20 into contact

with fixing portions of the surface 312. In this case, the cover 330 may
optionally be removed, to form the completed speaker (note that in this case,
15 it is unnecessary for the cover 330 to include the apertures 333). The
completed speaker is shown in cross-section in Fig. 12. Note that the film 20
is not secured to the convex rounded tops of the ridges 311. The ridges 311

play the role of support elements.

in all the of the first three embodiments the substrates'10, 110, 210 and 310

20 include convex support elements. However, the invention is not limited in this
respect. For example, Figs. 13(a), 13(b) and 13(c), show different views of a
substrate 410 for forming a fourth embodiment of the invention. The substrate
410 has a generally rectangular form, composed of first elongate members
411 extending in the x direction and second elongate members 412 extending

25 in the y-direction. The second elongate members 412 include concave
partially cylindrical upper surfaces. This substrate 410 is formed into a
speaker by placing a piezoelectric film onto the upper surface of the substrate
410, making the piezoelectric film follow the profile of the upper surface of the
substrate 410, and fixing the film to the first elongate members 411.



17 As.in the previous enbodi nents, the filmmay be forced to follow the
profile of the substrate 410 using a cover (not shown) which is brought
towards the substrate 410 to sandwich the film and pernmanently connected
to the substrate 410 to clanp the film against the first el ongate nenbers
410. 5 Alternatively, it may be done using a cover which is brought towards
the film to sandwich the filmand press the fil magai nst adhesive provi ded
on the first elongate nenbers 411, so ttat the fil m becones bonded there.
In the second case, the cover may be optionally be renoved after the film
is bonded to the substrate 410. O herw se, the cover may be provided with
apertures for 10 allow ng sound generated by the filmto be transmtted. In

either case, é Pethe! é}r@ho’%@%ﬂo&iﬂ’?en?ﬁ etﬁ?.‘i‘ﬁﬁ%?é bk fBPJe%St%ﬁfguc‘.Wth% f'réfllé of .

cl anped/ bon ed tot substrate irst e ongate menber s constitute
the fixi ng pbetsuirstraté 4t1l6)eusmgbataoaee (Aa0shdWwe) surict isbeoudh tnmard& gloe

f t | cal t he bandw dt h of k
15" t hough SRYaFo T LriBodPRaNc e e | s0brRe TRy borededcia o,
many vari anbsfiate RPTS Y @aipt tHe filrh€ag&inBE frraee!d%%'rﬁenﬁ)%rwﬂo be

clear to a skilled reader. In particular, the speaker “may be nmade of |arge
si ze, sobas Altﬁrnahwy,eltanany ok dnnepuslngwndewbs:hrls breu@ht toswasidaidtng e a

b Ad | | t th k
opt 1 i sod- t doRareRlich, L€l cRATeYs B MR AeBivel MEVERECSR tnd Bkt oy
to audi bl e sflgngatelrh&Berd 361, 48 tHdtah&Hilm becOnfdicidified ihiete fiArtha seednd

generation system the speaker unit conpri si ng a flexible piezoelectric
fil m havi ng @@sécthegeyer WYa%IO?t'W@ﬁ'h/ b remgued Rfier dheiffilng ds beadeditemthend a

substrate whifiape 14 AEI0HRerie, HEMLBLe LY e (FhARGE" fith | AbAALRETfons

10  allowing sound generated by the film to be transmitted. In either case, the film
should not be excessively stressed while it is clamped/bonded to the
substrate. The first elongate members 411 constitute the fixing portions of the
substrate 410. The substrate 410 may also function as a mechanical damper

to increase the bandwidth of the speaker.

15  Although only four embodiments of the invention have been described, many
variants .are possible within the scope of the invention as will be clear to a
skilled reader. In particular, the speaker may be made of large size, so as to

.create a high output sound pressure level, and achieve a narrow beam
pattern. Additionally, the parameters of the speaker may be optimised to

20 increase the conversion efficiency from ultrasonic energy to audible sound.



of the, substrate, the elongate fixing portions being spaced apart by
regions in which the filmis not fixed to the substrate, the substrate
mai ntaining the filmin a configuration including corrugati onsilLQYEWISE

el ongate fixing portions |ying 10 between correspondi ng pairs of
corrugations and extending parallel to the corrugations. 2. A speaker unit
according to claiml1l in which the filn1|§ adhered to the substrate at the
fixing portions. 3. A speaker unit according to claiml in which the film
is clanped at the 15 fixing portions between the substrate and a cover

el ement. 4. A speaker unit according to claim3 in which the cover el enent
i ncl udes apertures. 5. A speaker unit according to any preceding claimin
which the s&@M8ate incl udes support el enments for supporting the
corrugations in the film 20 6. A speaker unit according to claimb5 which

the support el engni ebk‘ér’ Wi for BY'sbang &@héﬂétlbﬁ Qf’étém‘)fth% 'spRARSH iunk

cylinder. 7. A speaker unit according toclaim>5 claim6 in which the
support el eammlsm@re convex. LLOYD WSE 19 8. A speaker unit according to
claim 7 when dependent on claim3 in which the cover includes concave

portions | ocated al i A ts ; [ unit
according to clai nﬁ%{'gg fegoﬂ@é:h& hﬁﬁl #}?’ch‘: %ﬂ@ﬁ%&?%r a%’ﬁ%n@ ? 03'{5
concave. 5 10sjghabtecwiediimyantd according to any preceding claimin wich the
film includes three or nore el ectrodes and nultiple areas which are

pareCef “the e Bctibsuae Wil haapahi 3R A OBbR AGhas e a PR ea g
clai m furthgf iHeglbididig, fe elongate fixing portions being spaced apart by regions in
which the film is not fixed to the substrate, the substrate maintaining the film in
a configuration including corrugations, the elongate fixing portions lying
10 between corresponding pairs of corrugations and extending parallel to the

corrugations.

2. A speaker unit according to claim 1 in which the film is adhered to the

substrate at the fixing portions.

3. A speaker unit according to claim 1 in which the film is clamped at the

15  fixing portions between the substrate and a cover element.

4. A speaker unit according to claim 3 in which the cover element

includes apertures.

5. A speaker unit according to any preceding claim in which the substrate

includes support elements for supporting the corrugations in the film.

20 6. A speaker unit according to claim 5 which the support elements include
a surface which is part of a respective cylinder.

7. A speaker unit according to claim 5 or claim 6 in which the support

elements are convex.



| east one sound absorbing el enment | ocated on the sane side of the filmas
the substrate. 12. A sound generation system i ncludi ng an osciII@E@f Oﬁ%E
generating an oscillating signal, a nodulating unit for nodul ating %e
ultrasonic signal 15 according to an audi o-frequency signal, a power
anplifier for anplifying the nodul ated signal, and a speaker unit accordi ng
to any preceding claim arranged to recgéve the output of the power
anplifier as a voltage across the electfodes. 13. A nethod of producing a
speaker unit, the nethod including locating a 20 flexible piezoelectric
filmbetween a substrate and a cover, bringing the substrate and the cover
together, thereby flexing the filmto induce corrugations in the film and
fixing the 8l m Xosmak@lrowhtaécwdmm@o i dnwhen dependenban gladm 3dAt ed

bet th | ' ; | 25
14, A mot ot PEECHEHNEP e thENRBlocBod fh {elftol Bith 46 uPBBr
substrate ielemagtfsan adhesi ve, whereby the filmis adhered to the fixing

portions when the filmis pushed against the fixing portions by the cover.
LLOYD WSE 20 1

. A nmethod according to.claim14.in which foll ow ng.the
fixing the SoverA FReaREALLAcHANg R CiR BorBME b Te Ane FUPROMN oh
the coved i 8lehesiits afe kBntd\e. substrate, and the filmis clanped between the
cover and the fixing positions 5 of the substrate. 17. A nethod according
to any of clainms 13 to 16 in which, while the substrate and cover are
brought togdPher A speakssi HYit ragasEding otet aBY sPrereding) slaim oineWhighe theyfim; he

filmadopts.t ' ti i '
subsequent | i/ncﬁl‘gdne%\%%g?hg'%sr%%g%cﬁg}gﬁgr%@:m#@igﬁ%o%{*ﬁeggggged?dnegnﬂlyo any
of clainms 1l3ctuabler byuapplying noltage ngighals abétagen corresponding pairs of the

electrodes.

10 11. A speaker unit according to any preceding claim further including at
least one sound absorbing element located on the same side of the film as the
substrate.

12. A sound generation system including an oscillator for generating an
oscillating signal, a modulating unit for modulating the ultrasonic signal

15 according to an audio-frequency signal, a power amplifier for amplifying the
modulated signal, and a speaker unit according to any preceding claim
arranged to receive the output of the power amplifier as a voltage across the
electrodes.

13. A method of producing a speaker unit, the method including locating a
20 flexible piezoelectric film between a substrate and a cover, bringing the
substrate and the cover together, thereby flexing the film to induce
corrugations in the film, and fixing the film to at elongate fixing portions of the
substrate located between the corrugations and extending parallel to the

corrugations.

25 14. A method according to claim 13 in which the fixing portions of the
substrate include an adhesive, whereby the film is adhered to the fixing

portions when the film is pushed against the fixing portions by the cover.



at | east one sound absorbent material on the sane side of the filmas the
substrate. 19. A speaker unit for a sound generation system the speaker
unit conprising: 15 a flexible piezoelectric film having el ectradesDivse
applying a voltage signal to the film and a substrate which is fixed to
the filmat nultiple elongate fixing portions of the substrate which
maintain the filmin a corrugated configyration, the elongate fixing
portions being parallel to the corrugations and nmutually spaced 20 apart in
the direction on the surface of the substrate transverse to the

corrugati ons.

15. A method according to claim 14 in which following the fixing the cover

is removed.

16. A method according to claim 13 in which the cover is secured to the
substrate, and the film is clamped between the cover and the fixing positions

5 of the substrate.

17. A method according to any of claims 13 to 16 in which, while the
substrate and cover are brought together, a shaping member contacts the film
to ensure that the film adopts the corrugated configuration, the method

including subsequently removing the shaping member.

10 18. A method according to any of claims 13 to 17 further including locating

at least one sound absorbent material on the same side of the film as the
substrate.

19. A speaker unit for a sound generation system, the speaker unit
comprising:

15 a flexible piezoelectric film having electrodes for applying a voltage
signal to the film, and

a substrate which is fixed to the film at multiple elongate fixing portions
of the substrate which maintain the film in a corrugated configuration, the
elongate fixing portions being parallel to the corrugations and mutually spaced

20 apart in the direction on the surface of the substrate transverse to the

corrugations.



