‘;’eS’eK‘FFGDH@I J6JTK]g <r 1 A Paranetric Speaker and a nmethod of making it
Field of- the invention The present invention relates to a paranetric
speaker, and to a nmethod for producing a paranetric speaker. 5 Background
of Invention i or concern when designing a | oudspeaker is i

to prammm\\“wﬁw und. One common solution to this is to use”ﬂﬂmwmmmmmyns
of wo A ge and tweeter speakers to achieve a high-fidelity
effect. 10c#p@t her solution is to use parjanetric speakers) that ilégl%go say
speakers which generate ultrasonic waves. The principle of a known
parametric 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 nul |Fp$|j er [ ) lpa pdul a ul bt 2 oni ¢ signal
produced by an ul trasorte=* e ato Wht e ptoddees vi brations at a
single frequency in the ultrasonic range. The result is transmtted to a
power anplif Figld 6f thenidvémtion t here to a paranetric speaker 11. Let us assune
that the speaker 9 emts two ultrasonic waves with frequencies f1 and f2.

The ul trasonic waves have non-linear interagction with the air, to
gener at e souh&ev%{?@%mh'&\‘lﬁﬂ Qé&@Lesf to, popajametric speakey, gnd; fp.2dnethog for

di fference sj i j re interesting since it nay be in the
audi o range. bT emsrf s? %r?@egg;ﬁgdr?]e(gﬁguch that this difference frequency
corresponds to the fre?uency_ of the audio signal 1 input to the left of
Fig. 1. 19 tBac ntioke paranetric speaker is sufficiently great,
the difference frequency f1-f2 can be arranged to be within any of the | ow,

i gnal 1 contulnal eBfited kg HERRH R BB YRR INELabId ok LRk ©
anpl i tudes, tband.tOe BOAMIOT E6RIELON o tHis & © WEe & conbinidtiohsifwWodfeaimitihese
anplitudes are equal to the correspondi ng anplitudes of the audio frequency

si gnal s pr od[@E #)d twreter speajtars 4 aphievaahigh-fidglity effechr anet ri ¢ speaker
provi des an alternative way of providing audible sound radiati on. An

advant age of using a paranetric speaker conpared to a conventional 5
speaker 16 t Aabther sofutiosliatd usé paearmgtriccspmakdrs; ¢hat islito say spealkesmweich

ul trasoni c waves, ,coppared to audio wave o paranetric speakers make it
b0ssi bl 6 Lo BPORiALE CFBANP WRYER HHeBcilaich ST Bataneat P SPERKET ot | ng
for many appki@aii @NfustBR6E iRy, HCAK RMMo JRASI | LA fldRs HEler & theeaker s,

al so known as”"paranetric arrays" or "paranetric audio systens", include K
Aoki, T. 10 FKguresus prexpiocessediyrmpre-praeessingtunits3, landdbpoalsed by a

It acont ¢ e SRSttt Binaf Uit ESoRalaRahBe L BD R bBRoNE]
9, 1991;1§. iBsciﬁét@ﬁWSﬁ/m@H&f(Sd\stWimehQ@t 'aQsngJé fide@enay RiMBid ulFagsmiay" . J.

Acoust. Soc. Am, _102, 3106(A), 1997; and M Yoneyana, J. Fujinoto, Y.
Kawanmo, and fanggaddedesultigetrapsmiited 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 fi+f, and f;-f.
20 Of these, the difference signal fi-f; is usually 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, middie 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



'15 spbtlight: an application of non-linear interaction of sound waves to a
new type of | oudspeaker design", J. Acoust. Soc Am, 73(5), 1983. In these
conventional paranetric audio systens, the paranetric speaker/ultrasonic
transducer typically includes a | arge anount of ceram c-based piezoelectric
bi mor ph el ements. One drawback of such a paranetric speaker is its narrow
20 bandwi dth, which results in audible sound distortion. Another drawback
is that its manufacturability and repeatability are not good, which results
init being inpractical for production. Parametric speakers using a
monolithic thin filmprovide a practical and cost25 effective way to
reproduce directional sound. Such speakers are described in US 6, 044, 160
issued to E. i S ' LR, 2Q0 F. J.
Ponpei . Thes@trgsgﬁ'lgé’zalvc%w‘y gé?@%:r%érgﬁﬂcéauﬁt P@'é(?n%c&é %ﬁ%@lﬁg%@% tters.
The basi c st prwviding aadlibldssund prliatiorem tter is that an insulating thin film
is provided on a flat netallic back-plate having shallow 30 grooves, and a
thin metallic layer is deposited/sputtered onto the thin film A .r 3 DC

vol t age bi asyj j d i i | ’ e
metallic | ayébsagggmt@d%fgﬁﬁ?ﬁ%?ﬂggﬁfkggﬁéﬁéré&tﬁ??bg&g&ﬂt ress in
t he fil m& esspeadkeyis thah itdsrelatively easy tdpraducela dinécted ibeam ghult@serici t at i on
i s superinposed onto the vol t%g}e] across the i rgsul at%g% film {lo i nﬁ ce high
s frequency VYPEPSGQSRRATEH 1P AUAIGWVAVES: SR PHAMEUIR SPORKEST Angke |t DaSR Eeythnd
the el ectro- ﬁméé'rﬁgm%;@ﬂé&ﬁénaifahkﬁd SO, WHicH s/ iRRIEStITERR MG on the
groove depth and the thin filnms geonetry, so the electrostati'c paranetric

speaker requapplications. Semedquibligatonsadesasibmnosparameiticispeakrrsaalserdgomn n fil m

Fabri cat i on ncaBmieltl SHRUEAR aldBR AR, SRBuR nelikek AefiShucer . ey
contrast o pi Kaarlkeed ahé Y. iKumambta SParameticiLictiispeakeri-dehgracteistied becti ve
alternative for use in a paranetric audio system Such a _device is

descri bed i naceussigfiald and sugablemmeduiation of carries UltrasenicieFElactragicsand p.

Khuri - Yakub. LS, ok « Pi r- e r A G in which a
thin piezoel ggﬁrﬁ%h|?Iaﬂt‘21nsf‘|Sr1chﬁebszaglg?gﬁchng§, gﬁpg’mﬂﬁ# rD'p;lI-';Eﬁgé"Esg(\s/?%’lg many
t hr ough hol e%Audio ppplication efthe metric arsaywngd. Acowstdsdc. 3406 , is
coupl gd toth u? ?ggkcvit of c?,r:a emtt ryynl a'?e, arch (éb?{/rgﬁo‘k? bi %ﬂ'\;)l;rp
pressure at ﬂﬁ% A Mr ey%n@adséum%n&-%%weﬁ Ss PﬁaQQeT%PI% %nd
def or m t 18 1 bhaRight anAbpREAHEH 6f Héh-ARSA A of AR Waills PR Akl C! | NG

and extending I n"respo to variations 1n an applied electrical 1nput.
However, t hetypepdfiloudspeakef dasigatist Acoupt. SocuAm.dV 35y €983.dh thesesuch a

structure to_mai ntain, the retcluirgd curvature of the.piez eIFfl:ttric.fi Imis
hot @ trivi aPoRNENEonALPARReITE AuGRSYSIEES, e paramelic IR YNASONG, i on 1o
its Fig. 5, trbﬁs@ﬁ&érttwiﬁémﬁinaluaaa%eﬁ&amuﬂdf Gerhtic-phsed pleoebsttlidiz,

which is not w de enough to cover the human audi o frequency range (which is
about 20 Hz bimmomphigiements @nedrawhackafisugh adgearamatric speker is 8s n@povduce

sound thgre w audi bl.e. di i ANlgh awdin fr j t is
sossi bi 620 o PRawidy WiEHBeRuG Bl sl don bher SEVRRSH Ranalr i o,
frequency (fas nearufadtaralility anddBpareiityare netagduel wHidtresulterin ithseisgr ri er
30 frequency_ is 93kHz), but raising the carrier frequency results in a
quick 4 atirepigstica)foppradystions r asoni ¢ sound, so that the ul trasound beam
will have a shorter length. In order to reduce sound distortion due to the
narrow bandw dth, sone efforts 5 have been nmade to devel op equalisation or
pr e- processi Pgrametrisdspeakersasing raamenolitbicathih filmspaivide a pragtivaband costide T.
D. Kite, J. T, Post and M _F.. Ham |ton, "Par tric array in.air.: .
i storti 8 r EHREINENRIP FRRGAUES Buphiphial 0UE.dSAch Seeieilare dSfribeddng,
but these ap C ssRfedto e e & AR UsWhtdhi Abdlichtioh £901/000y50fnnot
elimnate i t%%ﬁb%gﬁg% 10 %a%??@gfr#'usr%ysgjﬁ%%%mgibgqussed/ above,
anot her publ Adahy bnd.iPompei Thehe arel basicaliedlestrostatic udisasanic t r ansducers are
descri bed which use a, corru ed PVDE, filmis,the article "P d- mat ched
St ul 0 rasonfens iR RRe O BRSO B0l pR ok efifier RIRRCRVel anot b
depth”) M jinsulating 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



15 Toaa, | EEE Transactions on U trasonics, Ferroelectrics, and Frequency
control, Vol. 48, No. 6, 2001. In this paper, the author nentions in the

i ntroduction section the concept of highly directional speakers in the
audi o range usi ng anplitude-nodul at ed, 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 paranetric speaker. Note
that it is nore desirable for such a speaker to have both the narrow beam
pattern al nost w thout side-lobes and the wi de bandw dth. The transducer

i ncl udes a piezoelectric filmsheet which is held in a sinusoid-Iike
corrugated configuration by sinusoid-Iike support nenbers extendi ng al ong

t he edges of t,he sheet . e to the,sinusoi.d-ILike caonfiqgurati of. .t he
sheet . 2o depPl s 1o s aqhlfed Ahrhs 1R BiiRNlq ol TufdeEhhe Rusiic
corrugat ed Piéybr Hhd 186 BACK-pldteNBersIsl cditinReAsivB prBistesa Ml tiedfich
directivity. However, it is not a trivial task to maintain this requirenent

si nce there tuing is axcuvgireiof she moglithigtile. pAD e gxeitatiandsi cal

cal cul ati ons . ' LAR. (1] . ' .and error
approach is 3%%%@@6@ 9@@3‘1%3@5@%? g‘?&%ﬁé%% %@e{cynggg%%@ﬂS
per f or mange, fregiendy wbratiohsrofthe thin filh oBothi thé desdnarnt freggiencyg anddhsducer s

with inconsistent chargcteristics.. Sunmary of the Inventiopn 5 The present

i nvention ai FECHE-3504% 'Gé"aﬁsf%\ﬁ%swq}’s%rﬁ tro@QFyaﬁi{%‘?an\fe'gﬁ’BéE%gfo%\fﬁj a net hod
of making th R film' i ast
mtigates t hge | \é\éa vant ag‘[agl&o% atgﬁ@%ﬁ bg’%ﬂi%égggggtaggggf@ﬁggﬁgﬁg&%

di scussed belenuiresrbeitle anetcendte diacks+platecstrucheaeEnesa nery thirefilm (of the e

k whi ch | i ght i t. thi d t.. A t ly, th 10
e kers o et ol arTteTo ). Mt PRSG SoR e ARy s 1 e e RaBor anth Al 00
advant agpeus hasstdI6dSRRAKETthEASpa orspeakaemsdUBef 0 T educe derdul at ed

sound distortion, and a narrom1Bean1pattern to reproduce a
hi ghl y-directional audible sound. In general ternms, the present invention

Bl cct rodes 1 BY SoRBRSt miedoiestiE et ulehean i mleRel PRAAFE SRoSHBMBHIE Tedt o
a substrate ghemhatibelfsugdia 4 'Rbmnhétria atidlo s\stémad Saental davied iscdescribettin ch
the substrate is firmy attached to the film between the corrugations and

the filmis HSpatept Aev@0a1.858 issued it iRorbelfridae and iy iayri-Yakgby Finig is
Hed . _ . 5 . _. .
2\ tornat 5ol 8 HisPdrndlimeBEG pafarfdf spaReHIA WHibh e i G8zGHRERc fim P,

| atter case, dispesedaerossraf emittanplateciaviras maipgthrough Hales.pepredsurelg sound
generated by the filmto be transm tted. The substrate may 1 ncl ude support

el ement s f or SQWISEoFUThES CRE RIBYIAGE LY HMACHM PHER iI$ FOURIGH ta e piasky fi xed
to the film -IRg &f (RERMhiRteFBlatd Sart G&RIGSs h'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 §
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



25 col umms whi ch correspond to the respective corrugations. Optionally, the
support elenents may be sections of cylinders, parallel to the axis of the
cyl i nders. 6 Optionally, the support el enents may be convex elenents. |f
so, then in the case that a cover is provided, the cover may include
concave depressions corresponding in position to the convex el enents and
deeper than the height of the convex elenents, so that the filmis not
firmy clanped between the 5 support elegents and the cover. Additionally,
the invention proposes a nmethod of form ng a speaker which, in general
terms, is to attach a piezoelectric filmto a substrate such that the film
is corrugated and the portions of the filmbetween the corrugations are

L Sl R RS LA b A p R AT e,

sound by appsiartér Iehgtet ri ¢ signals to the speaker proposed by the
i nvention. Brief Description of The Figures Preferred features of the
i nvention will now be described, for the sake of illustration only, with

reference ¢ oyl ek o) ittt M fine Parfd naba RGNS eaRBRRBIs e | v

a known paraneiric speakKer system an explo

par amet(r]I lsfspawé(beemm ioEdeve‘Imps equallidagdnrmme-pfoctésmngﬁthMn t!jegh 3is
conposed O Fi I C ) ode ect Vi ew t he
enmbodi nent oPa’%"éet 16 au Qgsysé?’ﬁ‘) ﬁ@cg’ ﬁjﬁ 'Z' Jgﬁﬁo%?ﬁq\/“@f F.20 the
assenbl ed sp & « jof Fig.
3(b); Fig. ng?ﬁ |('i:%nnpg§(raé: S rlcl_ﬁirﬁ.y Walflavﬁlégﬁﬂl rlgpggqc?gtg}éy&%ee%%ﬂ tIJ ng node
of the PVDF AbeminSoofAtrh,eﬂBrb‘kﬁﬂ&)mut tbése:agproaphasmamog\ly rechicewhi ch

|IIustratesth rKi.n ri.nc e of t J ment Fig. 2, 25 Fig. 5,
which is conf§ Bf”'tpﬁme§§aﬁﬁ“&aﬁﬁﬁ?é'm'ga%eﬂtQBB'EPB ¥-views of respective
bi mor ph RYDF filnms which are suitable for use as an eI ement of the

enbodi mrent of Fig. 2; 7 Flgﬂ i s conposed of Fig. 6(a) and Fig. 6(b)
whi ch r especApadifiomn kot Oib1.88b edipuissed abayvenwanothes pablicatianbineviioh use as

an el ement of h:tased 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 maijority 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



embodi 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 experinenta
measurenents of the sound pressure | evel vs frequency of the enbodi nent;
Fig. 9 is conposed of Fig. 9(a) and 9(b) which respectively show
experinmental neasurenents of sound pressure |level 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(1), shows a second enbodi ment of the present invention; Fig. 11 is an
expl oded view of a third enbodi nent of the invention; 15 Fig. 12 is a
sinplified, cross-sectional view of the third enbodi nent of the invention;

ol erent o BEROMMecS SPRAS S B RufTou Ger |fash® radeiPuivi™ " ©
Det ai | ed Des{Hcopsistdht ¢hatdienistieedi nents Referring to Fig. 2, the paranetric
speaker which is the first enbodi nent of the present invention is shown in

an expl oded view. The speaker includes three main elenents: a substrate
el ement 10, a flexible piezoelectric film20 25 and a cover elenment 30. The

substrate 10gisnH fAhEYnvétioangul ar and lam nar. It has a substantially
flat surface‘?élwﬁﬁ@ﬁ'rpvr‘p?ndi cular to a direction | abelled the
z-direction in Fig. 2. The surface 12 carries a nunber of discrete,

parti al | y5 cyThadresent iovention aimpto praviderannew and weefll pammetricispeaker, nd of

support elenents are cpnvex,. 8. partially-cylindrijcal otrusions 11 at two
opposi te si daBda mefockatakinahb iew Raraactif FReakEr. retrphl; It resili s 13
are narrover at feaghnitigdtes tife'aiRaatarthg6€ bf thelkhowrPspBakers deseabeflaBsve

portion of a notional respective cylinder, and the cylinder for each of the

first support elenents 13 is coaxial with the 5 cfylinders of two of the
protrusi ons 8. dispusssd ibelpw.s preferrad| embedimgiisref the: peesentiinventiomare axes

i rect fon. SERAarE R, bF LBRWGRE i ST EithbaST Adifaadileh)tnese
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 includes a

15 flexible piezoelectric film having electrodes for applying a voltage signal to the
film. The film is fixed to a substrate which holds the film in a corrugated
configuration, in which the substrate is firmly attached to the film between the
corrugations and the film 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.



‘array having colums (parallel to the x-direction) and rows (parallel to an
direction labelled the y-direction and orthogonal to both the x- and the z
10 directions). The col unms of second support elenments 13 are aligned with
two of the first support elenents 11, and all the support elenents 11, 13
extend to the sanme hei ght above the plane of the surface 12. In this

enbodi nent, the array of the second support elenents 13 has six colums and
nine rows, but the invention is not limied to this nunber of colums and
rows. In fact, in a 15 |l arge speaker a correspondi ngly | arger nunber of
colums and rows is desirable to increase the sound pressure and avoid any
saturation of the air nmediumat high sound |evels. The piezoelectric film

20 i f bl. [ - pal whi ch i ' th trate 10. It
carr i co tvo DPUSRANG 6 uBBoN FiEmPBlMehe Shots Clerutbo ittt 1 Bifer i ng
its respectiygsestififtsa chber @ prAVIGSLEStheByove MB¢anélMde contuestdeprassiors hod,
for exanple using silver ink. The piezo-polyner may be ponV|n¥I|d|ne

fluoride (PVERyesRoNging ¥ pesition ¢o g pervex eementsrandrdegperdhan the hgight gh

o ect i o oot U, RGBSt fs, PO BT B, ot ML Bl Sl el (" O
conpl ex dgesi gipdrheleeddnts andithebover. parti cul arly advant ageous for the ot her
enbodi ments descri bed bel ow). The cover 30 includes apertures 33 which are

slots elongate . in the x-direction. The apertures. 33 are aligned in. the

- di rect  on BAgKoREGhe feiioe Weesnes BUBREICC @ CHENc:a RPEOKRUMIEN e
X-direction géﬁé}aﬂé'f%ﬁr%s ISP YR & e HRRA film fo 8/ EBBRAf ddon bt B@Ren L NS
correspondi n§ colum. The cover 30 further Includes concave depressions 31
in its | owerisscorfugadeg apidttherpedtioms ohtheyfilm between the tarcagatioms are firmly
correspondi ng tp the col s of support elepents 11 gnd extending ip the
x-di rection Hh RSUBSIAL WBRIEF B conuoghoes thensslyes et rotariiadicy
intersect with the apertures 33). A cross section of the substrate 10, film
20 and cqyer AdfitibRal1OWHE | iRvémtibn Jraposedd! Hdndthod bfi Behemiting( Bbuh@i Bgd to
formthe speaker unit. Wen they are joined together, the substrate 10 and
the cover 302pRlYWgealaetacsignais fethenspasker prapasediby thelinvergiomt o a
configuration such that it has corrugations 14 with 10 an axis parallel to
the x-directj ) edpﬁﬂf flat portions 16 of the film parall el
to the surfagﬂse%gag?rﬁ“ '.'e"'.'.dLﬂSHPat(s. ons 16 of the film20 the filmis
firmy fixed (by clanping between the substrate 10 and the cover 20) to the
substrat e 10Preferretdesatupes of thesnwdntianewiti tost ba desariteed, dbetheeshkecnfas fi xi ng

ti 18 of th bst 0. Th t [, | ths, of t t f th
PO b 96° 15 pbislealio Ay Mth ferebars fose folowino FRDres BOrhiGhe S0 | o or ent or

than theygpaci ng. pig. 4hhoisictibriafially #knobih pafaridint spBBkeUeatémt © hol ds

the film20 in a corrugated configuration. e suppor elpngnts.il, 13
ensure that the cbig: @jatancexplodaskviawnf & parametric speakerewhicl isarfirstspond to

t he respective,cal S u rt. elements 11, 13. Due to the corrugations
14, the fi|nF§$°§6H%@H§3EE%R§R@°§ound radi ation device, which as described
bel ow may be tunegig. 3 is@omposedtiFg FaYwhidhsdn &gloded ¥rosshrctional

pi ezoelectric film20 is clanped onto the substrate 10 at the fixing
posi tions 18VigMeofdhembediment pEFigs 2 Fig: 3(Rhuhishien grass-seetionah¥iew ¢fn 20

Toda i n fhe B rerenBBd spRakel ank e CHEIRNRN &3 SUBlENILET! ARG B o

of Fig. 2 do3(mt have a sinusoid-like shape, which nmeans that there is no
limtation that the hei ght of the coryugations should be half of the
wavel ength of t heptgm“t'ﬁ&@"%qgﬁ?@.?féygp‘{fﬁ?w&&, 'ﬁﬁ‘ﬂr@tﬁﬁﬁéﬁ’rﬂ%fﬂ\gﬂtmg epfg. 2
the corrugat pnsyiRYSemett 0P the'BinbBdinTent 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;



10 substantially a portion of a cylinder. In further enbodi nents discussed
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
slowy, so that the film=20 is naturally flexed to followthe 5 profile of
t he substrate 10 and cover 30, and no excessive internal pre-stress is
induced in the film20 during this procedure. At the fixing positions 18
the cover 30 is pressed against the substrate 10 with a force F, which is
sui tably 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 frequency and 10 its bandw dth. The cover 30 may be fixed to the

substrate 10 by re not sh . Or, . an her, twype pf fixture. Note that
The f1im 20 i s citdbie 6 PReRRedT bist 6 @rAnCERShEETef remmertibRisivhar
where the sufgimarePYDF filnid wARh. arél stiiteblelTer asé asn sl8aidnt of tHere col ums

i ncludi ng the support elenents 11, 13 the film 20 is not clanped or bonded,

15 but only eémbedimenmtof Fig.l2;t he substrate at the support elements 11, 13.

There is a toler .1 h e’ It t 13 and
the cover's concgﬁjé' Zi%ﬁggﬂ/@mgg%ﬁ’Bgéfq%lttlﬁﬁi?r?rgﬁgﬁ@ %ﬁhegﬁrb??%§1%i ch shows
an enl ar ged gmbvdipde@dfFi@f2;t he structure of Fig. 3(b) (omtting hashing
for sinmplicity). The height d of the convex elements 11, 13 above the
surface 12 is | eskigt B showsexperimantal measurementd at tgesqunst prespuigslevel. one
of the functj nts 11, 13 is to maintain the

corrugat ed s%sggle%qg%ngﬂgfﬁﬁ%ﬁ%dﬁ%ut extensive internal pre-stress in

the film 20. Anotkigr 9fisiocinposediof Fite Stalpaed O(ks)whiem resplLtivély shewt o provi de
mechani cal danpi png. Friction bet vve@?n th& film20 and the suEPort el ement s
11) 13 25 trexRermentabmeasuiements of §oUne PreSsuER levebygyanghe ehthessegondi pat ed.

In this Y, W I Gl ; : i ssed, which
results WS ae@ggg er ﬁglt/ é'logﬁé\ﬁ%gpﬁgrgﬁ%wcﬁ?ﬁfaﬁ&ﬁfK%rtﬁgélt arﬁt here is a
space 19 bet diesniivitheaebpéctivaly;and t he substrate 10 in the parts of the
colums other thap the s qrt el enent 1, .. .Jh eight of thig space is
reforably Tess tHn 0 R coMpORed ot £s. J0G) D e BRs BiaesPpic

backsi de wavgmbsHinF&titid? the Y€ fnvehtioghoul d preferably be nore than 5
0.5mmso as to ellmnate any possible air squeeze-film danping. Optionally,
and in parti cul arFigofl1spaalexplodedoliewitdia thitvd esplzadimeat bethedavention;fi | m 20
and the bstrate_10,is_ high, . ound absor pti.on erial such.as foam may
be insert®d into lt:'ﬁe1gb%1{?e'5%f9','f?e§€ CEQSS§° @85@\93}5{’&%}8&@%PE‘%SQHEEFE%?’&mve
reflection. theaneémfgniangl the support elenents 11, 13 along any given row

10 does not follow a strict requirenment, but presentlil a spacing in the
range 10mm to 30nkhig. fl3r whichripicemuesed of igh. 1i3¢a)ipeke), showstesuhsieateat e 10

and cover 30 | a i ither.a nmetal such as
a1 urm i am _cament for {Hefca Ry FEBpb@inient'sr ik plegeRt iRhudn S
(Acrylonitrile Butadiene Styrene). In the case that it is netal, alum nium
is the 15 presently preferred alternative since it has |ow density and | ow
acoust i c29 npBatalled Desariptian ohthe embdedimeMs- pr eci si on nachi ni ng such as CNC
(Conputer Nuneric Control) should be adopted to ensure that the coupling
bet ween the substrate 10 and the cover 30 is substantially perfect.

Al ternati vel Referrieg 46 Figt B, tife phmnsetrictspeiaked Whicidisc theefirst @misgdilment of

| ast i 20 material, ,and noul ded to h t desi.red_sh . This | att

bossi bi ity {16 BissentiientoDas i i AlpesRened 1% TBonsRaksf dagkdes

Preferably, #pbd rhal ééﬁr%h{s@téségst?é}g élement 36, érﬁ‘e)&ﬂé[})ié‘f@elébﬁﬁtf‘ﬁ' ot
conpact port abl ur igs. 4(a)

which results In a and portabl e speaker unit. ning to
and 4( b)25 whanth adtover eleméntl30.20 schematically with a 25 voltage supply
connected to its electrodes, the node of oscillation of the film20 is

h . The fi 20 ] f.er abl ted in_i d31 ill ted i
Flaaca) i nbRousirae S hete hEstRtlian apd Titprchiias.p s tar R o |
no significafit S@fHEE YR WhioiPid fepRnBicafitasd dirbvRielabelédife iitdision in
enbodi ment the film20 is supported in cor I‘f\l;j(%atl ons by the support elenments

12 11, 13 anbig ReThe:surigcpd< cardes arsimberofidissrate, pastially-ewieddeal cppaex wi | |

Contr ot | abl oW M9T7oRs 0 e pi e of Fippoft e BfftiEiats lonyex, < o

t he PVDF overlying the second support elenents 13, has a central frequency
given by: 5 f~ =1/2~cr Yl p (1)




Vthere Y is the averaged Young's nodulus of the film20 with its el ectrodes,
pis 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 achievable. Note that the central
frequency for the paranetric speaker of the present enbodinents is nore

t han 40kHz, nore preferably over 50 kHz, gso as to reduce or even elimnate
the risk that the | owest frequency conponent in the nodul ated ultrasonic
carrier signal falls into the audi ble range. 15 The larger the effective
area of the film 20 the higher the sound pressure |evel generated by the

wth a i ar gerenanyrinded rotsiand i inG Baposlfy 33T bE Fousdalg TR
separ at e spe@kgrseebrditd ,oflsappbheelémeacdﬂnswemmweretﬁacm sheakeuppdtch is
thin, flat, conpact and cost-effective. 20 In an alternative formof the

first enbodi AeAIENts Ad, 3 IMaybedaaterd asaHPadien afyp RORNA) resPestive aylinderi20 as

h Fi : t f
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t Lanfsf far Bf fcydlndgcsy.ofl twcalmjttmg:r gadwtrlmgmm i1\3ﬁ The mygihclierfsefdn aﬂttfen‘soﬂpaﬂent
t [ 20 l. 220 in Fig.
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material is to SUppress |ca reso nce o
i ncrease theatrayld\awhgw cofunmhe (ppradiek to tlna mdﬂenttdme)ranad trewaa(tpavaile‘l donamf t he

first errbodl Fi | m 2 r C b PDVF
11 m 320 navhigten ztele e Sirkbidn dnCerthodirial{oSbefPHESE alithid gaes
are giveqpa Hﬁéétﬁiﬂ%)VWhéT Eoﬂﬁ’r‘ir@ bﬁsé’&ﬂﬂ‘ éjpﬁﬁ'r! 83nient€ 13cdareefligned Wwile theam of
ul trasoni ¢ waves ro uced % he speaker). Each patterned part 321 is equal

to one speak@fth@I #RESHPPaRte sdfl, andreﬂéha)wap@rrtuelemgm@f edéhexpediter

Gi monsi onal | 105 R RRRCARNE HEChI Ahe L 18 i BrittEfiefi e

Al ternati vel giray lof theé setomy sbpport eldrmeiter18 Kad stheolamng dmd nirk( fws, ihayi ng a
t wo- di nensi onal , pattern of electrodes 421, and in this case the sound beam

di rection rraiheo@VGBWP’P é% netilimited 4p thispnumberp oficalmnsoand rewst B factAntarr t her
'he substd at 2134 GrAgker 7 ArSontihal iaiog? miffber B cdinfi®, AR’ BASHEC ™Y
second suppodesicdidetatiscrdase dhe soand plesswreanid avoidyarfy saturdtions ef thedair
3:”?28“0?1' emrenrgd?un%?ét |gthgunscF%ve ate 10. Again, the x-direction is the
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



'in which the corrugations extend. Fig. 7(b) shows a cross section of a part
of the substrate 110 indicated as B-Bin Fig. 7(a). This part of the
substrate includes a single second support elenment 113, and Fig. 7(b)

i ndicates the 20 angl e a subtended by the second support elenent 113, and
the radius of curvature r of the second support elenent 113. In many
applications, it is preferable that the speaker of the present invention
shoul d produce a narrow and dense sound hpeamwith little or no side |obes.
It can be verified that the beampattern is related to the carrier
frequency and 25 the geonetrical parameters of the array: the spacing g of
the convex elenents 113 in the y direction, the spaC|ng d of the convex

el enents 113 ,in .t e a | ary
ol oot s 1ot 11,015 B g Bt ol e kP B BHREEL Y
of the pi ezaftleksi soridave depré8siBhs e atss lowdrt Surfass pobribAGEiar the we have
determ ned experjinentally that the relationship between the sound pressure

| evel and f r@ieredipByini locations,arresponding tg the galyans qfsunpedt elemertfiold t he

ariation of h
\(/I .13. Ipar al Iaerlg&]ee W'qg(q ﬁ%ué(fd'ge%ysbhélaoga{ﬁgcalhbfg @P o {tﬁ%arﬁﬂr{?@
t he yz- plsanelexcéptushen teeypiatdrsedt witlgthe &derjures@3P(b) is | ndi cative of the
beam directivity. As can be seen fromthese figures, the directivity is

lones. “The 16 dsRATaON TanmoRetrafts 16 g 28 AndihvRr Q' sholB iR A Rel ok,
as may be seggplibdedn dnd.in Fi Fsgﬁt joireld®do forkPthe sﬁBQMért bRitCWIEH wedy are of

steps of a second enbodi nmen he i nventi on. hi s enbodi nent,” t he

substrat e 21joinesl together| Itlye gubstrategtd land thiet m\@r%pof@ameb@r shape thes a

and i n- coni WagogIRERis TG0 TuBis coftcbratali REAkIL RSB ZoRLG80 B Tayped ™

212 havig smgb(rsgp@rlaﬁapmme&auré@trdfednerspabedtdp%rtsbﬁmaﬂgoﬂlm of M are
di screte (i.e. spaced from each ot her st and fromthe plate 212 in a

regul ar arr afim pawlipbteethe surfage 12i e ecfiat F&)m@ﬂﬁ\a@cpfttbﬁ f&mrz%tae filpp ds

ecei ving ¢ ni3dfef By B oAk AR 1€ g08 T 38%e0 200 M he ey
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The rinms extending in the x-djrection have substantlfally | at _tops an
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in the yidir elledh Ra\irPpYSHonPRE of e 5a58=t8N is Yrshtet thsh the spacing

of the fixing positions 18, so that the substrate holds the fiim 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



25 support elements. A thin |ayer of adhesive 250 may be provided on the
tops of the rins 218 as shallow trenches, as shown in Fig. 10(c) which is a
cross-sectional view of part of the conbination 219 shown in Fig. 10(b)
along the line G C The 15 adhesive's volunme and thickness shoul d be
controlled, especially to ensure that it is thin. As shown in Fig. 10(d), a
speaker is forned by slowy bringing the conbinati on 219 towards the cover
230 with the film20 (which may be 5 repj@ced by any of the filnms 120, 220,
320 or 420) sandwi ched between them as shown in Fig. 10(e). The cover
cont ai ns concave depressions 231 corresponding to the shapes of the support
el ements 213 (and thus to the corrugations which are to be fornmed in the

Shoul d be br St g a7 BAddr o P Db o gns ¥ =0

excessi ve mmerm}ugamgngtal@@mersnapé@ f| | m 20 are avoided. Due to the
adhesi ve 250 on the tops of the rinms 218, the film20 will be bonded to the

fixing portigns of the s e 210. Th e bond is_secure,

cover 230 caﬁ“f‘ﬂ%rﬁh%é‘sﬁﬁ P"Qﬁﬁ"f’a&ﬁr %‘”Sﬁﬂpang‘%%@r éﬁp}@h so be
renoved, t | one,
e Shown i n (NG the Bpstatd ?3’82“'%%%@%* [RARPES RSB TIG e

cor r ugat inspiofile bkthiei $ubszmteé 49 andcoeneri 30, tanel o excesdive intemalFipee-sttéss ) ) .
Thi s space incr ase ress e level of eaker | oded
View of the Bpbauend in e §EH 20 Mt tis pagcechre optitie TG i Bedicer
to enmt ultr rsd) RMBréssad Bgaime iR Quusﬁr%t?ogm with 2DrdrE@ ¥, yitiéh FPBRRIbIZ60

havi ng si de vvaIIs 261, as shown in provid and attached to
the bottom othaden ahadcontrotin, As bas d)elentrrr:ﬁedca’quet eoprspnteaesrmsthevﬁlmi 20 Fi g.

chanber 15 by AGETBEL SR T aialratetity! Hiekenaaty bl rofltndraBE0. o5

Parti cul a5 | yits bandWwritl.aFiee icheér B0 enaperfixedhel tﬂbtsutﬁtr’ét@waTE%WSSgn@SW e
t han one wavel ength, sound absorfptlon materi als such as foam el enents 270

may by pl aceﬂ"QW!ﬂ ey paepipecoffstireso that they are enclosed in the
chanber. These el enents reduce any possi ble sound reflection.

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 fiim 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.



16 Fig. 11 shows a further enbodinent 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 formed 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 ridges 311 interleaved with the ridges
331, corrugations are forned 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

331 on the SoE FaLferbIE 4RI T} Retiserting 1 el fEsuREaR Bl éhe or
the surface Pads of thé¢ lotumas ethdérhibanamner supporinelensrits argl 13y Tiee heighvef, to
formthe conpl eted speaker (note that in this case, 15 it is unnecessary

for the covelisspace isnRrefRrabiy,lesspthan,pee ‘@%‘(E‘Qngthes%cﬁﬁpf‘%t@miﬁﬁ@aﬁéy is

h . ) g \ . ot ; ; di
he convex rBOSIEY RSl Wayl relectbf Hol/Biy ittholld Befikpbly BOmABHARL 7
support & en@linem doaslitd eliminate amepbssible aihsqeeezd:tilth damping h©ptHomalty; at es
10, 110, 210 d 31Q. 20 i.ncl ud t el t.S. D
ovent on’  SaRih Bedibls BESHSETs L sBS haSh A el 60 B
and 13(c), sinansghdifte e ithi@}“{'f1 a%Souh B HBSArpBbIE MdtaribPEué a8l fBEnAniagubé h

enbodi nent of the invention. "The substrate 410 has a general lK rectangul ar
form conposingegedfintathe|spaget $9.m8abas 40 sedues tamuipoegsible tiacksidei wave i on

and second e rs. 41 t endi Ln t sdirectjion. Th econd
o ongat o weniareth s, TR aRRRnd: 5 s, S el s ' 48 Aldre Bhpeivell fdCoe.

Thi s subsg r atiged Hot ifelibwr aredridtnicQquireARPRKBIL Predtiniy AGpacHEiPeheGhhgs film
onto the upper surface of the substrate 410, naking the piezoelectric film

fol | ow t he pil@mm to 3emimdouexampleatiou 20pIM¢ isdref@sad: at e 410, and fi xi ng
the filmto the first elongate nenbers 411. 17 As in the previous

oo aron s ThESubbh Ry o OEF 31 e s PenmigibbRiiln HheciGFd 101 o
sandw ch t henfetalrguchras alemminemtdoppeponbrassdot a plasticsuhaterial sudh @stABS | anp
done. usi ngalAvientile: REHENS SugeeY Bullcadentiat fy fmetal, Biiinidin is ™ °°
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



'to sandwich the filmand press the filmagainst adhesive provided on the
first elongate nenbers 411, so that the film becones bonded there. | n the
second case, the cover nay be optionally be renoved after the filmis
bonded to the substrate 410. O herw se, the cover nmay be provided with
apertures for 10 allowi ng sound generated by the filmto be transmtted In
either case, the filmshould not be excessively stressed while it is

cl anped/ bonded to the substrate. The firgz el ongate nenbers 411 constitute
the fixing portions of the substrate 410. The substrate 410 may al so
function as a nmechani cal danper to increase the bandw dth of the speaker.
15 Al though only four embodi ments of the invention have been descri bed,
many vari ant ent. i e
clear to a sﬁ?ﬁ%&nr eagtﬂx(ﬁq%wﬂtla?g q?l’ thrg%ﬁgggégg @/'\logg \rﬁ}@d[ye}‘o g{"c‘?ar ge
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system the spea er t conprising: a ctric filmhaving
el ectrodes for applying a voltage 5 signal to the film and a substrate
which is gixed to the film at rrulft&p(i,@;ﬂ‘;akﬁmg; portl ons of the subst('le)

the fixing portions being spaced apart by regions in which the filmis not
fixed to the substrate, the substrate maintaining the filmin a
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15 4. A speattry spéakerasywelbamgt Rs Thdiug &f carvatureh THue, eoyesorrinea®nhed
i ncludes apertures. 5. speaker unit accordi ré?ét 0 any pr ecedi ng cI aimin

whi ch- € b0 S uBaIATERtEC] SRABKIESS samlwab e| dWtht thal dhe Rk (Tayensi for the
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support el enBALE S REI a sur ace a respectiv

cylinder. 7. preferabhkever 60t ki, cso dsnlg rteducémrne\k‘emehmirtatmtﬁelnrslmthacmhe he
support el enents are convex. 19 8. Cl_Beakerq“_tm't accordi ng to cléh
when dependefﬂWQﬁt] EQRIERCY Gampenan inrHbe JBedulated UERSONG faE $ignal;

| ocated in rm%@gugb}éﬁram%_support el enents. 9. A speaker unit according
toclaim5 or clarm ch the support 5 elenments are concave. 10. A

speaker unit according to any precedi ng claimin which the filmincludes
three or1%or Ehen@r@er Meffmttyemnemqf ltee &ine 20 thaihighetrtbe isodagd enessireyevel
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el ect r odes.
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



10 11. A speaker unit according to any preceding claimfurther including at
| east one sound absorbing el enent |ocated on the sane side of the filmas
the substrate. 12. A sound generation systemincluding an oscillator for
generating an oscillating signal, a nodulating unit for nodulating the
ultrasonic signal 15 according to an audi o-frequency signal, a power
anplifier for anplifying the nodul ated signal, and a speaker unit according
to any preceding claimarranged to recei yg the output of the power
anplifier as a voltage across the electrodes. 13. A nethod of producing a
speaker unit, the nethod including |ocating a 20 flexible piezoelectric
filmbetween a substrate and a cover, bringing the substrate and the cover

ixing the f B85 e Pl g1 ik,
fix oo e B o AR Y6 B P

bet ween the gpsdkegati ons. 14. A nethod according to claim 13 in which the
fixing portions of the 25 substrate include an adhesive, whereby the film
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88=99(: s 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 a 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 little 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 « .
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the beam directivity. As can be seen from these figures, the directivity is high,
despite the absence of any focusing, and there are almost no side lobes. The
10  bandwidth is high: the —-6dB bandwidth is far more than 10kHz, as may be

seen from Fig. 8.

Figs. 10(a) — 10(f) show the construction of steps of a second embodiment of
the invention. In this embodiment, the substrate 210 is initially 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
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as shown in Fig. 10(e). The cover contains concave depressions 231
corresponding to the shapes of the support elements 213 (and thus to the
corrugations which are to be formed in the film 20), but need not contain
apertures. The combination 219 and cover 230 should 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 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.
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sandwiching a film 20 (or alternatively any of the films 120, 220, 320 or 420),
and with the ridges 311 interleaved with the ridges 331, corrugations are
formed in the film 20 parallel to the ridges 311, 331, which is the x-direction in

Fig. 11.

10  The substrate 310 may include an adhesive on the surface 312 between the
ridges 311, such that the film 20 becomes adhered 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.
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yz 10%& ()- Eg |n181 |(e)v iolis ér%god“entg 3the film may 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 permanently connected to the
substrate 410 to clamp the film against the first elongate members 410.
5 Alternatively, it may be done using a cover which is brought towards the film
to sandwich the film and press the film against adhesive provided on the first
elongate members 411, so that the film becomes bonded there. In the second
case, the cover may be optionally be removed after the film is bonded to the
substrate 410. Otherwise, the cover may be provided with apertures for
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.
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a flexible piezoelectric film having electrodes for applying a voltage
5 signal to the film, and

a substrate which is fixed to the film at multiple fixing portions of the
substrate, the 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 fixing portions lying between corresponding pairs

10  of 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
fixing portions between the substrate and a cover element.

15 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.

6. A speaker unit according to claim 5 which the support elements include
20 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.
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which the cover includes concave portions located in register with the support
elements.

9. A speaker unit according to claim 5 or claim 6 in which the support
5 elements are concave.

10. A speaker unit according to any preceding claim in which the film
includes three or more electrodes and multiple areas which are independently
actuable by applying voltage signals between 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 the film in fixing portions of the
substrate located between the corrugations.

14. A method according to claim 13 in which the fixing portions of the
25 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.
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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.



