;qrste3e$VvD6zT2 9 ~~ zoos 5 TITLE: TRANSDUCER 10 DESCRI PTI ON TEQ?@ICA&
FI ELD The invention relates to transducers, actuators or exciters; MAR 200¢
particularly but not exclusively transducers 15 for use in acoustic

devi ces, e.g. |oudspeakers and m crophones. BACKGROUND ART A nunber of
transducer, exciter or actuator nechani sns have been devel oped to apply a
force to a 20 structure, e.g. an acoustic 'radiator of a |oudspeaker. There
are various types of these transducer nechani sns, for exanple noving coil
novi ng magnet, piezoelectric or nmagnetostrictive types. Typically,

el ectrodynam c. speakers using coil and magnet type transducers | ose 990 25
of their input energy to heat whereas a piezoelectric -1 2_3 N-A~ 2004
transducer may lose as little as |o_ Thus, piezoelectric transducers are
popul arsbecause of their high efficiency. There are several problens with
pi ezoel ectric transducers, for exanple, they are inherently very stiff, 5
for exanpl e conparable to brassyfgif, antdyame-ghus difficult to match to an
acoustic radiator, especially to the air. Raising the stiffness of the
transducer noves the fundanental resonant node to a higher frequency. Thus
such piezoelectric transducers may be considered to have 10 two operating
ranges. The first operating range is bel ow the fundanental resonance of the
transducer. This is the "stiffness controlled" range where velocity rises
wi th frequency and the output response usually needs equalisation. This

| eads to a loss in available Z5 efficiency. The second range is the
resonance range beyond the stiffness range, which is generally avoi ded
becausk0t he resonances are rather fierce. Mreover, general. teaching is to
‘suppress resonances in a transducer, and thus piezoelectric transducers are
20 generally used only used in thepksequenconrange bel ow or at the
fundanent al resonance of the transducers. \Were piezoel ectric transducers

are used above the fundament al r@g@ﬁﬁf@ELffﬂgggncy it is necessary to apply
danpi ng to suppress resonance peaks. z_~ ~ "1 AR 200b

The invention relates to transducers, actuators cor

exciters, in particularly but not exclusively transducers
15 for use in acoustic devices, e.g. loudspeakers and
microphones.

BACKGROUND ART .

A number of transducer, exciter or actuator

L,:j mechanisms have been developed to apply a force to a
20 structure, e.qg. an- .ac:oustic radiator pf a loudspeaker.
There are varrious types of £hese transducer mechanisms,

for example moving coil, moving magfiet, piezoelectric or
magnetostrictive types. Typically, electrodynamic.

speakers using coil and magnet type transducers lose 99%

25 of their input energy to heat whereas a piezoelectric

-1-




The probl ens associated with piezoelectric transducers simlarly ?qul(g,ymt Q004
transducers conprising other "smart" materials, i.e. magnetostrictive,” =
el ectrostrictive, and electret type naterials. 5 1t is known from EP 0993
231A of Shinsei Corporation to provide a sound generating device in which a
driving device of an acoustic vibration plate is arranged between a speaker
frame and ttheusshusid anay brasé 0Bsphate. eThgs dibvi RgdeviGe Jos1eeRRtised of
a pair of piezoelectric 10 vibration plates arranged facing each ot her
across a cefdaidmdist i, pheki f the piezoel ectric

vi bration plates aref%egﬁbgﬂt%g ?aec oét%e(?f blgﬁ%ir)lra}trllln%el?a(?F%lpcalceeI}c.YV\hen a
drive signal is d ed 19 thevpi ezoelectri.c vibration plates, the 15

r

pi ezoel ectric vibration“prat &S t eBFPRHEIST go¥t FBxi R SFOEIGF ERAET ei n

their centres flex alternately in opposite directions. At this tine, the
flexing di fSZ RS

Gt HEODiILTTR &t rikeyi Brat ivhepeatdy yesyalshdyf€ reverse
to each_other. 20 It is known from EP 0881 856A of Shinsei Corporation to .
provi de® an T&ousPrEDdicez Gerperabd.evi hcat diraersd |fvidspeaker asiengthoe sane,
wherein an oscillation controlling piece of elastonmer is attached to the
peri phery ofitdigidzodlcentatich aseidh adéonsphat eadThec2S espebkatiignco
controlling piece is shaped so that a -3 2 9 MAR 2D04 di stance between an

axi s passi ngpebyatr cerhfieial tdig. phezeehecty i Gr0s¢d |@{~%r?£l%@é@femo‘0’@b(:h I'S
perpendi cular to a straight |line connecting a centre of the piezoelectric
oscill ati ogppl C f ity 5 of .the oscillation ntrolling
pi ece, and é]@ngtggdggﬁ%l?gll ie"t%tésrog’ﬁ%tthgﬁ%ﬁs%i ’i)‘/?a?i %ﬁgggﬁt igﬁgflﬁacﬁi‘eg‘g‘u?ari es

al ong the axis. Q. so%ltk(l:t .2 Mss o each of sections of the oscillation
control l'ing piece divided By & RTEYS ot RS JHenFidedaral Feveto a
strai glh&c I %:ne connectiing a 10 centre of the piezoelectric oscillation plate
to the tentl'8 GPYRIWVIGY Gindafe oBee| Earissn ausmatalng nppgeces vhelew al ong
an axis which is perpendicular to the straight |ine and passes through the
centre of the pusdssbotedi cessniancat icdh that eradsducssS. 4; 5833 168 E€ReMir at a
Manuf acturing Co. Limted discloses a piezoelectric speaker conprising a

pi ezoel ect 'etivitheatorcdmtrod Pedt | Rerge awPeRdi Nge 1BLEEy WG d SysHRpOrt ed
at iits longitudinal internediate position by a support nhenber, whereby

first and seeqieénd9 Poshdonsyd the phazoelecl il g vi b%q,%rll bathgsi des of

t he support nenber are respectively supported®in a ca ever nmanner. The

pi ezoel ect pGaYEREREQL 1S -caphect at_portions close tp both ends.thereof
with a di ap%ﬁggm %sig%upl i ng@lr%esnbﬁesa#%r 8 bf wiTeE V\ﬁ'%reﬁyaégaﬁéﬁdi ng

vi bratjizon Qﬁfﬁge gi ezoel ectric vibrator is -4 2 9 rf~;~~ 2aa4 transferred
to thé~di aphragntthér eby dFPFenfher@ndphr Bymtime rgsorEnss oFange
support nepber with respect to the piezoelectric vibrator is so sel ected
that the reS¥nBfAcehs eﬁgéﬁ@}eéﬁ tende r swhgmit | ba icersmmlllar svohdadt he
correspondi ng resonance frequency of the second portion, and the primary
resonance Ppeegueacthé¢ftesohanbessacandapheti @iereeso sel ected as to be
substantially at the centre value of the first resonance frequency (F1) -

and the second Meseveser HEREUANCYebER) rnef itslﬁecéiéé%pé‘@s@%éisaﬂaﬁaes
| ogarithm c coordinates. US 4,401, 8S7 of "Sanyo El ectric Co Limted

di scl oses 2 pheadelRthiddr COBRA Wi, SPERKELARKED A (UIAI RIS T ugLure i

which a plurality of piezoelectric e nts and Speaker aphragns

i ndi vidual d t are coaxjally or multi-axially., arranged. A
cushi gﬁi ngé%%%ggyifsu%g?e?’ §?¥eé‘sﬁ v&e’én'):(%ﬁe %eWm’%ﬂ@ear%%%%‘?’ 25 t hat
each el erreg# i%[ei S Iacﬁed fromthe vibrations of another elenent. US
4,481, 663 Df Afect EHFBIRE b TESSASE fi20hRt WaAREsCaFst-c hTAGTEn
el ectrical_ source of audio signals to a piezoceramc driver for a high
frequency PHIARPEEKET1C ThEansdworksc s stsedf abidveoftihefehdamentabf a
bandpass filter network, but wth the parallel conbination of an inductor
and a capaciIoraner t heequepay 2% stageceledswyf i tbeappepl akeshing ao
autotransforner or _5_

Suppress resonance peaks.




2 9 BAR 20Qk autoi nductor which transforms the input inpedance of 2&eMAR 2004
pi-ezoceram ¢ transducer into an equival ent parallel capacitance and

resi stance which, together with the inductance of the autotransforner,
supply the load 5 resistance for the filter and replace the capacitor and
inductor omtted fromthe output stage of the bandpass network. An
addi ti onal shuntBfesi SUSPIRRE be pracedakefoss YheRout Ricwiekamric
autotransformer to obtain the desired effective |oad resistance at the

i nput of tweaZelagestr anstolaely UWiomat erto apphdrediosr SBX;dGs; 62124 of
Sawaf uj i di scl oses a piezoelectric speaker including a plurality of

pi ezoel ectotliexi br atsmgrte! enenkserigash inciudi ng andirezosd @etdtiic ) brating
pl ate and a wei ght connected to 15 near the point of centre of gravity

thereof thepsghrdsVisepelastigy! @ﬂé‘étr@@dt}h}?é’i R Lheaysbramotive force
designed to be taken out of the outer edge thereof, which are connected at

t heir- peripheral, ends a t her o] cQ t: . one of said
elenengﬁ bei ng %%n%gcbégwﬁogg?gigg ngﬁp%gga ngggﬁg%g%%t %F3?¥%§%ﬁﬂmetype
acoustic radiator .to give thereto a vibranotive force majnly in a

hi gh- f r eqUERCH  BYAFRor  SRIPY hECReFaY HFig BN fEnt 41 alPAEBNE (dHeretns
produci ng a vi branotive force adapted to share m ddle- and | ow frequency
portions f&FVDEE eRér gnzacPuftde vabdacbar pypécadsustinanaail fiiwees  2-s
~N~~~ 7zc04 It is an object of the present invention to produce an inproved
transducera BpSEkEeSURE (ke | AWENThEN oo idi o g viibrialtd donvehiteon, titese is
provided an S el ectronechanical force transducer, e.g.! for applying a

force whi cdicexDhd efedil cCoUst cembadkatiolof Oaprtuc e oin Bl put, the
transducer having an intended operative frequency range, conprising a

resonan! ol BFRAE i SAVigithded T eguencL i shELRUL | 0001 BRAES | AoLhesorgrative
10 frequency range, and coupling ans on the resonant el enment Tor nounting
t he tranquggg asite to which_force is to be applied. The_transducer
may thus be céﬁ%?def%ﬁqﬁgcﬁé an iﬁb&ndéﬁ? Shod &S HEIEd R r . ©Fhe ©8Upl i ng
means may be attached to the resonant. el ement at 15 a position which is

benef i ci alP¥TFOCLePFFHY MbHRFatddn viRAALAS t G esRRCER@neiR (R Ehe site
other by an annular spacer. When a drive signal is
applied to the piezoelectric vibration plates, the

15 piezoelectric vibration plates repeatedly undergo flexing
motion wherein their centres flex alternately in opposite
directions. At this time, the flexing directions of the
piezoelectric vibration plates are always reverse to each
other.

20 It is known from EP 0881 856A of Shinsei Corporation
to provide an acoustic piezoelectric vibrator and
loudspeaker wusing the same, wherein an oscillation
controlling piece of elastomer 1is attached to the
periphery of a piezoelectric oscillation plate. The

25 oscillation controlling piece is shaped so that a
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The resonant el ement may be passive and may be coupl ed by connectiﬂ ?ﬁ%”%m%
to an active transducer el enment which nay be a noving coil, a novi g =
magnet, a 20 piezoelectric, a magnetostrictive or an el ectret device. The
connecting nmeans may be attached to the resonant el enent at a position

which is benefandal Herlwerithangi ngxhedaba agthdi tyy i M t Bankesongpt glement .
The passive resonant el enment nay act as a near |ow | oss, resistive 25

hani calpd i | t i T AR 2004
e nan| Caploat 1oLt 2eldcia 18l ATRI pRNHTAALIDE US| perfeal it

power transfer and nmechani cal matchi the active e aphragm

to which force_is pli-ed. Thus, in principle th assi ye resonant
el ement may act asétgr%ﬁ%&? t er T esSTARE $Hoi%. %he Pdssive Péson 5

el enment map?/ have | gw natural _resonant frequencies so that its nodal

behavi our § ¥ EH S ETtOr PG YLAE&OPN RIFE & difyet RReceNtEep T FFRv it

| oadi ng and mat ching action for the active elenment. One effect of the
desi gned @oskheo@siciAd asficm eetiveldiegepticos,suehd aar eserantemenber i s
to 10 blend the force produced by the transducer nore evenly over the

f requency TiamgeofTHilse | ssadhilevedbycenossltadgl i pie@ndveenteol amngfx'[ reme
Q values and the result is a snoother frequency response, potentially

better thathesiaple, PoeZ@dlevhseSa Imdt L8ENALIYLI ¥5 LAELEBRQNYR Hlenent
may be active and may be a piezoelectric, a nagnetostrictive or an el ectret

devi ce. T%@ﬁ%&ptg&ﬁtgé%gggelﬁr&e& eiggdprb-sgr 3%%%,1S_.Lftor exanpl e

as. described in US patent 1 "or may ectrical Fy pre trested or

Pt A IR T S B Bl Sy Tt

backing plate or shimwhich may be a thin netal sheet and may have a

sim'lja(? centre of the piezoelectric oscillation plate to the
centre of gravity of the oscillation controlling piece
varies along an axis which is perpendicular to the
straight 1line and passes through the centre of the
piezoelectric oscillation plate.

15 US 4,593,160 OF Murata Manufacturing Co. Limited
discloses a piezoelectric speaker comprising a
piezoelectric vibrator for vibrating in a bending mode,
which is supportéd at its longitudinal intermediat';e
position by a support” member, whereby first and second

20 portions of the piezoelectri-c: vibrator on both sides of
the support member are respectively supported in a
cantilever manner. The piezoelectric wvibrator is
connected at portions close to both ends thereof with a
diaphragm by coupling members Formed by wires, whereby

25 bending vibration of the piezoelectric vibrator is
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stiffness to that of the active elenent. The backing 25 sheet is p@ﬁﬁ%ﬁ%g”%ﬂ# _
| arger than the active elenent. The -8_ Z q hilfi? c004 backi ng sheet y :
have a diameter or width which is two, three or four tines greater than a

di ameter or wdth of the active elenment. The paranmeters of the backing

pl ate may be adjusted to enhance the nodal density of the 5 transducer. The

par anet er s fardesbacki ngopl aig arl%hat%}ggegﬁn% ggfﬁ%%ébﬂ yEBe aetiye ydament

may be cooperatively adjusted to e ens . The resonant” nenber

may be perforate- as n to _radiate undesired sound., K Alternatel he
r esonant nenﬁ%% 10° . may IgangﬁlgégﬁétP%eaﬁéFtuFBPRﬁFEh T§m§ﬁﬁlﬁggb

noder at e ag&g;ti%iradia$ion,therefron1 The resonant nenber. may be thus
acoust i cal Iy Bt art i G yPLREZCELGEETACT FRRARLRE] VS t9% FHSEHERt Chefber may
contribute to the action of the assenbly. 15 The size of the coupling nmeans
may be smalfhe j TeSoRaRCHe famepmral o thet Hol mely epengibnofiswawed 1em t he
operative frequency range, This may inprove the acoustic coupling

t heref rom thers ey abrovespdudenpherduaggimicd r Erpeneycapert the ekteat the
possi bl e decrease in high 20 frequency coupling or bending waves resulting

fromthe aperafidme @edpthagphitRiiatia@dyandder fEgaeRbyt r@%l{?é@”@ﬂb member
may be chosen to selectively Iimt the higher frequency coupling, for

exanpl e tos@&ﬂcﬁ%@réi&ﬁe&%n%g uQ&iéQ@ed—%-s to be substantially at

the centre value of the first resonance frequency (F1)

- and the second resonance frequency (F2) of the first
7"\3 ‘10 portion on logarithmic coordinates.

US 4,401,857 of Sanyo Electric Co Limited discloses

a piezoelectric cone-type speaker having a multiple

structure in which a plurality of piezoelectric elements

and speaker diaphragms individually coupled to them are

15 coaxially or multi-axially arranged. A cushioning member

is interposed between one diaphragm and another so that

each element is isolated from the vibrations of anoﬁher

element.

US 4,481,663 of Altec Corporation discloses a

20 network for matching an ‘electrical source of audio

signals to a piezoceramic driver for a high fregquency

loudspeaker. The network consists of all of the elements

of a bandpass filter network, but with the parallel

combination of an inductor and a capacitor in the output

25 stage of the filter replaced by. an autotransformer or
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29 MAR 2004
z s -~nP 200 The paraneters, e.g. aspect ratio, isotropy of bending
stiffness, isotropy of thickness and geonetry, of the resonant el enent- nay
be sel ected to enhance the distribution of nodes in the resonant elenment in
the 5 operative frequency range. Analysis, e.g. conputer sinulation using

FEA or nodehtbpgausByrbenised d:0.56d 86ks the Pananet %ﬁedémeedb%t rdpRuti on
may be enhanced by ensuring a first node of the active elenent is near to

t he | owest g fr, f re bu al so be
enhanced byigﬁgﬁg%%%&g saf%%% %%?5, %ggg hggh E%@ﬁghﬁgﬁt kgggﬂm%%'the
operative frequenc ran The den5|t es is ferabl suf f.i ci ent

for the active” eT%%%ﬁt gderaﬁﬁdgtéﬁ' f&@ﬁFge n§§ﬁ%§ 5Fagé”¥%¥céjﬁ%|ch 15 .
is substantially constant with frequency. Good energy transfer may provide'
benefi ci al 13#8 %¥ MAG oPfnoddie r edehahtessiermennt rasPPly or Epei orl
transducers which conprise smart materials and which are designed to 20
oper at & berewishant¢andameritted fe3vRancaedofrddieaaqy i oie artphransducerd,

output would fall with decreasing frequency. This necessitates an increase
in input vohdageor ncerideled oOfkeep tike outpuwt eeaskdds Wehb Uegueney.
Alternatively, or additionally, the distribution of 25 npdes may be

enhanced byeeh;sii but inng Lhe: £esARaNt shendi Qg oy | {259 e ~p MRV MOdes
substantial ly evenIy in frequency, i.e_to snooth peaks in the frequency
response c or, cl ust of. the des
transducerggﬁg hus ﬁ i |SFP|8UF§85§858€F ﬁ%dugg%l r%gmbww

By distrib QE%%Q des the usual dom nant hi gh anplitude resonance of
t he resona G S hiduc dR2n FRIRPRIRe phakiempirPide OF t

resonant element is also reduced. Thus, the potential for fatlgue of the 10
t r ansdficera W&o xanRERrEeE- operational |ife shoul d be significantly

ext ended. Moreover, the potential for a uniformresponse froma

di spl acenent tyge tpaneducemg@mmnﬁﬂimneI@BIrieaJOmEmandf r edincing & he cost
of the driven system 15 The transducer may conprise a plurality of

resonant elisEldsegash hroddde Sceh5é 1 ishabker ofndMidBhg t e gmges iafy t he
resonant elenents being arranged to interleave in the operatlve frequency
range and US, 1 @RanGes diist n ed r.as a
whol e deviécﬁe] sp20 The reﬁslt(}ﬁcanltvsi fa@iﬁgg p?é g?'g %%1‘\5/12 dlé"‘faﬂ?cgin&g #

f undanent cies. Thus, .the ramet ers, | oadi n try or
bendi ng s&ilf‘%én%es T¥he VHREGHARE t % p B‘éeg]tﬁhftf e?‘éﬂﬁécgﬁgnﬁesonant
eIenents be coupl ed toget her by 25 connecting neans in any conveni ent
way, Tgeﬁ@?amf\}mtllof ocenkreaRf; oguasityf theyeel pehvieedabt fe
elenents The resonant el ements are preferably coupled at coupling points
whi ch enhafietcesia siptal |la}y@r, t heend r amsdurer tdml/ oribsr@mmiciere hef aotpl i ng at
the site to which the force is to be applied. 5 Paraneters of the -
connect i nglewanedratyo bee sebkent edtt ®f the outer edge thereof, which

h"

are connected at their peripheral ends to each other
through connectors, one of said elements being connected
20 at its peripheral edge directly to a cone type acoustic
radiator to give thereto a vibramotive force mainly in a
high-frequency portion, and the reme.ining elements
adjacent thereto producing a vibramotive force adapted to
share middle- and low- frequency  portions for

25 energization of said cone type acoustic radiator.
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enhance the nodal distribution in the resonant el enent. The resonan-§ MAR 2004
el.ements may be arranged in a stack. The coupling points may be axially

al i gned. The resonant devices may be passive or active or conbinations of

10 passive and active devices to forma hybrid transducer. The resonant

el ement may be plate-like or may be curved out of planar. A plate-like
resonant el enentItnaiys ben f obedr Wolrh £$l0ts-c@ferdi SiGOMAdIHEA | €5 HBoHQFM a

mul ti resonant system The resonant elenent nay be in the shape 15 of a

beam trapezoiiGdgrovyperglddpid[al or may be generally disc shaped.
Al ternatively, the resonant el enent may be rectangul ar and may be curved

out of the plane of the rectg g& O§GEEHO§NE§VEN%I%kPng the short axis of
symmetry. Such a transducer Ui“pﬁarn-srr%p—geonetry is 20 taught in US
patent 5, 632,84 - Th%gfesonant el ement may be nodal al ong twg substantially
normal axes, ealli SXi¢avifg HIf addUERALed f uhddhBntEt PFEYIERE). 2Fhe

ratio of the two fundanental frequencies may be adjusted for best nodal

di stributi &ﬁ,eci%‘?@?&ha@:lﬁa(l- fongs: tyansduger, 2 6 g+ ARCRZOGLPAY igxanpl es,
t he arrangenment of such nodal transducer may be any of: a flat

pi ezoel ect fiorcdi sehich cenbiinati am okcatistéastradimtarr ptef enaklycat aheast
three flat piezoelectric discs; two coincident piezoelectric 5 beans; a

conbi nat i orcousmikt | phamai nci deat pi-gzoal,eetri ¢aReaRs; H, CUtMeAnded
pi ezoel ectric plate; a conbination of nultiple curved piezoelectric plates

or two coi @;‘f’leg-gﬂﬁvéurﬂi%ﬁrﬁzyogf%gi# CcO6BM%s 1 1d€ o r]'_teegtir?ﬁ'gﬂ ngl%fneﬂge

distribution of the nodes in~1 resonant erenent nmay be enhanced by
ements,. nanely the ratio

optinisinghgggn%rgq cy. ratio,.of the resonant 2{
of the freqlencres og! AU AR 1P8S Stard st %ﬁuﬁp?egBﬁéﬁFlE?enent.
,Thus,égpe %araneter of each resgnant elenment relative to one another nmay be
altered 15 C6WfRGHce BRESovePRAl BRI 1B StPEBUEI P of LRAe TEaMBEDEET .
Wien using two active resonant elenments in the formof beanms, the two.
beans may R&fEERLf feyuemeyntango the eiransducef tondanentel Ha egbiaby) of
1.27:1. For a 20 transducer conprising three beans, the frequency ratio may
be 1.315: 1f04Zel. iforta thbansapskiedONIHes| EanwdudiesCs makyhechhgqueacy
ratio may be 1.1 +/- 0.02to 1 to
considered to be an intendedly modal transducer. The
coupling means may be attached to the resonant element at
15 a position which is beneficial for coupling modal
activity of the resonant element to the site.

The resonant element may be passive and may be
coupled by connecting means to an active transducer
element which may be a moving coil, a moving magnet, a

20 piezoelectric, a magnetostpictiﬁe or an electret device.
The connecting means may be attached to the resonant
element at a position which is beneficial for enhancing
modal activity in the resonant element. The passive

resonant element may act as a near low losgs, resistive

25 mechanical load to the active element and may improve
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optim se high order nodal density or may be 3.2 to 1 to optimse I@8waRdess:
nodal density. For a transducer -13 2 9 MAR 2004 conprising three discs,
the frequency ratio may be 3.03:1.63:1 or may be 8.19:3.20:1. The
transducer may be an inertial electronechanical force transducer. The
transducer may be _coupled to an S acoustic radiator to excite the acoustic
radi at or t &9 nguﬁﬁaﬁgfﬁEbu§Pﬂc wetpanicghusnateelt@y net o theseeondvaspect
of the invention, there is provided a | oudspeaker conprising an acoustic
radi at or afdSHeRBdAIC t2 adddpbengas tefwinedhaliovee tite 46 beaagpgudes bei ng
coupl ed via coupling neans to the acoustic radiator to excite the acoustic
radi at or t @hpsoduce pniacopsei @h@ut@gsi\}'@er@gbﬁggttereq&;eﬁgnemgﬁugbitng
means may be selected to enhance the distribution of nodes in the resonant
el ement i nakhea opgicdid Ve e q an 5 o | : ans. may be
vestigial, e.g. a controlled F§$§¥agF a%ﬁ%g%veFﬂﬁﬁe%%%%%ﬁg%g%ﬁgéﬁgn y be
posi ti onedsa tricahly w-th r ct- to the acoustic radiator so that

't he transdu%ggH?s&g§3€F£§ éé%hﬁgféﬁ%%&|§ﬁ?%9?ﬁ% gES@Q?PElQS FRAE886r . The
asynmetry @ hi.,eved in several ways, for_exanple by adjusting the
posi tion o?ﬁﬁrﬁgﬁggH9§$§ﬁquﬁe%?aﬁgﬁﬁééﬁcéﬁrﬂﬁ§ é%ﬁﬁ#%i%ﬂrEEEaﬁéﬂgﬁdth
respect to gxes of symmetry in the acoustic radiator or the transducer. -14
2 s r~, ~~ YBELeThE PBUPPIAG mEand amslidprand mitehbhgaktatbnefbr the

Al ternatively, the coupling nmeans may forma point or small |ocal area of
attachment 2@heve ehemanta Oheatiffehnenit ithendddidgnedebabsenchapthggsi ze of
the S resonant el enent. The coupling neans may be in the forn1o? a stub and

have a smabfl i ametéve eeYemdnt O 4 MBLcHNE, COMAd N TeABSHERY e Lgw nass.
The coupling nmeans nmay conprise nore than one coupling point between the

resonamt epRamat taRd $HEd0 ACHRIIL L dit%e”tr%ﬂ%?ﬁ%%%%ﬂﬁ”% TEEY gg?/rm e,

conprise a conbination of points andjof |Tihes 0 © For <8

two points s areas_of attac nt pay be psed, one positioned
near centr%géﬂd%%%% %g%%PFgﬁgd It fe edddiSt the AHISEER| SFenFIOFRi s may

15 be useful for plate-like transducers which are generally stiff and have
hi gh nat ur@r“¥ aftBe TR FHCi @8, eAtremsatQ verjusal ywnal sty sesolpl i ng
poi nt may pe provided. This may provide the benefit, in the case of a

mul ti - resoffant FrefEReTrafrayuenhat respansqutpaferstlalihe Bottesonnah

el ements is summed through the single coupling neans so that it is not
necessary $uwpkehecoetpudetbeds. summed by the load, e.g. a | oudspeaker

radi ator. Whereas such sunm ng. m ght be possible in a resonant panel

radi atbr, this Aleyensitbeeiyie fy ReBbSLGRI CofbARALAGHA, - ~AB
2Q04 The coupling neans nayybe choseﬁ to be I%categea?E%% %%%i?ég géon t he

;fzgﬂgﬂtc ygixgrihrgabyanse”ﬁé( Be; Shosell.d.0; del iyer 2 constant average force with
glectret device. The piezoelectric; activé_ element may be
pPre-stressed, for example r':ts, described in US patent -
5632841 or may be electrically prestressed or biased.

20 ' The active element may be a bi-morph, a bi-morph .
with a central vane or substrate or a uni-morph. The -
active element may be fixed to a backing plate or shim
which may be a thin metal sheet and may have a similar

stiffness to that of the active element. The backing

25 sheet ig preferably larger than the active element. The

-8-




coupling nmeans may be positioned away fromthe centre of 5 the,rggonﬁ@tn
el ement. The position and/of the orientation of the line of attathnehf ﬁgv
be chosen to optim se the nodal density of the resonant elenment. The |ine
of attachment is preferably not coincident with a line of symretry of the
resonant 10 el enment. For exanple, for a rectangul ar resonant el enent, the

| i ne of at%ggﬁggntsgag be offset fromthe short axis of symmetry (or centre
line) of the resonintchl SREnt@Vhe® FIABCHEY aftacHtht werhavee @,
orientation which is not parallel to a symretry axis of the acoustic

radi at or . Q%r%ﬁe°§hé§%“bft%m@sr€§@ﬁﬁﬁf dharerd  fadpmbeeseloactwidittho @f ovi de |
an off-centre line of attachment which is generally at the centre of nass
of the resek@antceiementlerent .adveint agerahet birs efbadie@mcliing hatatde
transducer is attached at its centre of mass and thus there is no 20

inertial imdpl anceadfhissathy tbe ashhfved e amATRYIMRILHG t$haged wpsonant
el ement which may be in the shape of a trapeziumor_trapezoid. For a

{ransdgcert £aMRIMGEAD_ ATHRABIR Q- PRULT BhLY Lerianoial J espnaie |

el enent, the line of attachment may extend acrossthée w

r esonant e ea,-16 29 ~iP ft 2(1O-r_of the resonant el enent
may be sn§%I re%%ﬁ%%ec%% ?Hgt FCLRE Aot [ aP6r . SR EnSddcer may
be used to, rive‘§q¥ structure. Thus _the, | oudspeaker nay be intendedly
pi stoni ¢ oVet B RaSpAre BPdpisdepeiaying frequency range or may be a
bendi ng wave | oudspeaker. The paraneters of the acoustic

€ resonant member may be perforate so as not to

radiate undesired sound. Alternately the resonant member

10 . may have an acoustic aperture which is small to moderate
acoustic radiation therefrom. The resonant member may be
thus acoustically substantially inactive. Alternatively,
the resonant member ma? contribute to the action of the
éssembly.

15 The size of the coupling means may be small, i.e. may
be comparable with the wavelength of waves in the
operative frequency range. Tﬁis may improve the acoustic
coupling thefefrom. This may also reduce the higher
frequency aperture effect; the possible decrease in high

20 frequency coupling or bending waves resulting from the are
of the coupling. Alternatively, the area of the resonant
member may be chosen' to selectively limit the higher

frequency coupling, for example to provide a filtering

function.




radi ator may be selected to enhance the distribution of nodes in £He-MAR 2004
resonant element in the operative frequency range. 10 The | oudspeaker may
be a resonant bendi ng wave node | oudspeaker having an acoustic radiator and
a transducer fixed to the acoustic radiator for exciting resonant bendi ng
wave nodes. Suc?% I?églls%(laatker is described in International Patent

Appl i cation W9 /h 9847 and other 15 Pat eRtPaphl i €a&fidns aratpemdyi cafions,
and may bebréefderred to as a distributed node | oudspeaker. The acoustic

radi ator nmay be Pn The of L g0l . ofThehpaketssayndegkbattand ody be

| i ghtwei ght, The material of the acoustic radiator may be anisotropic or 20
i sotropic. The pESPEANLescdfmehe avausthe radiadtord may benthasen tge

di stribute the resonant bending wave nodes substantially evenly in
frequency, diséributdpoot bf peakdes n irhe theequessyahes pons&fausgd

"bunching' or 25 clustering of the nodes. In particular, the proper?i es of

-17 Z 9 beBrrRt208g tﬁ@e(%.g@ks);i C Iraq@;ieqt orAHgy%Qgschpsﬁql%_t o distrj b%t e the

| ower frequency resonant ndihg wave nodes substahtia evgﬁ'mu f
frequency. sThai1heyss 118 engy, resonant endi ng_waye nodes are preferably
the ten to twenty I owest 5 frequ%%c?oaﬁ%gh%%t g’@ﬁdi g WR8%E tdesleftt he
acoustic r?ﬂga%g{_a él'@e t ransducer | ocation nay be chosen to couple
substantially evenly t5°t he resonant bendi ng wave nodes in the acoustic
radi ator, in pa{,ti cul.ar to lower 10 frequency resonant bendi ng wave nodes.
In other words, ‘theiFhxdBuEépnmmpybdemmiretest by |ocation whef eréthe
nunber of vibrationally active resonance anti-nodes in the acoustic

radi at or i8°F@| aPfvekehi glrtawe: cerlesrsel y.igt hewqrinbars of tiesonancg. nodes
is relatively low Any such 15 |location may be used, but the nost
convehPentopecatings fregidecpeals Capedledrocarhansgbet % t 2%
al ong each of .the Iength and w dth axes (()afs t he acoustlgc]\é?g]gtl"g%gr ,H%E?Et
of f-centr eal &pebkl ichrmyndd£f sl-ent | [ . t_3/7,4/9 qr, 5/13 of
the distance al ong 20 the axeg; %téfsgglrflfngfgéntQgg%lggg%:g?r¥heel‘§ng&ﬁ%% s and
the width @uisid r-ef . sPreferred is 4/9 length, 3/7 wdth of an

i sotropic pane% %aéifﬁ-gﬁ%‘?\g%sﬁgcttyﬁt PBEEAtiVE 1ireuenay 4rangpe g ati ve

Frequency may _be over a 25 relatively broad frequency range and may
be in theéﬁﬁﬁi%xléf modes 1s preferably sufficient for the active

element to provide an effective mean average force which

15 is substantially constant with £frequency. Good energy

transfer - may provide  beneficial smoothing of modal
resonances.

In  contrast, for  prior art transducers which

comprise smart materials and which are designed to

20 operate below the fundamental resonance of the prior art
transducers, output would fall with decreasing frequency.
This necessitates an increase in input voltage in order .
to keep the output constant with frequency.

Alternatively, or additionally, the distribution of

25

modes may be enhanced by distributing the resonant bending
-10-~




2 9 MAP 2G4 range and/or ultrasonic range. There may al so be app@ﬂcﬁ#ﬁoﬁgﬁ
for sonar and sound ranging and i magi ng where a w der bandw dth and/ or

hi gher possible power will be useful by virtue of distributed node -
transducer 5 operation. Thus, operation over a range greater than the range
defined by a single dom nant natural resonance of the transducer may be

achi eved. ¥Theel omeatsl raauency: i mthe Qpenatiyg f range is
pref erably above a predet erm ned Iéaef Iin?t 10 e |§¥%boﬁf%fheto

f undanent akyesena the transdugcer. For exanple, for a beaml|ke
active resonant elg%§%?% tﬁg féﬁg% n§§e%%ﬁ?%§enrnggﬁpgﬁe TS of PY he

beam and ¥ .mat.ched to the node shape in the 15 acoustic radiator to
 BlpeBaren. o ohy 56

which it is attac StoRdg 1Ak LERI BRASRD rBEd i dntHaySeeceper at e

to give a constant output with frequency. By connecting the resonant

el enent t o tHe HSUshEc kpevat s a2 & samibutede wHde hd meescaer edbenent
the first resonance of. the resonant el enent may 20 appear to be a | ow

i npedarice. PHE-t-his way, the acoustic radiator should not anplify the
resonance of the resonant el enent. According to a third enbodi nent' of the

invention, therByi slipovimsiediy M BEORRARS , CQMY | §50812 dRMEL 25 capabl e of
supporting audio input and a nodal transducer -19 a 9r ~aR ~0~4" as

defi ned abgwgl¢eugke er i a i cal put .in
response to ?%cidgﬁtqg%%ﬁ%%?gggggrd%ﬁQAE%g¥gg§5 p%ﬁgﬁ %%rg% éﬁ%%%ﬁ%%nt of

the invention, ere is_provided. one_conduction hearing aid conprising
a nodal ac%ﬁgtggég§cé§+n8§a b@ggaligggréﬁﬁgg?% §eFPPFHteﬁ&ﬁﬂ%ﬁ§ul%f t he

i nvention, met hod of _maki ng a | oudspeaker conprising a resonant acoustic
radi at or a%ﬁscé i cqd ansditdeF. ashgefRtentavefor0 tahiwvsestt hehet eps of
.anal ysi ng the nechani cal inpedances of the resonant el enents and the
-acoustifc raERREdnRcexe| b2t i rieretl orrall] opeirayithelpailafet eskonldt hee

radi ator and/or the elenment to achieve the required nodality of the
resonant etegmhficadtdy tdeteadedt oManrdtar ackhevepatdbriaqui £gd power

transfer between the elenent and the
uniform response from a displacement type transducer
eases the electrical demand, reducing the cost of the
" driven system.

15 The transducer may comprise a plurality of resonant
elements each having a distribution of modes, the modes of
the resonant elements being arranged to interleave in the

N . operative frequency range and thus enhance the
dist:ibution of modes in the transducer as a whole device.

20 The resonant elements preferably have different
fundamental freguencies. Thué, the parameters, e.qg.
lcading, geometry or bending stiffness of the resonant
elements may be different.

The resonant elements may be coupled together by

25 connecting means in any convenient way, €.g. on generally

~-11-




radi ator. According to a sixth enbodinent of the invention, a negggdwgﬁ 2004
maki ng a | oudspeaker conprising a resonant acoustic radiator and vian
transducer as defined above, 20 conprises the, steps of anal ysing and/or
conparing the variation of velocity and force for a given nodally actuated

acoustic s§%t231 and selecting a conbination of values of velocity and
force to afhi- esa‘E”gWose*ﬁe‘b"b%ﬁ thansflemenys BRItEE DESORART| El@ENDRAW NGS

-20 2 9 MAR 200k The invention is diagrammtically illustrated, by way of
exanpl e, i ATEhPEIEEHIENY i Prepelireadi nys donphinh: phiguse whisdlowenhagsebemat i c
vi ew of a panel -form | oudspeaker enbodying the present invention; 5 Figure

la is a setheonmpeiegandi cwfar tinel i BeaAsAuebrFi GHE s FhONi€c2 | Bha
schematic plan view of the paraneterised nodel of a transducer according to -’

Lhe presentolpiengi an chd BLeW e2aul:eR seetion.oorgendi gul apot oohne | ine
e 3135 agraph o

of attachnment of the transducer of Figure 2; Figur g "cost
agai nsts suspeRgiOL-Lengt h (%) e transducer of Figure 2; Figure 4 is
a graph of cost agai nst agéléé‘étc%rgrg?% T IEYWe FREnstucésdcEYure 2
nount ed at 9 o) its.length; Fiqure 5 is_a graph of the FEA sinulation
of the freaﬁg%%% rtglg%o'ﬂ%%afo&% 1M |t dpeaientor lEngate

The resonant elements may be arranged in a stack. The
coupling points may be axially aligned. The resonant
devices may be passive or active or combinations of

10 passive and active devices to form a hybrid transducer.

The resonant element may be plate-like or may be
curved out of planar. A plate-like resonant element may
be formed with slots or discontinuities to form a multi-
resonant system. The resonant element may be in the shape

15 of a beam, trapezoidal, hyperelliptical or may be
generally disc shaped. Alternatively, the resonant element
may be rectangular and may be curved out of the plane of
the rectangle about an axis along the short axis of
symmetry. Such a transducer of plain strip geometry is

20 taught in US patent 5,632,841.

The resonant element may be ” modal along two
substantially normal a.xes,r each axis having an associated
fundamental frequency. The ratio of the two fundamental
frequencies may be adjusted for best modal distribution,

25 e.g. 9:7 (~1.286:1).
~12-




1 with a transducer nounted at 44% and 50% along its 20 | ength; I'q1 Lgigg &b@
and 6b are schematic plan views of a transducer according to another & p‘e #
of the invention; Figure 7 is a plot of the.. cost function against AR and
TR for the transducer of Figures 6a and 6b; -21 2 9 1'1An 2004 Figure B
is a frequency response for a single piezoelectric beamtransducer; Figure
9 shows a side view of a double beam transducer according to an Enbodi nent
of the inventioh® 5 Fgurked0 | Lhe gr sptratgemeng: t heff r equehcy medgpbnse of
the transducers of Figure 8 and Figure 9; Figures 1lla to 11c are graphs of
cost agai nstaas@fceguengy bat ko) fof . aaddilbite peanvkiansdueerdisa;triple
beam transducer and a triple disc transducer respectively, 10 Figure 11d is

a graph of ce@sinagabishbrr ald o Qfsd adld 50X pRelrbh B i SC 14ANSAUCEL
according to another aspect of the invention; Figuré 12a is a side view of

a multiplergLe %cf@i”é&’ffé C%Jsd;i ng .J.0 gg%%ﬂiﬁ%%peéiﬁgégi%&ifé/enti on,

15 Figure 12b is aep an view of e transducer Igur glﬂre. 13 is
Fup bl ot os SRR ir | T4TPEE R PR in P OIS Y br Bt el SO )
agai nst frequency (Hz)) for three transducers of different thickness
mount ed onP&@Paneld FPgYFE 18ip3calerbgiencylaesportse cogbIRAtEPBS SOf
multiple curved piezoelectric plates or two coincident
curved piezoelectric beams.
The interleaving of the distribution of the modes in
10 each resonant element may be enhanced by optimising the
frequency ratio of the resonant elements, pamely the
ratio of the frequencies of each fundamental resonance of
each resonant element. Thus, the parameter of each
resonant element relative to one another may be altered
15 to enhance the overall modal distribution of the
transducer.
When using two active resonant elements in the form
of beams, the two beams may have a frequency ratio (i.e.
ratio of fundamental frequency) of 1.27:1. . For a
. 20 transducer o~~mprising three beams, the frequency ratio
may be 1.315:1.147:1. For a transducer comprisiné two
dises, the frequency ratio may be 1.1 +/- 0.02 to 1 to
optiﬁise high order modal density or may be 3.2 to 1 to

- -

optimise low order modal density. For a transducer

-13-




(dB) against frequency (Hz)) for a transducer according to the present

i nvention nounted on three different panels; -22 2 9 i"i AR 2~0~<H diafe 2084
is a graph of force, velocity and 'power against varying |oad; Figure 17 is
a frequency response for a transducer according to the present invention
nmounted on panel 5 with/w thout added danpi ng nasses; Figure 18 is a side
view of a toapsdstey acbhoedi ngikeshi gwre 1% rddu@dli® 13dS A side Hew of a
transducer according to another aspect of the invention; 10 Figure 20 is a
plan view Bfoshe. pansduchsyob-Fhoybe319y . ki gures 21a and 21b are
respective side and plan views of a transducer according to another aspect

of the inventioppe 18 Eiaue.22 (.5 ansi dg, vigw ol p Liansdycen according to
anot her aspect of the invention; “Figure 23715 a sl de view of “an

encapsul at ransducer accordj ng to another aspect of the invention;
Figure 24 :fa(gr(tétesiqt & VA5t aﬂ“?an‘%ﬁ?fé%?u%&oﬂﬁilfngb?o oyl | e on

nDunteg on the cone of a pistonic |oudspeaker, and Figures 25a and 25b are

respecti verSTYer Hhd REREATeWS-cof extitans dicer ageustdf ngradialmst hdro aspect
of the invention. 25 BEST MODES FOR CARRYI NG OQUT THE INVENTION 23  z s
r~aR 2004 ¥Fredires 12m howsist jpareltofdr.m | oudspeaker (10) conpri sing an
acoustic .radiator in the formof a resonant panel (12) and a transducer

(14) nounted orTivhe panekd{dd) tbo £X6bé6ndeRgbBEtWAYE MHDI Bld&Htidh t he
panel (12), 5 e.g. as taught in W97/09842. Resonant bendi ng wave panel

CFansducer (1) TS mhinied ot 1 caR P EtoA e B S ol IR B ( 16)
at a positigp WULCh S o [0dal transducer as defined above, the
10  transducer being coupled wvia coupling means to the
acoustic radiétor to excite the acous£ic radiator to
produce an acoustic ocutput. The parameters of the coupling
means may be selected to enhance the'distribution of modes
in the resonant element in the operative frequency range.
15 The coupling means may be vestigial, e.g. a controlled
layer of adhesive.

The coupling means may be positioned asymmetrically
with respect to the acoustic radiator so that "the
transducer is coupled asymmetrically ‘to the acoustic

20 radiator. The asymmetry may be achieved in several ways,
. for example by adjusting the position or orientation of

the transducer on the acoustic wradiator with respect to

axes of symmetxy in the acoustic radiator or the

transducer.

-14-




at 4/9 the of the panel length and 3/7 the of the panel 10\MchrL2§hmaRigm4

an opti mum position for applying a force to the panel as taught by WO

97f 09842. The transducer (14) is a pre-stressed piezoelectric actuator of

the type disclosed in US patent 5632841 (International patent application

WO 96/ 31333) and 15 produced by PAR Technol ogi es I nc under the trade nanme

NASDRI V. Thus t hrget r@@@lw (n%é)lsi n @g)txjmveargﬁggargf eg?ESQBFeﬁg shown
W -

in Figures 1 and la, the transducer (14) is rectangul ar ou = pl ane

curvature. 1 re 20, of the transducer (14 ans that the coupling
means (16)AFE%%?%%@%%3§n1g?gaq?%ﬁ}%ﬁgaFFggﬁmﬂﬁ% ¥%ﬁ§‘ﬁﬁe39%ﬁ%dﬁ€er (14)

is attached tqg-th anel (12) only along_ line A-A The transducer is
centrally %gﬁﬁgediéﬁéltréf?%neogf AEAChTRERC | dheae  Widle al e t hefl engt h
of the 25 transducer along the short axis of symmetry of the -24- . zo
raaR 2004 PFAASAUEBE. THe #madlofiat twehakhon stor itdre atedeasypiinethical |y
at approxinmately 120 to the | ong side of the panel. Thus, the line of

at t achrfent Te§onantpalaneit t orhdecaxed iofy syuaret ryapf behe paned . £§-khe
angle of orientation 8 of the Iine of attachnment may be chosen by nodel |ing

a central | pfmaustet (HRNSHIELT s UShADI L We amdRaSUr @S 4of badnessytopfind the
opti mum angl e. For exanple, the standard deviation~of the Iogl?d%§

magni t ude gbubhenyesRaRSEms , f 10 "roughnes s'. Such figures of
merit/ badness areédiscussgd§i%ergggﬁﬁ§f¥5nal Application WD 99/41839, to

the present appligcan For the nodelling, the panel size is set at 524. Om
by 462. Onm and !Eriégsi %%prly}nfghe“% , “‘Fﬂg d‘a‘?{gflpjrﬁ erf¥fe 15-0an cheden to be
opti mum for the, panel size. The results of the nodelling show that, for a
central ly ﬁ%ﬁﬂfé t rBRsBEcePetWReBngFBechaRgenant 180l ¢raentio @afdecthand t hat
the perfornmance of the |oudspeaker is not unduly sensitive to angle.

Fl owevér ~, 28AEFesCofragiatnme i orTloé owgliduty 90ebns12pr avingeize a

i nprovenent since they score relatively well by both nethods. Thus, the

t ransducerc¢idinaboohd die poisbsedndyd® B0nés Ure Long-wshes: of thg-panel

(12). -25

example, two points or small local areas of attachment
may be used, one positioned near centre and one
positioned at the edge of the active element. .This may
15 be useful for plate-like transducers which are generally

stiff and have high natural resonance frequencies.
Alternatively only a single coupling point may be
'W provided. This may provide the benefit, in the case of a‘
multi-resonant element array, that the output of all the.
20 resonant elements is summed through the singlé coupling
means so that it is not necessary for the output to be
summed by the load, e.g. a loudspeaker radiator. Whereas

such summing might be possible in a resonant panel

radiator, this may not be true for a pistonic diaphragm.

-15-




2 9 MAR 2G-J4 Wen the transducer is nmounted on the panel ~al ong 25*'%*(?
attachnent along the short axis through the centre, the resonancé AR 2004
frequencies of the two arns of the transducer are coincident. 5 A
paraneteri sed nodel of a transducer in the formof an active resonant
element is shown in Figure 2. In the nodel the width (W to length (L)
rati o of the acti® ecoWsbihtmedmsenty ahd thesposkbi tre (Locatkd ke att achment
point (16) along the transducer may be varied. The active 10 resonant

el enent | snrteictramiul an, tdfe | eaghhadt eiemenguren@amah usd r ahesehhe gmodel | ed
transducer (14) nounted on a panel (12) along a non-central |ine of

at t achnentdeIBhe:x esul ésndfahie 30akysl srareeshowy, | B EQures 3 argd.
Figure 3 shows that optinum suspension point has 15 the |1 né of attachnent

at 43's tQA4a HPedhe hepoth ok ;the resonant element: the cost function
(or neasure ofj“égdness") %2 %?n'%ﬁéé&%éE%fﬁ?g“bafﬂ%? ?thCSBngsﬁghds to
an estinma f the attachnent point at 4/9 the of the length. Furthernore,
conput%r h%ﬁ%&h%%f%ﬁ%) WQ#%'ZO attachnment point to be valid for a range
of transducer widths. A second suspension point at 33%to 34% al ong the
length of the r&SonaftllelFmenndapso thispearserimt bl e ofFithe eldnehoks a
graph of cost (or rnms central ratio) against aspect ratio (AREW2L) for a

resonant 2% talcement meynthed ctost4otadl ompritsse etlgd hmodhe dphisiim 26 2 9
MAR 2004 aspect ratio is 1.06 +/- 0.0l to 1 since the cost function is
M ni m sed tae treiseonalti@lement. The line of attachment is preferably

not coincident with a line of symmetry of the resonant

10 element. For example, for a rectangular resonanf element,
the line of attachment may be offset from the short axis
of symmetry (or centre line) of the resonant element. The-
line of attachment may have an orientation which is not
parallel to a symmetry axis of the acoustic radiator.

15 The shape of the resonant element may be selected to
provide an off-centre line of  attachment which is
generally at the centre of mass of the resonant element.
One advantage of this embodiment is that the transducer
is attached at its centrt;of mass and thus there is no

20  inertial imbalance. This may be achieved by an asymmetric
shaped resonant element which may be in the shape of a
trapezium or trapezoid.

For a transducer comprising a beam-like or generally

rectangular resonant element, the line of attachment may

25 extend across the width of the resonant elemént. The area
_]_6_




As before, the optinumangle of attachnent A to the panel (12) na? b?@ y
determned for an optim sed transducer, 5 nanely one with aspect gt W 2004
1.06:1 and attachnment point at 440 using nodelling. At" an angle of 0, the
| onger portion of the transducer points down. In this nodified exanple,
rotation of the line of attachnent (16) will have a nore marked effect and
since the apt és]ﬁé ositfion is no |longer symmetrical. There is a
preference for an angl & of abdltro78ayi P SHald t¥elatohder tenthéachpng | eft .
For conpl et eness, the freguency response of the transducer attached at both
44% and 50%'5f 2FPYSFARgFRIWASCT5 neasured as shown in Figure 5. The 44%

of fset shown in_|ine (20) provides a slightly nore extended bass in
exchange for a fé® ferea3duygsresnay begheved r equendives &han st kachi;denount ed
transducer shown in line (22). It seens that the increased nodal density of
t he 20 of f $etisdrtihee lsudspparatsethybybd henk@ankhal, ithalance saused by a
position of attachnment which is no |onger at the Centre of mass of Fhe

rect angul alehsansdueerof r di 1N i i were nmade tq see

whet her the -27 ® 29 mégggo%b@ig% ’é?gn;ﬁi‘%%%%tgh’g?ac%%‘? d°be "PHprved

wi t hout | ogLpgihbe J-pr modal ity., Figures 6a and 6b show a second
exanpl e, ngﬁg?iﬁgnVEQE%g% o ?§%?Eha$£8 PRIAYGTEES (A8) e BREUFBEM of a 5
r esonant e£§§§§% Pavigg a tr%geziun1shaped cross-section: The shape of a
trapeziumis CORLT ol P¥d By PROSHRFANECernhapee ashectdiakiButamh T&E (t aper
ratio). AR and TR determne a third paraneter, ~., such that sone
constraintm?@e%aﬁpsﬁ#§ﬂ redepandxappteenieqdal tiessopetdaeivsi eeghehbp 10

| ine. The constraint equation for equal mass (or equal 15 20 area) Is as

foll ows; ~FARPIR~~- ~~~d~=~~1+2TRC2- ~~~d~ The above may readily be sol ved
for either TR or ~, as the dependent variable, to give:
10 The loudspeaker may be a resonant bending wave mode

loudspeaker having an acoustic radiator and a transducer
fixed to the acoustic radiator for exciting resonant
bending wave modes. Such a loudspeaker is described. in
International Patent Application W097/09842 and other

15 patent applications and publications, and may be referred
to as a distributed mode loudspeakeri

The acoustic fadiator may be in the form of a panel.

L:) The panel may be flat and may be lightweight. The
matérial of the acoustic radiator may be anisotropic or
20 isotropic.

The properties of the acoustic. radiator may -be
chosen to distribute the resonant bending wave modes
substantially evenly in frequency, i.e. to smooth peaks
in the frequency response caused by "bunching" or

25 clustering of the modes. In particular, the properties of
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~- 1-2~, or ~-1+TR- 1+TRZ ~1-TR 2. ~~1-.2~ 2TR 2 4 Equi val ent exppess3{ 04
are_readily obtained for equalising the nonents of inertia, or for ’
mnimsing the total nonment of inertia. The constraint equation for equal
nonent of inertia (or 25 equal tad nonent of area) is as follows; -28 29

hl; ~R 2004: ~~1+ZTRC2- ~~~~. Z- ~~Zd~=~~| +2TR~~- ~~~~~-~2~'d4 TR=~a'' ' +1
2.i-1~ or H§ 12FRUStic yradiston may sbehechesst r diont deguatiere f oheni ni mum
total nonent of inertia is dRCb(1+2TR~~ -~~~~, ~-~~z d~~=0 |0 TR=3-6.2 or

,~= 1 _TRPYIA Perquenert resoparasbeedohg” badee swidesnasitpreitadifigr the
results of 40 FEA runs with AR ranging fromO0.9 to 1.25, and TR ranging

from0.1 tyegly, im tfirequdhicgonsheal 898 BrcgUddlcyTBES on kR %@g@gg\%cer is
thus mounted at the centre of nass. The results are tabul ated bel ow and are

plotted i wakiegurdesmiGhe Shows 4h8,160St Hngtd pn against AR and TR
tr- 0.90.9511.051. 11. 151. 21. 250. T 155 e E%Lé'rgz.‘%g &é‘&ti’s ?}5“’?5540/& .

3192 .5 19%2 < Y v 5. 9, 59%. 61 %, N56 %. 57%l.50%1. 53%.
0600, Bov. SsT e 43O RO 1B TOR B gVt UGS 49T the scouatic
%. 59%0. 4?2(:1:_%%% 329%d. 239%.. 249%.. 299%.. 25%4. 29%1.. 38%1. 5. 538. 20% .48 %
.44 9d. 4804 98 .. 5594 .58~1 . B0%L.76 % 20 Figure 7 and the tabul ated
results show that there is an opti mum shape (|l abelled at point 28 in Figure
7) with AR=1 an@STREgaZsdyicernglecahionl ovayt oo 3%hare: advantagelef a
trapezoi dal transducer i= thus that the -29 | 9 hl Aii 2004 transducer may
be nount e§UBPSAGLd dlilye evemty achnartte whésbnhat atbdrid reeNd®e Ofodes
gravityjmass but is not a line of symmetry. Such a transducer woul d thus

have the advartiegesaobusapeovetamdalr di sihi by-dan,cihout, beipg.b
inertially unbal anced. Accordingly, a nodel of the optimsed trapezoi dal

tranSdUCEEréq&eﬂ@@ifgkdﬂhﬁ@ebéﬁ&?ngaﬁ%%én%%ﬁe§§ I, other words,
the transducer may be mounted at a location where the
number of vibrationally active resonance anti-nodes in
the acoustic radiator is relatively high and conversely
the number of resonance nodes is relatively low. Any such
15 location may be used, but the most convenient locations
are the near-central locations between 38% to §2% along
each of the length and width axes of the acéustic
radiator, but off-centre. Specific or preferential
locations are-at 3/7,4/9 or 5/13 of the distance along
20 the axes; a different ratioc for the length axis and the
width axis is preferred. .._].?referred is 4/9 length, 3/7
width of an iéotropic panel having an aspect ratio of
1:1.13 or 1:1.41.
The operative frequency range may be over a

25 relatively broad frequency range and may be in the audio
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above, in order to find the best orientation. Thus, as above, the panel
size is set at 524. Omm by 462. Om and 10 the panel material is chgafn to be
optimum for the panel size. The two net hods of conparison used pr $ﬁ%1jmﬂ4
again select 270 to 300 as the optinmum angle of orientation.. An
alternative way of optimsing the nodality of a transducer is to use a
transducerrgg rigkgg tmnéﬁftive 15 el enents e.qg. two coi nci dent

pi ezoel ectTT¢ beaftt  Rrbedi HRSW et SFHdes, TRE%R t | RYF r 6vhSQ f BRlanent a
nmode, which are defined by the geonetry and the nmaterial properties of the
beam The ?'Rigjekcaa‘?%o%rﬁi oM dEnpsp &8N nrenghagf i dedi timading

| oudspeaker using the 20 transducer above resonance. Thus, a second beam
with a di sthéputd ovidérnbdadwwhitahandy/en ¢avger mdgethlengowiddt heitie nodal
distribution of the first beamis selected. By interleaving the

di stributilen, tdefuversy| ourput obrt h@ildranyiucsl mydde oRihdased. The
criterion for 25 optimality is chosen to be appropriate to the task in -30

2 9 MAR ZQ%M%Fomﬁéan%%gaggggp%n\%giga bégﬂggorﬁée%%e& Qfean,

transducer is only up to the 2 It ot sensible toe%ptinise

the interl I : | rst t.en nodes,.as this_nm rejudice the
opti mal i tyleag%@{ﬂ%g }I&és]? EY3 aorSlil%ede‘gqm%Bﬁgf:dePPﬁbéﬁ‘g SEEI% of first
pi ezoel ectri ¢ .bi__nmorph 36mm I ong by 12 mm wi de and 350 microns thick
overal | vWﬁQﬁ1qﬁﬁ?%é¢%ﬁﬁkﬂﬁ¥n?ﬁ MRS r esonance at around 960 Hz. The
first nodes are given in table 1. 10 TABLE 1 No. Frequency
(Hz) 1957224603516948S3sthe frg@tenannsiuc erhavasoprmeat Bk orf xegraidy panel
and the frequency response is plotted in Figure 8. There

range is preferably above a predetermined lower limit

10 which is about the fundamental resonance of the
transducer.

For example, for a beam-like active resonant
element, the force may be taken from the centre of the
beam, and may be matched to the mode shape in the

15 acoustic radiator to which it is attached. 1In this way,
‘the action and reaction may co-operate to.give a constant
output with frequency. By' connecting the resonant element
Lo the acoustic radiator at an anti-node of the resonant
element, the first resonance of the resonant element may

20 appear to be a low impedance. In this way, the acoustic
radiator should not amplify the resonance of the resonant
element .

According to a third embodiment of the invention,
there is provided a microphone comprising a member

25 capable of supporting audio input and a modal transducer
-19-




are strong outputs (38) at 830 Hz and 3880_ Hz, with dips 15 (40) at 1.6

kHz and 7.15 kHz. The frequencies of the resonances are |ower than o
predi cted, probably because of the difficulty in accurately predicgﬁnﬁmﬁhémﬁ
mechani cal properties of the piezoelectric material. The response has too
many broad di ps to be useable 20 since there is a need to boost the output

in the regidgnsdafourd tdeod: p:didl)ed Thys Bndeammmbdh 8oC SRNt gLy set
of frequencies, nanely a set which produce a -31 2 S MAR . 2004 frequency

response wbﬂ@qmaﬂcsﬂMm5ﬁtﬁ@@reigrefggggﬂgg the f&ﬁég éﬁgnsgggggtmould be
ideal. A shorter piezoelectric elenment "wll have a |gﬂer f undament al
resonance. eHeg-pdes for such a 28mmlong 5 beamare shown in table 2

bel ow;, TABLE 2 . Frequency (Hz)115842436138531414062 The two beans may be

conbined to for bl e beam transducer (42) as shown in Figure 9. The
transducer (42)g%%x%%%ﬁ%1s%% E f‘?@?ﬂbi@?E@@EEFPFCCﬁéa%$%43?V@ﬁt%ﬁ@,back of

whi ch E§ nggnted a, second piezoelectric beam (51) by connecting neans in
the form of “8%§t ub'§ 48PHVEAEd ad t Hensent pendficbdbh bdarmcirEachabgéamis a
bi -nmorph. The first beam (43) conprises two |ayers (44,46) of different 15
pi ezoel ect FPEPHEEertale awdatlhecseatod heamefEihed empveses two | ayers
(50,52). The poling directions of each |ayer of piezoelectric material are

shown by arrowsA4e)ydikachd ayeri{dd, caBbaRASHAN APPAS t L PAld Nig, di Lection
to the other layer (46, 52) in the bi-norph. 20. The first piezo€lectric

Fgﬁg;ég:k:féggﬁgr?ﬁgseﬂaﬁﬂmﬁ 4 T UGS d )y (%é%pfig@%%digg_%gggnant

acoustic radiator and a modal transducer as defined above,

10 comprises the steps of analysing the mechanical impedances

of the rescnant elements and the acoustic radiator,

selecting and/or adjusting the parameters of the radiator

and/or the element to achieve the required modality of the

resonant element and/or the radiator and to achieve a

15 required power transfer between the element and the
radiator.

According to a sixth embodiment of the invention, a
method of making a loudspeéker comprising a resonant
acoustic radiator and a transducer as defined above,

20 comprises the steps of analysing and/or comparing the
variation of velocity and force for a given modally
actuated acoustic system, and selecting a cowmbination of
values of velocity and force to achieve a chosen power

transfer.

25 BRIEF DESCRIPTION OF DRAWINGS
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coupling nmeans in the formof a stub (56) |ocated at the -32 20 rn~tﬁ¥gﬁ ;
centre of the first beam The beams coul d be used on either side off &l 04
panel, possibly in different |ocations. By mounting the first beamat its
centre only the 5 even order nodes wi Il produce output. By |ocating the

second beam behind the fir4st beam and coupling 'both beans centrally by

way of a stub they can both be considered to be driving the same axially

al i gned or coi néRGeAnvessiivhons tHaghemnmetenehly alzuporaeed) dgetdey, the
resulting distribution of nodes is not the sumof the separate sets of
frequenci esf bssaule, eanhtkt eaesbmp®ey {n@sdtdei iglas, ehitdhe other. The
frequency in Figure 10 shows the difference between a transducer conprising

a single beam 15i§60p, andsihgs C LBl : ed t e 2). The
two beans are deé?gned so t hat t%ﬂ?%bﬁﬁggsﬁgﬁé?ﬁﬁggé#§d?%t??gé?i%ﬁéQare

i nterl eave e veral,|l mnodality of the transducer. The two
beans add ?83§?ﬁ§$§§g %&%ﬁ%ﬁ%&%a%%% 1 e Bu 5%‘“%8@f”§ frequency range of 20
intere%g. LocaIFQar£0m1dips occur because of the interaction between the

pi ezoel’ectric beiAE &t ‘thei$ FndPFFUGRI PEFERNGLHEL2ADEEs 1 ke Ade gl beam
may be chosen by using the ratio of the fundanental resonance of the two
beans. If ?ﬁﬁuﬁ% katerials and thicknesses are identical, then the ratio
-33 Z 9 MAR 2004 of frequencies is just the square of the ratio of

| engths. |f theFhirgher D (fisndaaentsdhdm=gguencplahs siigéy pkaceghdal f way
between fO and fl of the other, |larger beam f3 of the smaller beamand f4
of the | ovearsnbeanicednahstel Figur & | ha-shoeea JnaPRr8ing coOst doction
agai nst ratio of frequency for two beans which shows that The ideal ratio
is 1.27:1,pRagehy WheLg-idhe, cost function is minimsed at point (58). This
ratio is equivalent to the 10 "gol den" aspect ratio (ratio of f02:f20)
.descrihbed in W 8 -ne met hod. of inprovin he podality of a

trans Ecer may %%éggéeéae Ty uBPRY ¢ Rr BE FﬂgbgPi%¥rgg F&&ns i (P
transducer,, Figure 11b_shows a section of a graph of a 15 cost function
agai nst rd??%?%hm?q%d%%n o h &ind 19KE Rdeal ratio is .
1.31S:1.147:1. The method of conbining active elenents, e.g. beans, may be
extended to usifFprezdeteceargraghsef. cstnggawnst suspension length

(3L} for the transducer of Figure 2;
Figure 4 is a graph of cost against aspect ratio for
15 the transducer of Figure 2 mounted at 44% along its
length;
Fiéure 5 is a graph of the FEA simulation of the
frequency response for a panel-form ldudspeaker of Figure
1 with a transducer mounted cat 44% and 50% along its
20 length;
Figures 6a and 6b are schematic plan views of a
transducer according to another aspect‘of the invention;
Figure 7 is a piot of the. cost function against AR

and TR for the transducer of Figures 6a and 6&b;
-21-



discs, the ratio of sizes of the two discs depends upon 20 how rran§gnq%szgg4
are taken into consideration. For high order nodal density, a ratid “of
fundanmental frequencies of about 1.1 +/- 0.02 to 1 may give good results..
For | ow order nodal density (i.e. the first fewor first five nodes). a
rati o of fundanental frequencies of about 3.2:1 34 2 ~t~Ai 2004 is
good. The first map.LQME ween the second and third podes of the |arger
disc. Since thereis a Iirgjgégaag b]%ert&vﬂleenn%}ﬁe TTROShd S¥Eorit rEdicHle nodes
in each di s ter. S interleaving is achieved with three rather than
with two diséglces. V]\{ﬁ]eecg%l dibr?ﬁnéttrﬁ‘fl? U8PE¢ to the doubl e disc transducer, the
obvi ous first . tar get is to plug the gap between the second and third nodes
of the larger di slcétb’fet he pFRAWDUS? casbde Howkewr , ofeoret rdallfcognessi on ~
shows 10 that this is not the only solution. Using fundanental frequencies
of f0, a.f(TANFRERD acaeddpngt tongnr ambadaddnt I 66t t ABANLSAMAI&). i N Fi gure
lic, th%are exi st two principal optima for a. The values are about 1.72 and
2.90, '?the two Higure (B5)isnat hg-aghaphhow I er. 5 r ondi ng
to the obvious gap-filling net hg%. Usi ng fit}ﬁgda?r%%téfl f eélﬁé'ncﬁc%@%%%fo,
a.f0 and (8if @hsottrbaisdiebhsseal Fgs-ar e {1 g6 ANQ.using the above val ues of
a as seed values, slightly better Optim are achi'eved. The paraneter pairs
(a,(3) are (1.63. d .(3.20, 20 8.19). These optim are quite '
shal | ow, neani nglﬁégt%%z/a?f%t iChs1df 139% &raghen 2ds, cpatt reygiarsdmener

val ues are ilgglcce table. An alternative approach for determning the

di fferent dFEEIUEBCHe Xt nefbr sa t doubhsi theant heronsiuasy - 35 trdpTeMAR
20D4 a function of the ratio of the radii of the three discs. Figure 11d

shows t he Peaul txansdBEsr amad ysitsr P16t tding: tgyag%cgjggler]_eg% ctions
against ratio of radii. In Figure 11d, the three discs ar ec%%ééjleggnt oget her

al thodgh it is Rogedet ha agaly$Agnt ke tdyge %%??# nﬁa- sol a%i on .produces
a

simlar results. The three cost fufctions are 18t O5uni8ticent ral

di fferenc S h Lo of central, differences) and SCR (sum
of centraleﬁ?gti 5%% j(sﬁhlcg/\nn@%?/él ?ﬁélgg%%ﬁ * ?Eg?raﬁﬁg((%) ?%%Erlé‘)élfi gepgct Fgr a

set of nodg¢ fye ies. fo, fz, fn, .,, fN, these functions are defined
as: RSCD (R sum %?‘?&E%d%’ 10 N1 ~('" 11 ~~n+l1 +fn-1 Zfn ~ SCR= N ~ fn+l
"fn-l .
Figure 12a is a side view of a multiple element.
transducer according to another aspect of the invention;

15 Figure 12b is a plan view of the transducer of Figure

12a; -
Figure 13 is a graph of cost function against aspect

ratio for a transducer comprising two plates; -

Figure 14 is a frequency response (sound pressure

20 (dB) against frequency (Hz)) for three transducers of
different thickness mounted on a panel;

Figure iS is a frequency response (sound pressure

(dB) against frequency (Hz)) for a Eransducer according to

the present invention mounted on three different paneié;
=-22-




RSCD=N In_~ NI~( (fn) ~. fO SCRD (sumRCD): z SRCD = 1 ~~fn+~ +fn-~ -2fn
N-1 n_~l fn 15 The optimumradii ratio, i.e. where the cost functiopgigag 2004
mnimsed, is 1.3 in all three lines in both Figure 11d. Since t'he square

of the radii ratio is equal to the frequency ratio, for these identical
material and 20 -36 ~ a M 4R 2004 thickness discs, the results of
1.3*1_3=1.69 amidure anal \td cal grephl todf fhree,areeidcgoodangr eeneit .
Alternatively or additionally, passive elenments nay be incorporated into

t he transoggaejngtoddm;iglgelbgg,ﬁ overall nodality. The active and passive
el ements may be arranged in a cascade. Fj.gures 12a and 12b shows 'a

ltiple di td; .70 |.Sl t j i i t
(72) Stacked witl P phsSrve® r SEORARPEd) Qa5 ot Co0 SRR ety

pl ates so thcat 0] th%é):]mgei_%of t he active and. passive elenents are
i nterl eavet: "8 eméht e RIGHITEtt ed-BYFE IR HEANST n RAEL or m of

stubs (78) |ocated at the centre of each active and passive el enment. The

el enents B/ d adsEeAampéan| pasEgeh el enent has different 15

di rensions with the snallest and | argest discs located at the top and

bott om of the dtiankse riéspectd walde Vilse tofans ducersdut®r i acqmuditsd tan a | oad
device (76), e.g. a panel, by coupling neans in the formof a stub (78)

| ocat ed atridiarecart;re of the first passive device which 20 is the |argest
di sc. The nethod of inproving the nodality of a transducer may be extended

to a transducerlpiGAMY i13) NG 13t iMELl SMent Srdisdiiaef At Hapipzeel ectric
plates. Two plates of dinensions (1 by a) and (a by az) are coupl ed at

(3/7, 25 o Figure. 13 shows.a graph _of cost function agai nst -37 29
MAR 2.0044‘45‘2')@6"5‘&1; raa?’ue%t(a 5 %HXQ%‘%‘?P% value (75) for a is 1.14. The

frequency ratiq,is therefore about 1.3:1 (1.14 x 1.14 = 1.2996). In
addi t?Bn or as%dﬁ%et ethat$ v PHan) Yé?i"n&(ft ast}ﬁ?d’zﬁd"(ﬂ%réi,fte'%’igé’ﬁecs of

t he transducer, the paraneters of the object, e.g. panel, on which the
transducerldis nounted may be altered to match the nodality of the
transducer. Fox exanple, considering a transducer in the formof an active
resonant el enedtigunest edlan andanrdb, ibeFi gespsctitvancdite show howrt he
frequency response differs
views of a transducer according to another aspect of the
invention;
15 Figure 22 is a side view of a transducer according to
another aspect of the invention;
Figure 23 is a side view of an encapsulated
- ‘transducer according to another aspect of the invention;
Figure 24 is a side view of a Eiansducer according to
20 the invention mounted on the cone of a pistonic
loudspeaker, and
Figures 25a and 25b are respective side and plan
views of a transducer according to another aspect of the

invention.

25 BEST MODES FOR CARRYING OUT THE INVENTION
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wi th thickness of the transducer and thickness of panel respectivekyg'ﬂxﬁeﬂm4
active elenent is in the formof a piezoelectric beam Figure 14 has three
frequency responses (84),(86),(88) for a 177 mcron, a 200 mcron 15 and a
150 m cron beamrespectively. Figure 15 has three frequency responses (90)

, (92) , (94) for al.lmm a .0.8mand a 1.5mm thick panel respectively.

Fi gures 14 and ¥s9giew that shhesfr equepepetespense I@idgpdaldamt paneg)

mat ches the frequency response for a 20 177 mcron thick beam Hence, the

modal i ty ofomptisimg panelcomitGhesrddattf B lfife NESEANDEaM cAbLoUgh the
transducer is nodal, a nean force and velocity nmay be estinmated for any

| oad or papehelnpedancendrhe ey cﬁﬁph?fh?ahmﬂﬂﬂﬁ£%iéna%ﬁklE@éﬁ en 2S
S - Z's Nay

the product of the force and the velocity is. at a -38 0

maxi num T rans .used to drive any |load and the optiml | oad
val ue nmay Eg2§03%d jggfg?¥?%§l€ éwgg?og?b§afi?é)FqﬂﬁQ?cP?%P¥J.§§)and t he

mechaniccal _power _i 174) .agai nst | oad resistance as shown in Figure 16. The 5°
H pot )Jﬁadf?@élfr s“w%?ﬂﬁégﬁ%d heageranhceending proxe npartl

naxinun1pomé?‘(§§6
| 2Ns/m for_a~ |ower |oad resistance, the velocity will increase and the
force decr@88@Kehfid Fortangter IRoMOIdIost@ncese t hrowel esi Dy wirt | Ddiecr ease
and the force increase. 10 Figure 17 shows the results of adding snal
masses (l0apeakerhe enthef ttrhesduezeel o) i st ranstuee o A0SndaVi &9

coupling nmeans (105) as shown in Figure 18. In Figure 17 there are shown
the frequetlty pespONs®s £d@8ling means (16) at a position which is
at 4/9-ths of the panel length and 3/7 ths of the panel
10 width. This is an optimum position for applying a force
to the panel as taught by WO 97/09842.
The transducer (14) is a pre-stressed piezoelectric
actuator of the type disclosed in US patent 5632841
(International patent application WO 96/31333) and
15 produced by PAR Technologies Inc under the trade name
NASDRIV. Thus the transducer (14) is an active resonant
element .
As shown iﬁ Figures 1 and la, the transducer (14) ie
rectangular with out-of-plane curvature. The curvature
20 of the transducer {14) means that the coupling means (16)
is in the form of ';' line of attachment. Thus the
transducer {(14) is attached to the panel (12) only along
line A-A. The transducer is centrally mounted i.e. the
line of attachment is half way along the length of the

25 transducer along the short axis of symmetry of the
-24-




110 and 112) for a transducer with no mass, a beamwith 15 two 0.67g nass
and a transducer with two 2g nasses respectively. A beamwth two &a H’iﬁgsgﬁﬂf
is ideally matched since the frequency response (110) has . |less variation
inthe md_ range (lkHz to 5kHz) than the frequency responses (108, 112)

for no masses or 0.67g 20 masses. In Figures 19 and 20 the transducer (114)
is an inertir%!nse ectrodynanic nmoving coil exciter, e.g. as deseribed in
W97/ 09842 RANTTH % Voi ce &BFI f8Pf nPlan abErvemenenehs (orbynhated

passi ve resonant elenment in 25 the formof a nodal plate (118). The active
el enent (1BSYWBtricakly ~aq 2psdoksmapediedrt the vmdalod) adead 148) and
off-centre of the nodal plate. The nodal plate (118) is nounted on the

| (116 | @hu612@he T | e Sl ' is (2) of
panel (116)they pageupl ehubl2@he Thg,£O0HpR! %&(ﬂﬁ:&@érﬁ“%‘jﬁ g %gﬁ%ﬁgﬂﬁi éf? 0

the active elenent but not with the 5 axis normal to t

the panel (L16he Thys tdie s&g{g%ﬁeictt%enot coj ncident wth the normal’

axis (Z). The active elenent 1s ed HE'%n el ectrical si gnal . i nput

via el e;__g:trical wires (122). As shown in Figure 20, the nodal plate (118) is
- 10 perforate t 0 TSl S e hcwiiantatinn £ i of ther dinenpf Thet achiwet el enent
is located off-centre of the nodal plate (118), for exanple, at the optinum

nmounti ng p@ebt iben,chicamn (13 fmodd1A)indvbs eeuatral e hbansddceratddddel-s
nounted of f-centre on the panel (116), also for exanple, 15 at the optinum

nounti n asiihgontwo. er*médkdred/ Vg et sd rd igt . not
g posihg médbhred/ D¢ £8080dUCe $§}&ﬁ?ghéar£5¢ﬁ%%ﬁe ol ane

coincident with either of the two normal axes (X

of \ne_penehatdlO). cEowesAle A 21b shanf ALANRCET (129, 20,0

conprising an active piezoeléctric resona
coupling ( ZE%nin he foarmof a stub to a panel (128). Both the
t__ransduce???%%) jﬁéa Jf%léé%ané’% (fgﬁ ha7EPPREPos B wWRdt MeEEUrengt it of
flfl.li. The )
0 roughness". Such figures of merit/badness are discussed
in International Application WO 99/41839, to the present
applicants. "
For the modelling, the panel size is set at 524.0mm
by 462.0mm and to simplify the model, the panel material

15 is chosen to be optimum for the panel size. The results
of the ﬁodel;ing show that, for a centrally mounted
transducer, an angle change of 180° has no effect and.
that the performance of th; loudspeaker is not unduly
sensitive to angle. However, angles of orientation of

20U about 90° to 120° provide an improvement since they score
relatively well by both methods. Thus, the transducer

(14) should be oriented up to 30° to the long side of the

panel (12).
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coupling nmeans (126) is not aligned with any a::es (130, 25 X, Y, Z) 2af MAe 2404
transducer or the panel. Furthernore, the -40 19 r~aR 200 pl acenent of -
the coupling neans is located at the optimum position with off-centre with
respect to both the transducer (124) and the panel (128). Figure 22 shows a
transducer (132@ inthe formof 5 active piezoelectric resonant elenent in
the fore of a b83RP fihe traiswinear (182yourteduphedieo prpaEnatl@iB4y by two
coupling nmeans (136) in the formof stubs. One stub is |ocated towards an
end (138) dfinehechbeant badhndret otdlemast uihe s shoeat edxtiewardsotfR censre of
the beam 10 Figure 23 shows a transducer (140) conprising two active

resonant etenenes Ehé2,deddin=60up| B RIOIEIECLE NGLAERRS, (4D S9d- o
encl osure (148) which surrounds the connecting neans (144) and the resonant

el ements (té@hsdadbert haBsdycgrilisnthus made shock and inpact resistant. 15
The encl osure is nade of a | ow nechani cal inpedance rubber or conparable

pol yners so as ngt I e _transducer operation. |f the polynmer is

wat er Egsistantg ?ﬁga?ggﬁggﬁégrmffﬁg)o#a§ Eégﬁﬁ GRgt erpridet . fomR @bper
resonant e gnggé.$142 is larger than the 20 | ower resonant c-~.-el enent
(143) whi chi'i S°cdUpl EFPFF L patementss)s hewn coupFiLayTRedns TP tHeef or m of
a stub. The stub is located at the centre of the | ower resonant el enent
(143). The® r BSupVides (180)td odepgth ath) veaglienenf evkersbfiem the
encl osure to all ow good audio 25 attachnent to a | oad device (not shown).
-41 resonant element and the position (x) of the attachment

point (16) along the transducer may be varied. The active

10 resonant element is rectangular, of length 76 wm. Figure

2a illustrates the modelled transducer (14) mounted on a
panel (12) élong a non-central line of attachment.

The results of the analysis are shown in Figures 3

and 4. Figure 3 shows that optimum suspension point has

15 the line of attachment at 43% to 44% along the length of

the resonant element: the cost function (or measure of

"badness") is minimised at this value ; this corresponds

to an estimate for the attachment point at 4/9 ths of the

length. PFurthermore, computer modelling showed this

20 attachment point to be valid for a range of transducer

widths. A second suspension point at 33% to 34% along

. the length of the resonant element also appears suitable.

Figure 4 shows a graph of cost (or rms central

ratioc) against aspect ratio (AR=W/2L) for a resonant

25 element mounted at 44% along its length. The optimum
-26-




2 9 MAC 2D04 Figure 24 shows a transducer (152) according to the ﬂﬁ%éﬂ@ﬁdﬁ04
applying a force to a diaphragmfor a pistonic |oudspeaker- The di aphragm
is in the shape of a cone (154) having an apex to which the transducer is
nmounted. 5 The cone (154) is supported in a baffle (156) by a resilient
term nation (158). Figures 25a and 25b shows a transducer (160) in the form
of an platg-é%ke act%ve resonant_ el enment. The resonant element is fornmed
with slots (482) which defs ne 08 fitdger § -C64Fand t Ri&CForHha cost

mul ti-resopant system The resonant elenent is nounted on a panel (168) by
a couplinggﬂ%%ﬁé TniehelReoraPed at stlubs (I86Ye-The present invention may be
seen as the reciprocal of a . distributed node panel, e.g. as described in

15 S"Z097/ 09842hsi hetbat, t keel raptSAIGErangl desEgrRed dchmRera editsd rihat ed
node obj ect. Moreover, the force fromthe transducer is taken froma point

opt i mim | 02at on' (3] 73 o 35 PREVET AR ABBLITAE T 4 TR o ¢ hus

provi des ducer haying an i nproved. performance and a | oudspeaker or
ni crop on§“§ﬁ$@i ﬁ%gsw%%é %ﬁ?rgaﬁ?o b- QA RNSHRF TGRSt PAIE

el ectromechani cal force transducer conprising a resonant el enment and
coupl i ng Mdané46n Heng egodarnitl iseneht - for apghéi nof t b8, t tarsduseset 0 a
site to which 5 force is to be applied, characterised in that the

transducerpdwasian oAt ended repeialceve Jdieauendywh anden the d esaneficgl ement
has a frequency distribution of nodes in the operative frequency range and

Lhe parambeiprd, theckesapanbe Nt s ke SP! SH R R NREF LR
‘have a more marked effect and since the attachment

10 position is no longer symmetrical. There is a preference

for an angle of about 270°, i.e. with the longer end
facing left.
For completeness, the freguency response of the
transducer attached at both 44% and 50% of its length was -
15 measured as shown in Figure 5. The 44% offset ghown in
line (20) provides a slightly more extended bass in
exchange for a few more ripples at higher frequencies
than the mid mounted transducer shown in line (22).
It seems that the incréased. modal density of the
20 offset drive is compromised by the inertial imbalance
caused by a position of attachment which is no longer at
the centre of mass of the rectangular transducer.

Accordingly, investigations were made to see whether the
-27-




|0 of nodes in the elenent in the operative frequency range. 2. A7§ NﬁkR 2004
transducer according to claiml1, wherein the. coupling neans is attached t
the resonant elenment at a position which is beneficial for coupling nodal
activity of the resonant element to the site. 15 3. A transducer according
toclaim1l or claim2, wherein the resonant elenent is passive arid the

t ransducer igBAPEHSES sy in n Y W he .t ant el ement ~is
coupled to an active traﬁggﬁte?OgF§n§ﬁ$.lﬁgfﬁgeg ?Pgﬁéggcgfﬁi? r%ﬁ%g to
claim 3, \A@ﬁf)%ge&hﬁoggggg ting neans is attached to the resonant el ement
at a position which 1s beneficial for enhancing nodal activity in the
resonant neans. ?.u@égr sducer gccording to claim3 or claim4, 25 wherein
the active el enen? te select’®d PPome JrBEFONE3 eXappd e,y nampdas an
consisting of noving coil, noving nagnet, piezoelectric, magnetostrictive,
el ect r ost rieY TR Ghaddi¥ctstmpafbvicassdacen t{dsduvertaccbodnngtt a any one
of claine 3 to 5 wherein the resonant elenent ie perforate. 5 7. A .
t r ansdacerr@eepr e ngleneoktahavingr =Claiape ivwheslehped hereesonadt i @lement is
active. 8. A transducer according to any preceding claim wherein the
resonant. BiensiMpbasfan agepeldiGraRey R M 168 ISy SR | p1 s ate
acoustic radiation therefrom 10 9. A -transducer according to cllaim?7 or
claim 8, wereidetder actd | ecche is te t hg, grou si sting
of piezoel ect r% c,IS nagng%%ﬁs/;t?ﬂact%?/%, nié ect(‘?%é%}i c??\i'/égg]hd e ec‘—iu?cgt vi ces.
10. Atra . according.to claim9, wherein the 15 active elenent is a
pre-stresgig p|éf%%l%c?b%%ddgﬁfgggtfff At BRGEUIERT R FRFRG Y one of
clainms 5, 9 and .10,.wherein the active element is a piezoelectric device
which is Mour®d a3 pr afer| PREMBUBst Lale lamastheridiben tidd dith Wfe t he
substrate is at least twice that of the 20 pi ezoel ectxic device. 12. A
transHﬁceﬂJéEbording to any preceding claim wherein the resonant el enent
is nodal along two substantially normal axes. 13. A transducer according to
any preceding CMEHrqoﬁ&tmmmmei@qﬁ@@i§ﬁ2§o@fe&ﬁg1cggggimgrngéﬂ§1is
conparable with -44 2 9 M- R 2D04 or |ees than the wavel ength of waves in
t he oper atanea)f equancsorange; 14. A transducer according to any preceding
claim wherein in the operative frecZuency range the coupled 5 resonant

el ement has a density of nbdes which is '

o) iy

15
: The above may readily be solved for either TR or 4 as the
dependent variable, to give:
=22 1+TR-1+TR* 1 7R
= ————— = £ o c—
241 2) 27R 2 4
20 ‘

Equivalent eXpressions are  readily obtained for
equalising the moments of inertia, or for minimising the
total moment of inertia.

The constraint equation for equal moment of inertia {or

25 equal 2™ goment of area) is as follows;

-28-




sufficient for the active elenment to provide an effective nean average
farce which is substantially constant with frequency. 15. A trang ggﬁ 004
according to any preceding claim 10 wherein the paraneters are sel eg
fromthe group consisting of aspect ratio, isotropy of bending stiffness,

i sotropy of thickness and geonetry. 16. A transducer ~ according to any
precedi ng gla exe t he reso nt plat e- like. 15 17. A

t ransducer éét@ﬂ&igg- %I&Wafhﬁfﬁz @he?ﬁﬁn—tﬁajﬁés it plate is fornmed with
slots or disconti ti to formAlmlti\fesadant system 18. - A
transducer according to preceding claim wherein the or each resonant

el enent |sjgeﬁgnajgﬂ zgljyashapq_ofRZO a beam 19. A transducer according
to any onel- ?Q?m%R§Xb§fr- Akererr the or each resonant elenent is
generally dis haped. 240! 1a transdiicer according to claim 16 .or claim 18,
25" wherein the resonant elenment is generally rectangul ar. 45 2 9 WP, R
2CC4 23. Ahe assvhedera bt orativef tan anfjooneniofimiai reso t It omP‘F‘en\’RheP& n the
resonant element is trapezoidal. 22. A transducer according to claim 18 or
cl ai m 20, iwkendian #dhe resonant el enent is curved out of planar. 5 23. A
transducer according to any preceding claim conprising a plurality of
resonant el enents each having a distribution of nodes, the nodes of the
resonant ele ts being aryanged tq interleave in the operative frequency
range, andfc f £ebi Ine @jprr Ql%ng the resonant 10 el enents together.
24. A trandd r accqrdi 0 g a when dependent on cl aim 18,
conprising two beans having a frequency ratio of 1.27:1. 25. A transducer
according to claim?23 mh _gpendent on 15 claim 18, conprising three beans
havi ngga freggensy &aLgQ_DI 315:1.147:1 26. A transducer according to
';cHa|n123 when dependent @dn o aim 19, conprising two disc el enents having a
frequency ratio of 1.1 +J- 0.02 to 1. 20 27. 1t transducer according to

cl ai m 23 when dependentfinrciclai Md@asepaprifsi Migadnwssl scwabemptselavi ng a
frequency ratio of 3.2:1. 28. A transducer according to claim 23, wherein

t he for the results of 40 FEA runs with AR ranging from 0.9
to 1.25, and TR ranging £rom 0.1 to 0-5:l with 2

15 constrained for equal mass. The transducer is thus
mounted at the centre of mass. The results are tabulated

below and are plotted in Figure 7 which shows the cost

function against AR and TR.

- txr A 0.9 0.95 1] 1.05( 1.2| 1.15) 1.2] 1.25
..\W) 0.1]47.51%[2.24%[2.16%}2.16%(2.24%|2.31%|2.19%2.22%|2.34%
0.2[45.05%[1.59%|1.61%|1.56%|1.57%|1.50%[1.53%[1.66%[1.85%
0.3|42.66%{1.47%]1.30%|1.18%(1.21%|1.23%[1.29%(1.43%{1.59%
0.4[40.37%[1.32%[1.23%[1.24%]1.29%| 1.25%[1.29%{1.38%]1.50%
0.5/38.20%|1.48%(1.24%]1.28%|1.54%]1 56%|1.58%1.60%]1.76%

20 Figure 7 and ‘the tabulated results show that thexe

is an optimum shape (labelled at point 28 in Figure 7)
with AR=1 and TR=0.3, giving A at close to 43%. One

advantage of a trapezoidal transducer is thus that the
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plural resonant elenments are disc-like arid conprise at 25 | east npgqg §#@ﬁ4
disc-1i ke elenents. 46 z s MAR zoa~ 29. A transducer according-to C|%I _
28, wherein the three disc elenents have a frequency ratio of 3.03.1.63.1

or 8.19:3.20.1. 30. An inertial electronechanical force transducer 5
according to any preceding claim 31. A | oudspeaker conprising an acoustic

radi at or andamsdiuaesduggr, aggor.di recedj cl al he.transducer
= k asgording- 49 %ﬂgggci%edj[%% My achment ¢ o

bei ng coupled to the acoustic radiator to e acous

produce anyaGeustii p 2. | udspeaker accordjing to claim 31,
wherein the paranéfé%g %?étﬁénggﬁppéngrﬁgﬁﬁgagﬁéss Yot RO cBntiBE t he
distributigg okyﬁgg§§ in ghe resonant elenent in the operative frequency
range. 15 33. otdSPeak &P EecBr dFRGEEUERE] n¥3BLler Ehaism Bavewhehein t he
coupling ne%ns is positioned asymmetrically with respect to the acoustic
radi ator. 3%VR"PEGEs pHakrpER R dmadat o cdisy rabeitdiorg| aiih@it t be33g
wherein the coupling neans forns a |line of attachnent. 20 35. A | oudspeaker
accor di’ng £8eEFapmlg4aunkhdeeicedthe |ine of attachment is not coincident
with a line of symmetry of the resonant elenment. 36. A | oudspeaker

according to clatoo3diaglel ai garherei nthes Eﬂﬁi%%datg g g Ls not

parallel to a 25 symmetry axis of the acoustic Padiator. g BQEQ dﬁ;,R

200'r transducer was applied to the same panel wmodel as in
above, in order to find the best orientation. Thus, as
above, the panel size is set at 524 .0mm by 462.0mm and

10 the panel material is chosen to be optimum for the panel
size. The two methods of comparison used previously again
select 270° to 300° as the optimum angle of orientation..

An alternative way of optimiéing the modality of a
transducer is to use a transducer comprising two active

15 elements e.g. two coincident piezoelectric beams. A beam
has a set of modes, starting from a fundamental mode,
which are defined by lthe geometry and the material
properties of the beam. The modes are quite widely spaced
and limit the fidelity of a loudspeaker using the

20 t‘ransducer_ __above regonance. Thus, a sgecond beam with a
distribution of modes which interleaved in frequéﬁcy 'w;ith
the modal distribution of the first beam is selected.

By interleaving the distribution, the overall output
of the transducgr may be optimised. The criterion for

25 optimality is chosen to be appropriate to the task in
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37. A loudspeaker according to any one of clainms 31 to 36, Whereb@ t 004
shape of the resonant elenent is selected to provide an off-centre | 8?
attachment which is generally at the centre of nass of the elenment. 5 38. A
| oudspeaker according to any one of clains 31 to 37, wherein the shape of
the transducer is trapezoidal. 39. A |oudspeaker according to claim 31 or

claim 32, whenei npthe LoUpIiNg a 0 a I'l -local, area or. point of
attachnment. 10 40. A IouggteékegFagég%d %%Stgagﬁy gﬂg ok“%I Pis 3190 39,

wherein th [ neans J s positiaoned y fromthe centre of the

r esonant ng%gggpc%%.%E|%ﬁl pgﬁkgp égg%r%¥ﬁd”f T BP7fd0, Whhdrei MOt he
coupling neans.i s positioned at an antinode of the 15 resonant elenent. 42.
A Ioudspeaﬁgpsé§38rd?ﬁg°P51§h§eoﬁ@eofl%W%Fh%aggngoCﬁi,thﬁeﬁéﬂﬁtth@enoupling
means conprises nore than one coupling point between the resonant el ement
and the acBuSffe e&ditdticr .mayw AG]wlicudsheakpt imeddtdi ngf ticheangiose of
clains 31 to 42, wherein the. acoustic radiator is intendedly piatonic over
at | east parorof imbgesperating frequency range. 44. A ] oudspeaker according
to any one of clainms 31 to 43, wherein the acoustic radiator is capable of
supporting 25 beodbngerang WDt MmNt theshransducaioexaidlag, bending 48
z s r~N,R zoos wave vibration in the acoustic radiator to produce an
acoustic . B Al spea ccordi.ng to,claim44, wherein, the
acoustic ?ﬁ%?g%or suppgfggprggoﬁg%t endt g i ﬁgfesméﬁaogstﬂngﬁénsducer
excites th ant. bendi.ng wave _nodes. 46. A | oudspeaker according to

cl ai m 45, ﬁ%é?%?g t%%lggréﬁ%ieﬁs SPngﬁ@eﬁEaﬁstpﬁn@éHBatB?Sﬁﬁéng%lé%@ea to
enhance the distribution of nbodes in the resonant el enent in the operative
frequency Fanyed 26044z . ATheubispeakerdes cordi aijven thatabads br cl ai m 46,
wherein the ,paraneters of the acoustic radiator and the paranmeters of the
resonaft el ement are cooperatiVEBYESEl ected to enhance the distribution of
nodes in the r

No. Freguency (Hz)
1 957

2 2460

3 5169

4 8530

The first transducer was mounted on a small panel
and the frequency response is plotted in Figure 8. There
are strong outputs (38) at 830 Hz and 3880 Hz, with dips -

15 (40) at 1.6 kHz and 7.15 kHz. The frequencies of the
resonances are lower than pre;:licted, pProbably Ibecaltuse of
the difficulty in accurately predicting the mechanical
properties of the piezoelectric material.

The response has too many broad dips to be useable

20 since there is a need to boost the output in the regions
around the dips (40). Thus a beam with a complementary

set of frequencies, namely a set which produce a
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| oudspeaker in the operative frequency range. 15 48. A | oudspeaker

according to any one of clains 31 to 47, wherein the area of the r 80 ARt 2004
element ie snmall relative to that of the acoustic radiator. 49. A nmethod of
maki ng a | oudspeaker conprising a resonant acoustic radiator and a
transducer as clainmed in 20 any one of clains 1 to 30, conprising the steps

of anal ysifigduehdpchanheakei RPgdan f e t engnt s d the
acoustic radiqat ord,ipsel e’gti ng and/ orﬁggﬁ%st‘%}?%r% héﬂgg%an%eepglgf ?Inﬁ)g

radi at or : t ieve the required nodality of the

r esonant }giy q%%%l%ﬁ%f%l%ﬁ@n %%d}(g?afhe radi ator and to achieve a
requi red power A rglqsfgr between t he el enent and the radiator. 50. A

mi cr ophone conpri 3TRGT & MEMBEPSIEFABIE of LeupRbr tiidd drive Rnpuchend a.
transducer_ according to any 5 of clains 1 to 30 coupled to the nenber to
provi de aﬁ“@d@@ﬁqt@gi 68EPURVFA - r EBpONIwdas | ficirdemiclaceusksumedengy. 50

A CA(E A A A A% Ae. Ae% AY. A . Ay. A(Y_. AY. Ah. A#. AcYB. A<". A) 1. A@y\. A @A) . A
(. Al @PB. RGRI, 2A% AROND A AZA< AR Ry, A y. A A", AcN. A A .. AA#.A(V].A
CAF(]. Al ATh<% AFB. Al A( | $@9G 4

" 71 "kzupkf a\ W ca] ca] ca] ca] ca] ei@argn]-ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca]ca] c”a] cal] cha]ca] c”a]c&a]c a!' kQe { EXEELE "R d##
SAEX$$5$1% %84 wr mhe Y[§Gal carsal calcatcaleal cal ca] cal calca]calcalcalc
aJ calca] ca]ca]ca]calc Ig]g{,a] \,af%q?%%, Ea;@;{g?ca] calBMEERE* b " "' ((+) b)) ) **X
***6+ +++48, 1, , , , & } XspHd—ZHHeatc a] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] lcalcalcait®dcal cal calcalcalcajcal & X---<.B.C.t...... gl
NO; 2G2344?444566x8888.K-_; 8531
=| wr mhc”"Y] ] ca] ca] ca] cia ca] ca]t®)&a] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca]
c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal =7=->5>Cn>>>?Q???? @ @AXAJAABBB=Bs BBC
CC+CGEEELL}wr mhe”Y] ] ca] ca] c&a] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] caThe] ¢adc djcads alHR] s3] calealed MMM, N . '
OCO~CO0BPXPPQ=Q QQUQQ?RRRRRR wpirale &2 led bbbbhe bean

SGSSS ' . ' a
ooy et o e o Ay ontad sbamhislshas o <o
UGUMJLHUVVL, V= VA= XIAM \a\ ~ N @ id &a

] ca]mgg] ca#%/%ﬁgf%\é}/%a]féﬂsga]%@a%Jt%ﬁ%%‘f‘&’é:}%a }Eg]%Q;(]‘}@ } ]co]}}fc‘él%l%ca %‘g gg%gg} gg} gg
] ca! Caaaa$bRobbbAchcccdldTddd, e’ eeeeeeff ,
ffEfyfffglvhtgh)>F | EEEESa) a) eaferd] cajeapebietalcalleedra)(Gd))cabga] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! gg?gt gggghChxhhhh"i Wbiij8j G u
Jiii. k[ KKKREPRPFFIPg x Swicars7] 41 cahea]ftajc apEajecajtabcaked] cedead«en] aa] caj ca ¢
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! | $m) M mmmOnnnooo+pV
p[ pppp6arEke reerEsesbdt patithdednd ca] satbabeahcalsal agd cfahs] ¢ aheal ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ottt uAuuuuuM/ VW
yuou st paah| [b) Obbhbihbelx s Fiddcal e ¢a] calcal egbealeal cal oal
ca] ca] ca] ca]ca] ca]c(a] ca]ca]ca] caJca]ca]c cafcafcé cal ca] ca]%cafcafca'! ) ~a~~

~Ov# 8s$ : - - .
3f E} &gfu {_Z]ﬁe]ﬂc% Y CaTakeEh %aflf:la EB S5 RaT R af 0] cSPERTLERE ] ca] ca]

| E& /| #<t MXeztoid ZTnid_
Vo o] O] SRR e Ra P BaPEh oh] Bhifc ke dieg ¢l @4] oF] eapbalprat] cTav] ca
] ca] ca] c%a#% ca ewxqKSa; '
T) eD#4j } XEhi R KR THFCaF 3] BaF ekl ed] eapc shealc dix sdxades] ¢49ka] cBhch] ca) cal ¢

a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal
layer (44, 56) has an opposite poling direction to the

other layer (46, 52) in the bi-moxrph.
20 . The first piezoelectric beam (44,46) is mounted on a
structure (54}, e.g. a bending-wave loudspeaker panel, by

coupling means in the form of a stub (56) located at the
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@ {upkfa\ W/] ] ca] ca] ca] ca] ca] ca] c™a] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]c
a]J ca] ca] ca] cMa] ca] c™a] ca] ca] ca] ca] ca] ca! <uE#v~ar N9v=}xsni d_ZV]]c] ca]ca]ca] c
ajJ ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c&a] ca] ca] ca]
caljcalca]calcal _nr*S |tng ZS}xsni W] caV]ca W)]ca V]c*aV]calV]cra

W] caV]ca W]caV]ca

WV] caV] caBpakealpEaltdy cijcafc el caffea) cagens caler]tapeauesicacn79:;
@XWZ25=KFH% 9q| wr mhc/~Yni :

UV] ca] ca] eafbekcalsdalecalafa] ca] cajica] sahed] capoakthlga] ca] cdfCapeahca] cal ca]

caV]ca V]c”a] c”a] ca]c”aV]ca] ca]ca

y?y2KkL: r Kipxsniené&V] ca] ] ca] ca] c&a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca]ca] ca]ca]ca!:p?uRv&l /i <?@}xsnid_zV

I ca] ] ca] ca] ca] gl %%%ggb%alﬁ@@] gahralhal cakealgaheal salyatgal cal cal

a)J ca] ca] ca] ca] ca]

Waf ?s"] MOLEHa} xsni. c? ca] cal cal c™al ca] ca] cal cal.ca] ca cal.ca] ca] ca] cal ca

ca] ca]%:a] 83]982]%% %ﬁ%(ﬁéﬁ cg’]lgél] c%ﬁl %@‘%‘%%1} gé’%t@ tc'a]!'gg]E%%?%agtlﬁ}isﬁilﬁ_]Z\/j ]ca-] }
ca] cal ca] ca] ca] cgg&ga] ca] caj ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] c&aFESPRY] cRapla) kelr g aTRl EREFks P8R callf c £]XH d&PcaPetlica] ca] ca
] ca] ca] calpca] cal calc(a] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calca]ca]ca]calc
al t' =r W bRermpv>sersmiad 17V] bd] | vay captalzaletlea]wadw ( alaon] bekbal ba] cal cal c
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! s<n{u)v>s}xsnid_2ZV]

ca] ] ca] catcaktdkralcalc die (altalng] eakc aorl calicd] ba) £l gadd adecatea) cal] cal
ca]calca]calcalca]calcalcalca !'$@C _ ,"10%& ()-!D, "10%& ()-, 10%& ()-

| 10%& () - &20%6beh)- PLAUE Gy, +x2[ <1 10COWL0%& () - , 0*#10%& ()- !
, 0*#10%9& ()- !, 07#10% ()- Vv % 10%& ()-'!'v % 109%& ()-' 9GQE

10 0L ol B0 e IO Ao (e LY - @1
distribution of modes is not the sum of the separate sets
of frequencies, because each element modifies the modes
of the other. The frequency in Figure 10 sghows the
difference between a transducer comprising-a gingle beam

15 (60), and one comprising two Qeams used together (62).
The two beams are designgd so that their individual modal
distributions are interleaved to enhance the ovefall
modality of the transdqggr; The two beams add together to
produce a useable output over a frequeﬁcy range of

20 interest. TLocal narrow dips occur because of the
interaction between the piezoelectric beams at their .
individual even order mbdes.

The second beam may be chosen by using the ratio of

the fundamental resonance of the two beams. If the

25 materials and thicknesses are identical, then the ratio
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%@Aﬁzﬁm

simply placed half way between f0 and f£1 of the other,
larger beam, f3 of the smaller beam and f4 of the lower
5 beam coincide.

Figure 1lla shows a graph of a cost fugction ag?inst
ratio of frequency for two beams which shows that the
ideal ratio is 1.27:1, namely where the cost function is
minimised at point (58). This ratio is equivalent to the

10 - "golden" aspect ratio (ratio of £02:f20) described in
WOS7/09482. | |

The method of improving the modality of a transducer
may be extended by using three piezoélecfric beams in the
transducer. Figure 11b shows a section of a graph of a

15 cost function against ratio of frequency for three beams.
The ideai ratio is 1.315:1.147:1.

The method of combining active elements, e.g. beans,
may be extended to using piezoelectric discs. Using two
discs, the ratio of sizes of the two discs depends upon

20 how many modes are taken into consideration.rlfor high
order modal density, a ratio of fundamental frequencies
of about 1.1 +/- 0.02 to 1 may give good results. For low
order modal density (i.e. the first few or first five

modes), a ratio of fundamental fregquencies of about 3.2:1
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10%r& ()-1 10%r& ()-ff"10%r& (%;PP igg/&r& 8-E 0% 1 & .
10%r & () -S&&nd' ' OO P! 10%1.& () = r& () -k -
10%r & 8 36#1%%)/&&' ()~ Pflogi%é?d’ﬁ%() s +)et‘%‘)&I ?gﬁﬁzﬁﬁ/?oﬁs,#lé gjvag(ir .

% r &()-4Kl 0" 10%rur &. () - =, $10%.r & (.- P#&! () - 61 -)).
LIS GRS Y1 5) SERS5Re) Sobioobisres. abRet1GRen With to
10rr!16° 9#10% r & () - @ <7 109 r & ()-**6+ ++++aBuV7! P3 10%& ,()- 10%& ()-3
10%& () - 3%151%%/0]&"‘{1’)@} | )ac}ﬁ'ljm/q]gi&' thirg f disc to the double \dlSC
10%& ()-+8,r,,,, & aBuV7! P$7#10%& ()-3"10%& ()-!, $109%& ()-2Z3 f
10%& () - IEATREKY - #1080 @biofeX-Eixst . tdEgWE! RI3 UOWIRLG) tBE gap
10%& ()-/ T#10%I& ()-3V- 10%& ()- 3) 10%& ()-&3& 10%& ()-........ g/b@!3
10%6d& () -betBEMI& ¢ - 5203nd03nd0 HHEREL ARIEEE ) 0BBLAXI &b he35disc of
10%& ()-g// NOO1; 2G2wWU6b@ 3F( 010%& ()-![ p#10%& ()-!c

#109&' ! ' # =1 0%, =Sl . .
P00k () sCo2333554) ohtes SECOL0% FerthA L EPPTe T Progression shows

;”} 10 that this is not the only solution. Using fundamental

frequencies of £0, «.f0 and «2.£0, and plotting rms (a,02)
(root mean square) in Figure 1lc, there exist two
principal optima for «. The values are about 1.72 and
2.90, 'the two minima (65) on the graph, the latter wvalue

15 corresponding to the ocbvious gap~filling method.
Using fundamental frequencies of f£0, «.f0 and B.f0
so that both scalings are fre? and using the above values
\;; of a as seed values, slightly better optima are achieved.
The parameter pairs (ap) are (1.63, 3.03) and .(3.20,
20 8.13). These optima arer’Quite shallow, meaning that
vapiétions of 10%, or even 20%, in the parameter values

are acceptable.

An alternative  approach for determining the

different discs to be combined is to consider the cost as
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109P& () - f FIoUR&' (J1& 1004 ():hg&le@sy@té)bfloFEA 1Qnad (:L)S plotting
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f1 ;J fgog/fpé')il)f&}h i‘g%ﬁ%g()g%#loo ﬁgﬁ@‘@yﬁ%’éﬁ&- %) %ésB \ﬁﬁg%ﬁow&' () -
1

0 3 In Figure 11d, the three discs are coupled together
5 although it is noted that analysing the three discs in,
isolation produces similar results.

The three cost functions are RSCD (ratio of sum of
central differences), SRCD (sum of the ratio of central
differences) and SCR (sum of central ratios) shown by

10 lines (64), (66) and (&8) respectively. For a set of
modal frequencies, f,, f;, fu, ... Iy, these functions are
defined as:

RSCD (R sum CD) : ' CR:

) N-— Iz(fn-t-l +f—l f:;) . SCR - 1 E[ﬁwl'fé-l J .

RSCD = N-1 n=l (f;;)-
Jo

SCRD (sum RCD) : -

' N1 _ 2
SRCD = Z(f w1t Jo 2f,,J

TR gl f;,
15
The optimum radii ratio, 4i.e. where the cost

function is minimised, is 1.3 in all three lines in both
20 Flgure 11d. Since the square of the radii ratio is equal
to the frequency ratio, for these identical material and
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109 ()- 10% ()- 10% ()- 100& ()5 105& XY: 1]

% 109& 08! %& |10%&'
1/603/2:/@(&) (g(PPQ:Q%Eé%/t}+%gY18 &3 Cil 1())3"0 Ii%%’/%ﬂ’? ElsresyE (ye¥
10%&' () - c(,. 109, R=R>RPRRRRRUV7! PLOUGE' () - P 10948 () - %<10%G& () - 10
10 10! dc| 9% o0& %r%;%% DRR SEBSSSHEGUPEPSeI0use ()1nmoss 1S 3p
109638 () - fL" 109%G&' () - 0%38' ()- 109%3&' ()-SS/ ThTTT. UJEuV7! PP" ocy@& ()-3
109G §5) PVaBRek 1Hd @thm%;&‘rhye ArLOvEsahy- 0&s0sEs ()ement s may be
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L) 10%G8 ()RPranseR (In $3¢10%6% ade. VI YViMYVEWHW e VASER! 12b shows  a

muitiple disc transducer (70) comprising two active
piezoelectric elements (72) stacked with two passive
resonant elements (74), e.g. thin metal plates so that
» 10 the modes of the active and passive elements are
interleaved. The elements are connected by connecting
means in the form of stubs (78) located at the centre of
each active and passive element. The elemgnts ‘are
- arranged concentrically. Each element has different
15 dimensions with the smallest and largest discs located at
the top and bottom of the stack, respectively. The
transducer (70) is mounted on a load device (76), e.g. a
- panei,' by coupling means in the form of a stub (78)
located at the centre éf the first passive device which

20 1is the largest disc.

The method of improving the modality of a transducer
may be extended to a transducer comprising two active
elements in the form of pilezoelectric plates. Two plates
of dimensions (1 by @) and (a by a?) are coupled at (3/7,

25 4/9). Figure 13 shows a graph of cost function against
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109%l& ()-3C 10%l& () - cdJdTddd, edEAP1&@L0/ p#10%l&: () - 3* 10%&’ () -

- - ' " %6 & e eeeeffffaSE7 10 10
g_lO%j& ()- 3y&10f/ﬂj&a@dl\é$lT#10‘Vd&g 3a3r1 %gt{ggng)tlve to altering the

5 modal characteristies of the transducer, the parameter§
of the object, €.9. panel, on which the transducer is
mounted may be altered to match the modality of the
transducer. For example, considering a transducer in the
form of an active resonant element mounted on a panel,

10 Figures 14 and 15 show how the frequency response differs
with thickness of the tranéducer and thickness of panel
respectively. The active element is in the form of a
piezoelectric Abeam. Figure 14 has three frequencyl
responses (84), (86), (88) for a 177 micron, a 200 micron

15 and a 150 micron beam respectively. Figure 15 has three
frequency reéponses (90), (92),(94) for a 1.1lmm, a .0.8mm
and a 1.5mm thick panel respectively.

Figures 14 and 15 show_phat 'the frequency response
for a 1.lmm panel matches the frequency response for a

20 177 micron thick beamn. Hence, the modality of a 1.lmm.
panel matches that of a 177 micron beam.

Although the transducer is modal, a mean force and
velocity may be estimated for any load or panel
impedance. The maximum mechanical power is available when

25 the product of the force and the wvelocity. is. at a
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' and the optimal load wvalue may be found by plotting the

velocity (170), the force (172) and the mechanical power

(174) against load resistance as shown in Figure 16. The

5 maximum power (176) occurs when the load resistance is
approxihately 12Ns/m; for a. lower load resistance, the
velocity will increase and the force decrease, and for
higher load resistance, the velocity will decrease and
the force increase.

;:} 10 Figure 17 shows the results of adding small masses
(104) at the end of the piezoelectric transducer (106)
having coupling means (105) as shown in Figure 18, In
'Figure 17 there are shown the frequency responses {108,
110 and 112) for a transducer with no mass, a beam with
15 two 0.67g masses and a transducer with two 2g masses
respectively. A beam with two 2g masses is ideally
matched since the frequency response (110) has. less
variation in the mid range (1kHz‘ to 5kHz) than the
frequency responses (108, 112) for no masses or 0.67g
20 masses.

In Figures 19 and 20 the transducer (114) is an
inertial electrodynamic moving coil exéiter, e.g. as
described in W097/0%842 having a wvoice coil forming an
active element (115) and a passive resonant element in

25 the form of a modal plate (118). The active element (115)
—-39-
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L f i 1093 §|S&'“(C)u-nﬁej§$@ figRemera) -plate (118) and off-centre of the

modal plate. The modal plate (118) is mounted on the

panel (116) by a coupler (120). The coupler is aligned

with the axis (2) of the active element but not with the

5 axis (119) normal to the plane of .the panel (116). Thus

the transducer is not coincident with the normal' axis

(2} . The active element is connected to an electrical
signal. input via electrical wires (122) .

As shown in Figure 20, the modal plate (118) 1is

10 perforate to reduce the acoustic radiation therefrom. The

active element is located off-centre of the modal plate

(118), for example, at the optimum mounting position,

i.e. (3/7, 4/9). Moreover, the transducer (114) 1is

mounted off-centre on the panel {116}, also for example,

.15 at the optimum mounting position, i.e. (3/7, 4/9). The

transducer (1.14) is thus not coincident with either of

the two normal axes (X,Y) which are in the plane of the

panel (116).'

Figures 2l1a and 21b show a transducer (124)

20 comprising an active piezoelectric resonaz:- element which

is mounted by coupling means (126) in the form of a stub

to a panel (128). Both the transducer (124) and the panel

(128) have ratios of width to length of 1:1.13. The

coupling means (12‘6) is not aligned with any ares (130,

25 X,Y,2) of the transducer or the panel. Furthermore, the
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g 10% (£ sition Wlth off-centre with respect to both the

transducer (124) and the panel (128).

Figure 22 shows a transducer (132) in the form of

5 active piezoelectric resonant element in the form of a

beam.

The transducer (132) is coupled to a panel (134) by

two coupling wmeans (136) in the form of stubs. One stub

is located towards an end (138) of the beam and the other

stub is located towards the centre of the beam.

Figur_é 23 shows a transducer (140) comprising two

active resonant elements (142,143) coupled by connecting

means

(l44) and an enclosure (148) which surrounds the

connecting means (144) and the resonant elements (142) .

The transducer is thus made shock and impact resistant.

15 The

enclosure is made of a low mechanical impedance

rubber or comparable polymer so as not to impede the

transducer operation. If the polymer is water resistant,

the transducer (140) may be made waterproof.

'The upper resonant element (142) is larger than the

20 lower resonant -lement (143) which is coupled to a panel

(145) wvia a coupling means in the form of a stub. The
stub is located at the centre of the lower resonant
element (143). The power couplings (150) for each active

element extend from the enclosure to allow good audio

25 attachment to a load device {not shown) .
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udspea - The diaphragm is in the shape of a cone
(154) having an apex to which the transducer is mounted.

The cone (154) is supported in a baffle (156) by a

resilient termination (158) .

Figures 25a and 25b shows a transducer (160) in the

form of an plate-like active resonant element . The

resonant element is formed with slots (162) which define
fingers (164) and thus form a multi-resonant system. The
resonant element is mounted on a panel (168) by a

coupling means in the form of a stub (166).

The present invention may be seen as the reciprocal

of a .distributed mode panel, e.g. as described in
WCS7/09842, in that the transducer is designed to be a
distributed mode object. Moreover, the force from the
transducer is taken from a point that would normally‘be
used as the distributed mode drive pbint {(e.g. optimum
location (3/7,4/9).

INDUSTRIAT, APPL,ICABILITY

The invention thus provides a transducer having an
improved performance and a loudspeaker or microphone
which uses the device.
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1. An electromechanlca force ransducer comprlslng a
resonant element and coupling means on the resonant
element for mounting the transducer to a site to which

5 force is to be applied, characterised in that the
transducer has an intended operative frequency range, the
resonant element has a frequency distribution of modes in
the operative frequency range and the parameters of the
resdnanf element are selected to enhance the distributicn

10 of modes in the element in the operative frequency range.

2. A transducer according to claim 1, whexein the.
coupling means is attached to the regonant element at a
position which is beneficial for coupling modal activity
~of the resonant element to the site.

15 3. A 'transducer according to claim 1 or claim 2,
wherein the resonant element is passive and the
transducer comprises connecting means by which the
reponant element -is coupled to an active transducer
element.

20 4. A transducer according to claim 3, wherein the
connecting means 1is attached to the resonant element at a
position which is beneficial for enhancing modal activity
in the resonant means.

5. A transducer according to c¢laim 3 or claim 4,

25 wherein the active element is selected from the group
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6. A transducer according to any one of claims 3 to 5,
wherein the resonant element is perforate.
5 7. A Etransducer according to claim 1\ or c¢laim 2,
wherein the resonant element is active.
8. A transducer according to any preceding claim,
wherein the reszonant. el'ement has an acoustic aperture
which is small to moderate acoustic radiation therefrom.
10 9. A ‘transducer according to claim 7 or c¢laim 8,
wherein the active element is selected from the group
consgisting of piezoelectric, magnetostrictive,
electrostrictive and electret devices.
10. A transducer according to claim 9, wherein the
15 active element is a préjstressed piezoelectric device.
1l. A transducer accord%ng to any one of claims 5§, 9 and
10; wherein the active élement is a piezoelectric device
which is wmounted on a plate-like substrate and wherein
the width of the substrate is at least twice that of the
20 piezoelectric device.
12. A transducer according to any preceding claim,
wherein the resonant  element is mwodal along two
substantially normal axes.

13. A transducer according to any preceding claim,

25 wherein the size of the coupling means is comparable with
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sufficient for the active element to provide an effective
mean average force which 1s substantially constant with
frequency .-

15. A tramnsducer according to any preceding c¢laim,

10 wherein the parameters are selected from the group
consisting of aspect ratio, isotropy of bending stiffness,
isotropy of thickness and geometry.

16. A transducer - accbrding to any preceding claim,
whexein the resonant element is plate-~like.

15 17. A tramsducer according to claim 16, wherein the
rescnant plate is formed with slots or discontinuities to
form a multi resonant system.

18. . A transducer according to preceding claim, wherein
the or each resonant element is generslly in the shape of

20 a beam.

19, A transducer according to any one of claims 1 to 17,
wherein the or each zresonant element is generally disc
shaped,

20. A transducer according to c<¢laim 16 or claim 18,

25- wherein the resonant element is generally rectangular.
45




510% & ()- P310% & ()- BM[:bUs 1 P#HI0W & ()- Pl 10% & ()- PY 1099 & MhR 2004
6109 & ()- f:1099& ()- Pi 10% & () - kK34

ef 10 & ()-f10 & ()-ef 109 & ()-f10% & ()- 109 & () - pX<4

f109 & ()-feflONW& ()-fT10N & ()-feflONW& ()-fT10N & ()-![jl1<4 f10%

P(110% (& ()- P% 109%) & () - #109%X) & ()-ff10% & ()-ef 10 & ()-[-"|[:<4 37
10%) & () - 4SH1I09X) & () - 210%) & ()- 301 10%X) & ()- Pv. 109%) & () -

Or0* ] &1096 XPfR& (P &TORPArCen) GRERT O Rg tov@ey )eng abogkains 1 o 17,
&10%&& () - 10X) 10X) 10X) P& 10%X) & ()- }]E) . 10%&& ()- . 10%&& () -

C10%R&' () - 9BeledR&thi- veWbOMRt ( $lemdO0RRS (Yrap@LeidbsW . 10% . 109&& () -
D109%&R& ()-1 . 109&R& ()- . 109&R& ()- . 109%&R& ()-568>?@YyX7 .10% F@ 10% & () -
F10% & () - 22Q%& (rrant@¥@8r()accdf¥ff) (to<ukfiaim. 1080 dwv. cUGNE QP
XFO*p#10% & ()- F jl110% & ()- F# 10% & ()- F! 10% & ()-
FFCS#10% & hetBlihNAMe resonant element is curved out of planar.

5 23. A transducer according to any preceding c¢laim,
comprising a plurality of resonant elements each having a
distribution of modes, the modes of the resonant elements
being arranged to interleave in the operative frequency -
range, and connecting means for coupling the resonant

10 elements together.

24. A transducer according to claim 23 when dependent on
claim 18, couwprising two beams having a frequency ratic of
1.27:1.

25. A transducer according to claim 23 when dependent on

15 claim 18, comprising three beams having a frequency ratio
of 1.315:1.14%7:1
26. A transducer according to claim 23 when dependent on
claim 19, comprising two disc elements having a frequency
ratio of 1.1 +/- 0.02 to 1.

20 27. A transducer according to claim 23 when dependent on
claim 19, comprising two disc elements having a frequency
ratio of 3.2:1.

28. A transducer according to c¢laim 23, wherein the

plural resonant elements are disc-like and comprige at

25 least three such disc-like elements.
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excite the acoustic radiator to produce an acoustic

10 output.

32. A 1loudspeaker according to c¢laim 31, wherein the
parameters of the coupling means are selected to contrxol
the distribution of modes in the resonant element in the
operative frequency range.

15 33. A loudspeaker according to claim 31 or claim 32,
wherein..tha coupling means is positioned asymmetrically
with respect to the acoustic radiator.

34. A loudspeaker accoxding to any one of claims 31 to
33, wherein the coupling means forms a line of attachment.

20 35. A loudspeaker according_to vlaim 34, wherein the line
of attachment is not coincident with a line of symmetry of
the resonant element.

36. A loudspeaker accorxding to c¢laim 34 or claim 35,

wherein the 1line of attachment is not parallel to a

25 symmetry axis of the acoustic radiator.
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25 Dbending wave vibration and the transducer excites bending
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5 the transducer excites the resonant bending wave modes.

46. A loudspeaker according teo claim 45, wherein the
parameters of the acoustic radiator are selected to
enhance the distrib;tion of modes in the resonant elemant
in the opera.tive frequency range.

10 47. A 1loudspeaker according to claim 45 or claim 46,
wherein the parameters of the acoustic radiator and the
parameters of the resonant element are cooperatively
selected to enhance the distribution of modes in the
loudapeakear in the operative frequency range.

15 48. & 1oudspéaker according to any one of claims 31 to
47, wherein the area of the regonant ealement is small
relative to that of the acoustic radiator.

49, A method of making a loudgpeaker comprising a
regonant acousti¢ radiator and a transducer as claimed in

20 any one of claims 1 to 30, comprising the gteps of
analysing _t.he mechanical impedances of the resonant
elements and the accustic radiator, selecting and/or
adjusting the éarameters of the radiastor and/or the

element to achieve the required wodality of the resonant
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element and/or the radiator and to achieve a required
power transfer between the element and the radiator.

SO. A microphone comprising a member capable of
supperting audio input and a transducer according to any
of cléims 1 to 30 coupled to the member to provide an
electrical output in response to incident acoustic

energy.
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