AUDI O DEVI CES HAVI NG ELECTROACT1VE POLYMER ACTUATORS CROSS REFERENCE TO
RELATED APPLI CATI ON This application clains the benefit, under 35 USC
119(e), oWo2Wwrt7ecboSt at es provi si onal patent applicati orcmwsbens26421
611497, 556, filed June 16, 2011, entitled "ELECTRO MECHANI CAL SYSTEM FOR
SI MULATI NG LOW FREQUENCY AUDI O SENSATI-ONS"; and 61/564, 437, filed Novenber
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headphones that do not de a headband and are specifically designed
-2- to be plraosporatedtby rgferenaehe user's ear are al so known as ear phones or

col l oqui ally as earbuds. FIELD OF THE INVENTION

In various embodiments, the present disclosure relates generally to

electro-mechanical systems for simulating low frequency audio sensations.
15  More particularly, the present disclosure relates to audio devices equipped
with electroactive polymer actuators or transducers. In particular, the
present disclosures relates to headphones equipped with electroactive
polymer actuators and mechanical and electrical acoustic noise reduction
modules.
20 BACKGROUND OF THE INVENTION

Conventional acoustic headphones include a pair of ear cups

intercoupled by a headband. The ear cups include loudspeakers mounted
within a housing portion of the ear cups and held in place close to a user's
ears. The headphones include electrical wires to connect the

25 loudspeakers to an audio signal source such as an audio amplifier, radio,
CD player, portable media player, computer, tablet, mobile device, or
gaming console. Some versions of conventional headphones also include
electronic circuits for signal conditioning and processing the acoustic
signal received from the audio signal source. Versions of audio

30 headphones that do not include a headband and are specifically designed



Conventional audio signals include acoustical frequency conponents in the
range of about 20 Hz to about 20 kHz. Mbst acoustic 5 reproduction systens
(home audwo,2otresbones, earbuds, tel ephones, speakers) pcarusedrzooner t he
entire audio frequency range effectively and typically perform poorly at

| ow frequencies (bel ow about 200 Hz). Accdrdingly, |arge acoustical

radi ators are enployed to accurately reproduce | ow frequency audi o signals.
Typical ly, thbeelstnd diesctiyrie tidupdyseasrhieyaibakgewarad earpbanes ar si gni fi cant
anount of power. One exanple of an acoustical radiator is a subwoofer

cabi net use&°llPAHBNEAS RRHUSS systens. It is difficult to inplenent |ow

frequency audio wﬁ,gmioﬁé!ta?ﬁg&aé@g%péghé{;uggealcbuw%teiqgehgspr oduction devices
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the air vol eompbiientaindhe mange of alpeut' 20 Harto abduu2? kbzdiMesttdopustpl ed air
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pressured el@RIOgHC @éﬁte%ﬂﬁdhame e, h%dbpﬁ\oaﬁgregﬁga& Of€Pt can even

become dangehayRedNeardstRvePHd etirelUh HefRAEAENDE dfRbvelBama conduction
is the conduction of sound to the i1 nner ear through 20t he bones of the

skul | (htt ptypieaiiypadqradpeorht g laivdieBemsiasoibely reayt 2Ebh&).conduction is

why a person’' s vpice sounds di.fferen o, hi Lt LS. recorded and
pl ayed back;%fcﬁgggrl}@& [?F%e @%?Hﬁﬁcégrﬁgif%?‘tss ?%vﬁ}gﬁ&g%g%gﬁé@&%gtter than air,
peopl e per ceky@dubeidw @eauEatEasdibGiditals OMpicang tlespeevicbaaret hers do.
Bone conduction al so explains why a 25 recordi ng of one's_own voi ce sounds

hi gher fifan phigically eeeianereasuie BaiapifcaRLAPEHEhO] ROWE 0P8 have been
di scovered by fhe ﬁ?%%ﬁggst}dég%@ t\é?% BebRBuRN: mt‘ﬁ@%cﬁ% RB&fe deaf .
yF 8lnd: Sonay 1o hea R

Beet hoven supposed I musit c rough hrs jawoone by
biti ng a rothedtbasysdmiso Hhissificain o indfiSoent leafreqgeadydsudiomonyertione

conduction,  achi eving an effect, equival ent to hearin irectly by neans of
the ears. AiHedadvelysmallaenisiiccapiofushen P?Wﬁ@%sﬁﬁhgﬁiqa@F?%Pée%nd cheek

and an_ el eClyPRPARARLEALS 40AY 381EALIre LRLEMANTLANIAS 1R B Woluims! ghal s I nto

mechani cal vibrations, sends”soun e internal“ear through the cranial
bones. H§kearsmd thenistempisoss arahuding uiredtly coupledalr prpskeie waverls vi a 5bone

conduct o, THIE e g g heE RS ERRAERR NI BB 1

cat egori zed phadet SBHRE IdVARE SAL RRREP sbiieE IVerAB 848 e9&n HRadRRONes; hearing
aids and assistive |istening devices; and specialized communication devices

(e.g. under @angercstanghcause short or long term hearing loss.
Bone conduction is the conduction of sound to the inner ear through

20 the bones of the skull (http://en.wikipedia.org/wiki/Bone_conduction).
Bone conduction is why a person's voice sounds different to him/her when
it is recorded and played back. Because the skull conducts lower
frequencies better than air, people perceive their own voices to be lower
and deeper than others do. Bone conduction also explains why a

25 recording of one's own voice sounds higher than one is accustomed to.
Bone conduction is said to have been discovered by the composer Ludwig
van Beethoven, who was almost deaf. Beethoven supposedly found a
way to hear music through his jawbone by biting a rod attached to his
piano.

30 Some hearing aids employ bone conduction, achieving an effect

equivalent to hearing directly by means of the ears. A headset is



10 noi se environnments). Bone conduction devices have several advantages
over traditional headphones: such devices are "ears-free:, thus providing
ext ended weaeomms@pt and safety; have high sound cl arit yciruse@ryp26iei sy
environnments; nmay be used with hearing protection; and may provide the
perception of stereo sound. 15Anong the d&vices' disadvantages: sone

| npl enment ati ons require nore power than headphones; and sone devi ces nay
provi de Ies&rgxtmnica&ppositmm&opltmtmnmetdlmmmmnd snal headphones and
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to conme ProRChRSCHEUETRN. ath%&fzs@%ﬁﬁ aption,g gﬂeﬁgngﬁ iﬁ?{ 'S ear and

crisp. waBeviieRdH . gopagquog g2ybgps are not Ilmted to headsets or
headphones but can al so be used on other parts of the body wherever the

device can be colisineccansiuctien dreices ataysihe catagorized into threeTiieepr esent

el act 1 o- mocham Baee s b AR By PRl Fs g ShelREIRETR ' £ o,

si nul ating ldevickseqn® Bpycialitidcatntaidaios delites (edy. undierested Saligho devi ces
conprise mechani cal and el ectrical acoustic_noise reductlon nodul es.
Anot her 18ppInPig: #AroNmaNtHayBeRe serfucivadayjcasiave TveR! aNEBRISN lies in

T ecnthS PR BB SI ARSI Qa0heS, B QugHgl o 51 onal
to convey cesttthdedorss somfordarst saletd havebigitsofad claNby inlyesg holsi3.
environments; may be used with hearing protection; and may provide the
perception of stereo sound.

15 Among the devices’ disadvantages: some implementations require
more power than headphones; and some devices may provide less clear
recording & playback than traditional headphones and microphone
because of reduced frequency bandwidth.

An example of a bone conduction speaker is a rubber over-molded

20 piezo-electric flexing disc about 40mm across and 6mm thick which is
used by scuba divers. A connecting cable is molded into the disc,
resulting in a tough, water-proof assembly. In use, the speaker is strapped
against one of the dome-shaped bone protrusions behind the ear. As
would be expected, the sound produced seems to come from inside the

25  user's head, but can be surprisingly clear and crisp.

Bone conduction audio devices are not limited to headsets or
headphones but can also be used on other parts of the body wherever the
device can be coupled to the skeletal system.

The present disclosure provides improved audio devices such as

30 headphones with electro-mechanical systems such as electroactive

polymer actuators for simulating low frequency audio sensations. The



SUMVARY OF THE I NVENTION In one enbodi nent, the present disclosure
applies to a sensory 10 enhanced audi o device. The audi o device includes an
el ect r oacwowve1paBasper actuator array conprising at | easrcons@kasdsoneric
dielectric el enent disposed between first and second el ectrodes. A tray may
be configured to receive the el ectroacti v& pol yner act uat or array and a
mass coupled to the el ectroactive polyner actuator array. A circuit is

el ectrical | ynprovedpielib tevitbe coinpeite oredhanicaahy radectacalubostiancsg. The
circuit is to,generate a drive signal preferably in the frequency range of
about 2 Hz fRAUMIBHMOBHER to cause the el ectroactive pol ymer actuat or
array to nove or p t I oactive
pol ymer act uators\ﬁlg‘f?{%a%(pﬁ nd{ 9 t;éé;fgdg{jég%gﬁj%y?ﬁgpéeésé-%ﬁo@éﬁgggphones,
the vibrati tias arQQemsmyIenhgnd:émaudloajﬂvr@slwh@r%risfqmmaﬁynalﬁmmhan her eby gi vi ng

the sensation of |o requency, o without creati ressure
hcoust | cal | adeesotRs et BIbe Jeft, ' A spad sHemr ohe BaBaRim  The

el ectroacti \éﬁn@ﬁéad*ﬁéa@g%&@@rc%r@@%aés@;w@sru&mgem & Bdtst eni ng"
experience of conventional audi o devices, such as headphones. Wth an
appr opri at e N26dr53/%6543.gnal , the actuator array can also be used to convey
information unrelated to thg, 4 g Ral :.5 ot her advant ages and
benefits of the present i nvert+ fromthe Detailed

Description of theoh®eeibddniehetiee @r%r@‘ﬁ’sc&%'u%a@ﬁmﬁ kENs6H THE FI GURES
30The present invention will now be described for purposes of illustration

and not 10§ nephenesd aﬁd!@&ﬂvmmamauﬂwq% inchydessn glgelraagtive. 5.

FIG 1 di t
1S Lo, JpRERAE, ey SR SOk BRI 0T 0 1 (o
of the |eft efamentufispduaitrbétweBh@rstlarabserahidgetivodere Attaydnepbe; SFIG 3 is

a front view of the left ear cup shown in FIG 1 a cordi ng éo one
enbodi ment : configured to receive the elciroactive polymer actua for array and a mass

coupled to the electroactive polymer actuator array. A circuit is electrically

15 coupled to the electroactive polymer actuator array. The circuit is o
generate a drive signal preferably in the frequency range of about 2 Hz to
about 200 Hz to cause the electroactive polymer actuator array to move or
vibrate according to the drive signal. The electroactive polymer actuators
shake (vibrate) the ear cups in the case of headphones, the vibrations

20 tracking the incoming low frequency audio, thereby giving the sensation of
low frequency audio without creating high pressure acoustical waves,
which are potentially dangerous to the eardrum. The electroactive
polymer actuators disclosed herein enhance the “listening” experience of
conventional audio devices, such as headphones. With an appropriate

25 drive signal, the actuator array can also be used to convey information
unrelated to the audio signal. These and other advantages and benefits of
the present invention will be apparent from the Detailed Description of the
invention herein below.

BRIEF DESCRIPTION OF THE FIGURES

30 The present invention will now be described for purposes of

illustration and not limitation in conjunction with the figures, wherein:



FIG 4 is a perspective view of the right ear cup shown in FIG 1 according
to one enbodinent; FIG 5 is a back view of the right ear cup shown in FIG

1 accor diwg 202/t78660ne enbodi nment ; FIG 6 is a sectronabkorzioesy2nf t he
right ear cup taken along section line 6-6 as shown in FIG 4 according to
one enbodi nent; FIG 7 is a sectioral view of the right ear cup taken

al ong section line 6-6 as shown in FIG 4 according to one enbodi nent;
15FIG 8 is a fr &G, Viewpefsgdutiveaieve upa skosoryi entanG8d headptiofeaccording to

one enbodi nent; FIG 9.s cyfaway view of. an el ectroactive pol yner
syst em accoPgFagingioene 6%&?@9!%@%@%@ @gsﬁﬁ‘t i’@’e@%‘?@hen&t i ¢ di agram of one
enbodi ment of anczQe rp%ﬁ' iCe R teR2iNcti8 shblwsihiate 1t he principle
of operation; FlI é@ %ﬁé 1 ,éciicei ﬁwugﬁhg%ﬁt hreeabsossi bil e configurations,

one/ t hree/ siax:cd»faiﬂn@ioemé eabodireeqol ymer actuator arrays, according to

vari ous enbodi ne - FIG .12 s an _exploded view,of one enbodi nent
of an el ®ctroact ﬁ?@ 3ds Béﬁ%“ﬁ&ﬁ%ﬁ%‘&ﬁ%ﬁ eé%)&?%ﬁl"?wp ‘g#@cg@é}fzp '®eadphone
syst em accokglbRg dnthwRepibodi ment ; FIG 13 illustrates an

el ectroactive poIFyrrer ~actuator and speaker el enent according to one

enbodi nent ; IG. £l peaspeative viewy e thendghdlase crpabowpengdCyfer  act uat or

ol cctroact  FEB B SUE R ER 2y accor ding to one embodi ment:

FIG. 5 is a back view of the right ear cup shown in FIG. 1 according

10 to one embodiment;

FIG. 6 is a sectional view of the right ear cup taken along section
line 6—6 as shown in FIG. 4 according to one embodiment;

FIG. 7 is a sectional view of the right ear cup taken along section
line 6—6 as shown in FIG. 4 according to one embodiment;

18 FIG. 8 is a front view of the ear cup shown in FIGS. 6 and 7
according to one embodiment;

FIG. 9 is a cutaway view of an electroactive polymer system
according to one embodiment;

FIG. 10 is a schematic diagram of one embodiment of an

20 electroactive polymer system fo illustrate the principle of operation;

FIGS. 11A, 11B, 1C illustrate three possible configurations,
onefthree/six bar electroactive polymer actuator arrays, according to
various embodiments;

FIG. 12 is an exploded view of one embodiment of an electroactive

25  polymer actuator system for an acoustic headphone system according to
one embodiment;

FIG. 13 illustrates an electroactive polymer actuator and speaker
element according to one embodiment;

FIG. 14 illustrates the electroactive polymer actuator shown in FIG.

30 13 without the mass shown FIG. 13 to show the underlying electroactive

polymer actuator array, according to one embodiment;



- 6- FIG 15 illustrates the el ectroactive polyner actuator shown in
FIG 14 wwth the tray renoved, according to one enbodi nent; FIG 16
i Il ust ratwe 20tpe178d6ect r oacti ve pol yner actuator shown i npEir@s2di4/ovéseh t he
mass and the cartridge portion of the el ectroactive polyner 5 actuator
array renoved to show just the tray and &-bottomrigid frame el ement,
according to one enbodi nent; FIG 17 illustrates a top view of an
el ectroacti ve poFyBets5 dustratesrthactectthantjve potymeereandtoationshown fth G118
illustrates sectional view of the el ectroactive polynmer 10actuator shown
in FIG 17 t@lé’é’ﬁ“’ é]eot;:@y EIRPYSSh acrRkingio gne ﬁwwgﬁt’to one enbodi nent;
FIG 19 is a per Ch | | t; r,
according to onegg@nbi%?mnjésﬁtb?égﬁﬁ%é%%agﬁgé%ggff{ﬁ%ﬁﬁg%%%ﬁgﬁgllﬁﬁgbact ive
pol ymer act ddtwith tieowasd Bhd tike Gartddge podondifribe etedoactivbpdlymsrnt ; FIG 21

IS a sectiona | ew of the e|ectroactive pol r actuator,shown in FIG 19
t aken al dng 35BS 7Y F?é“%‘ie-&z‘%,smﬁ?s&?%‘?%%gﬁé‘% irmﬁ?"EI G 22is a
per spect i ve gidrBantohcédiRirg] ©dieoasbodpndi@l ymer actuator 20 shown in FIG 19
with the top plate renoved to show t he underl%i ng mass | ocated within a

suspensi on tray &Gt héillustirtases fuspenstiam elgstreagtivedudlypngctugiane

ol yrer act AL Spne BrEReES WER the fmes remved to show the

under|lyi ng adhesiFy®. 28liRgatidsos sbetibrat oty bhibeadiesttsantivt ipotyrpet yner

actuat o[mar ra%%/uazgrlléhcwn in FIG. 17 taken along section line 18—18, according to
one embodiment;

FIG. 19 is a perspective view of an electroactive polymer actuator,
according to one embodiment;

FIG. 20 is a back view of the electroactive polymer actuator shown

15  in FIG. 19, according to one embodiment;

FIG. 21 is a sectional view of the electroactive polymer actuator
shown in FIG. 19 taken along section line 21—21, according to one
embodiment;

FiG. 22 is a perspective view of the electroactive polymer actuator

20 shown in FIG. 19 with the top plate removed to show the underlying mass
located within a suspension tray of the flexure suspension system,
according to one embodiment;

FiG. 23 is a perspective view of the electroactive polymer actuator
shown in FIG. 22 with the mass removed fo show the underlying adhesive

25 layer located above the electroactive polymer actuator array 724,
according to one embodiment;

FIG. 24 is a perspective view of the electroactive polymer actuator
shown in FIG. 23 with the flexure tray removed to better show the base
plate and the underlying 3-bar electroactive polymer actuator array,

30 according to one embodiment;



according to one enbodi nent; FIG 24 is a perspective view of the

el ectroactive polyner actuator shown in FIG 23 with the flexure tray
renoved twohkeizesssshow t he base plate and the underl yi ngC3AI3a012/026421

el ectroactive polymer actuator array, 30 according to one enbodi nment; -7-
FIG 25 is a perspective view of the el eckroactive pol ymer actuator shown
in FIG 24 wth the electroactive polyner actuator array renoved to show

t he underlyi ng b&#8. 2} &t = pargherties adhesi the diegtrractise polhemadtoaimne

enbodi nment; 5FI G, I s a.perspective, view of th | ectroactive, pol yner

act uat or shémwf‘r‘\”%?(é S@B‘”%t%ﬁ @f‘émﬁ‘fﬁﬁ%P@@'W%ﬁ&?“%ﬁﬁa?rﬁﬁe@f’yﬁﬁg‘? removed
to show t he ' , ]

enbodi nment ; s he ég‘ln%@riggﬁl%sa egﬁfgﬁ?@n%@ea:/%&%fEamg%]g%@?}%fabcﬁ%e pol yrer
actuat or shembadimé&nz. 19 taken al ong section line 27-27, according to one
10 enbodj nent; G Zé?l G 28 i Igustrate on et[nbo I rremi of acr# e,g ectroactive
pol ymer RAct uat or FG- 26 Is @ pg[sgec ‘éei"?"‘écf;@? CREGRFAIVE PAWOFr 2fHator

el ectroacti ¥goRAliy FRG. 25 WRHAE iRevRel ifydr{ad A ditdur lehfoveriss sheppved to
show t he underlyi ng adhesive 15l ayer, according to one enbodi nent;

FIG 30 ill tha vadeslying base pjade endrapsiturems accaiding thong enbiasimedtict i ve

s perspoct i ve vISh ot 14 favuare SEEEbrIERER R E RGP ARY porci on of
the el ectroghabiviien POGY 18 tai@e! 418hQ ce8iSh live 2BrdimactordimetOnenmbodi nent ;

FIG 32 is a graphical representation of test data illustrating the
frequenty ré& 4B8NGf an el ectroactive pol ymer actuator without a flexure

i b oot SEIG" S AR i SRS oun 2l ono
vertical axistuator;

FIG. 29 is a perspective view of the electroactive polymer actuator
shown in FIG. 28 with the mass removed to show the underlying adhesive

15 layer, according to one embodiment;

FIG. 30 illustrates a base portion of the tray with the electroactive
polymer actuator array removed, according fo one embodiment;

FIG. 31 is perspective view of the electroactive polymer actuator
array portion of the electroactive polymer actuator 800, according to one

20 embodiment;

FIG. 32 is a graphical representation of test data illustrating the
frequency responses of an electroactive polymer actuator without a flexure
suspension system and suspended mass, where Frequency (Hz) is shown
along the horizontal axis and STROKE (mm) displacement is shown along

25 the vertical axis;

FIG. 33 is a graphical representation of test data illustrating the
frequency responses of an electroactive polymer actuator with a flexure
suspension system and suspended mass, where Frequency (Hz) is shown
along the horizontal axis and STROKE (mm}) displacement is shown along

30 the vertical axis;



FIG 33 is a graphical representation of test data illustrating the
frequency responses of an electroactive polyner actuator with a flexure
suspensi onoyeiEBscand suspended nmass, where Frequency ( BeX/ussoizlosn: al ong
the horizontal axis and STROKE (nm di spl acenent is shown al ong 30t he
vertical axis; -8- FIG 34 is a pefspective sectional view of one
enbodi nent of an ear cup; FIG 35 is a perspective sectional view of the
ear cup shown i nFREG34 3la peFip@cti8é sestiend] vaw ofene eorialdimestwiodn t he ear cup

shown in FIG 34, FIG 37 illustrates one enbodi ment of the ear cup
shown in FI&@8C48.36 with the circumaural cushion and the housing renoved
to expose the ungeesl 'rs@a?fe@%w@w@%e&ﬁ@afaawwwé@a@e ®@vEly, behind a
speaker; 10FI G 38 iFFust ates the ear cup shown in Fi 37 wthout the

st andal one Bddul e housi ng to expose the el ectroactive pol yner actuator
array, agcording e enbodi ment : . . FIG 39.ill ust .the ear cup
shown i ngFI G 38 F\t}\#t %L’f‘t aﬁ#ﬁéﬁ@&%ﬁlﬁw g%thﬁdﬁ}’r‘r‘éﬁp %%Foéi@aﬁ%ay to shown
the underlying mpss, 31 HiRseRESbNI ehibolifefNTaHE BaRtUp shown iRIFEGSA0
illustrates the ear cup shown in FIG 39 without the underlying nass,
accordi ng t G4c¥ewihitbe cirewnaural cushipp@ndgthejhpugingorenmied ©/@XPsg8 sound
cavity show [, JRunt e ' a | ; : odi nent ;
201 & a2 1 oyl ERans Slarttcdan R LI e BB E R BB D s oc
headphone cefipakét ng an el ectroactive polyner actuator contained in a first
housi ng portion of an ear cup; FIG 43 is a_ block di agram of an
el ectrodPc circuiiCr 88 ilyishaten thefar skPIT YRR G ddi WtheWyiB®s for dri vi ng
the electro i i audi o
e accoggd%??r%ogﬁgﬁfée  BSIIAS gxﬁ&é 8 15 SRANE Ay HEVGRLS s

array, according to one embodiment;

FIG. 39 illustrates the ear cup shown in FIG. 38 without the
electroactive polymer actuator array to shown the underlying mass,

15  according to one embodiment;

FiG. 40 illustrates the ear cup shown in FIG. 38 without the
underlying mass, according to one embodiment;

FIG. 41 is a bottom view of a sound cavity showing a speaker
mounted therein, according to one embodiment;

20 FIG. 42 illustrates one embodiment of electroactive polymer based
headphone comprising an electroactive polymer actuator contained in a
first housing portion of an ear cup;

FIG. 43 is a block diagram of an electronic circuit for generating low
frequency audio signals for driving the electroactive polymer actuators and

25 for reducing unwanted audio noise, according to one embodiment;

FIG. 44 is a graphical representation of harmonic distortion
measurements without the use of the Inverse Polynomial Circuit (e.g.,
“inverse square root circuit”) shown in FIG. 43, according to one

embodiment;



FIG 44 is a graphical representation of harnonic distortion neasurenents
w t hout the use of the Inverse Polynomal Crcuit (e.g., "inverse square
root cirowot20)2/i5besen in FI G 43, according to one enbodiPUErus2012/9421

FIG 45 is a graphical representation of harnonic distortion neasurenents
with the Inverse Polynomal Circuit ("sqthre root circuit") shown in FIG
43, according to one enbodinent; FIG 46 illustrates one enbodi nent of the
| nver se Pol ynom &G545 iscaigtagdca .representatioe of duaamenicatistoctiorcui t ") shown in
FIG 43, according to on nbodi nent. ; . -| G, 47 is a partial cutaway
Vi ow of |t he MEASATDREIS W A eroensainamial Slistit( Savare odtZiahRhs! ng. a

fl exure Susﬁﬁ&ﬁf}'\%‘F%?&ﬁ@c@%ﬁ%%&%ﬂe%%n@ﬁpom ment; 10FIG 48 is a
schematic illustration of one efbodi nent of the el ectroactive pol ymer

nodul e shown i n FIGS46 iRstretgsrérs egbotiméntafdne Inusspe Rolymondgist em shown in
FIGS. 12_and.47.conprising a flexure tray, ,accordi one_ genbpdi ment ;
FIG 49 FI1 EPERS e dhaerE, BeC oA sV T &8 4 aSramap 15

nmodel i ng t hgnaRmssHiRkent:ne fl exure suspension system shown in FIGS. 12 and
47-48 in the X and Y-directions, according to one enbodi nent; FIG 50
i | lustrates an XFHAJ4A7Z isax gertial sbtawaynviawtaidhe glesgioativepolybsl i ng t he

X and 2 i r BRI AF ShOGR ILFREN T2 BErDASER B BB En SR o 1 cchenat i
di agram i | | ustsraing® decambedinén; travel stop features of the flexure

suspensi on system shown in FIGS, 12 and 47-48, accordi nﬂp% one enbodi ment ;
FIG 5219s a schEffat 48 isgr sghamatie ilstration pEone grakpdimer &el , according

to one embodiduribedPhbifine? bdditShbdhSs FI8S. I2RAMN IR fle fleslirgxure tray

wi t hout a mass,
suspension system shown in FIGS. 12 and 47 comprising a flexure tray,

according to one embodiment;
FIG. 49 illustrates an X and Y axes vibration motion diagram for

15 modeling the motion of the flexure suspension system shown in FIGS. 12
and 47-48 in the X and Y-directions, according to one embodiment;

FIG. 50 illustrates an X and Z axes vibration motion diagram for
modeling the motion of the flexure suspension system shown in FIGS. 12
and 47-48 in the X and Z-directions, according to one embodiment;

20 FiG. 51 is a schematic diagram illustrating flexure tray travel stop
features of the flexure suspension system shown in FIGS. 12 and 47-48,
according 1o one embodiment;

FIG. 52 is a schematic diagram of a flexure linkage beam model,
according to one embodiment;

25 FIG. 53 illustrates one embodiment of a flexure tray without a mass,
according to one embodiment; and

FIG. 54 illustrates a segment of one embodiment of a flexure tray.
DETAILED DESCRIPTION OF THE INVENTION

Before explaining the embodiments of the inventive sensory
30 enhanced audio devices and audio noise reduction modules in detail, it

should be noted that the disclosed embodiments are not limited in



according to one enbodinment; and FIG 54 illustrates a segnent of one
enbodi nent of a flexure tray. DETAI LED DESCRI PTI ON OF THE | NVENTI ON Bef ore
expl ai ni yotzne/wsdsedi ments of the inventive sensory 30emrbarnusea 2ancizD

devi ces and audi o noi se reduction nodules in detail, it should be noted
that the disclosed enbodinents are not Ii'ffted in -10- application or use
to the details of construction and arrangenent of parts illustrated in the

acconpanyi ngpglicationgs wedtodthe cietgilsi afrcon$tractibrsahd sedngetredt obpads may be

i mpl emented or  incorporated in ofher enbodi ts,.yariations and

modi 11 cat | oflSiStaIRH RepCHECRTRENY S rBMINgS FTLaCHIPIPR. SR §RHeSSRys.
Further, unl ' 'nﬁ"g@ﬁsﬁt dtdi8nt&hBRatadth SRl epSbRimepiP! oyed
her ei n haveemﬁﬁggs\éwﬁégget e purgose %&gescri bi ng trhe enbogi ments for

i |1 ustrativeapatigesasd andiificationacanbrayriiceprestiotd pheanrieddart iand are not

i ntended_for the purposes of limting any.of. th nbodi nents to the

parti cul &r éfﬁaguijla’éégoﬁ&heﬁmﬁ%%?thgwiéﬁdf&‘ﬁiaétf§=ﬁ@ﬁ?ﬂ’&é t'ood that any one
or nore of te&ﬁré@s&ﬁis%ﬁéie@é&%témme HRepr doskatsr Bk irbedé aent s, and
exanpl es can be conbined with any one or nore of the other disclosed

enbodi nent s desgipisg dhe smbstireanisdoniinsisativeneueraapped forihehout 1initation.

Thus. th . ; . ; ; ‘
el oment i o SPRLEREREE oBlneSper AR puthaE hfetid B BRELERRREL BRIERE. O7, o
scope of thenprofsienenbosithestdite tee gasppendegsalisdiosed. Thertie tatoulchvent i on

provi des a sensory enhanced audi o devi ce conprising an actuator systemwth
havi ng a0 ne&gamicesstoed thatany praer mesp chbiLdiselosad #mpPadiment® el ectrical ly

BRI L R g i SR (VA
si gnal . The opeesentre ohibatotiver disclosed eprbodirdestsaesgmssiopsefhanced
embodiments, and examples, without limitation. Thus, the combination of
an element disclosed in one embodiment and an element disclosed in
15 another embodiment is considered to be within the scope of the present
disclosure and appended claims.

The present invention provides a sensory enhanced audic device
comprising an actuator system with having a mechanical Q factor less
than about 10 and a circuit electrically coupled {o the actuator system,

20 wherein the circuit is to generate a drive signal to cause the actuator
system to move according to the drive signal.

The present invention further provides a sensory enhanced
headphone comprising at least one ear cup, an electro active polymer
actuator array located within the at least one ear cup, the electroactive

25 polymer actuator comprising at least one elastomeric dielectric element
disposed between first and second electrodes and a circuit electrically
coupled to the electroactive polymer actuator array, wherein the circuit is
to generate a drive signal to cause the electroactive polymer actuator
array to vibrate according to the drive signal.

30 The drive sighal used to move the actuator system in the sensory

enhanced audio device is derived from an audio signal. The actuator



headphone conprising at | east one ear cup, an electro active polyner
actuator array located within the at | east one ear cup, the el ectroactive
25pol ynmerwecbieatieseoconpri si ng at | east one el astoneri ¢ ecelusedriozesel enment

di sposed between first and second el ectrodes and a circuit electrically
coupled to the el ectroactive polyner actddt or array, wherein the circuit is
to generate a drive signal to cause the el ectroactive pol yner actuator
array to vi systeen asefal iti thg presertendritioa cimprides B80aketrdadtive polgmer used to

nove the actuator systemin the sensor nhanced di 0. device is derived
rom an_ audPotater ATy Soeplsna o p Hm AR er 6 e Rofe S8 eBbn: | nvent: on
conprises agiRleel Hearbér Al @nyRcoAl ikiRidear ray conprising at |east one
el astonmeric dielectric elenment disposed between first and second

el ectrodes. |n otreoseaieshariment the ddve signal Hredgsigreditesingwedne o nove the 5
actuator_system.in a.way to copvey inf.ornati.on h n ,ng to the
audi o si ﬁnala.(fu?ﬁ?fss;ys&%ﬁt‘? 81W¥ Ot?l%mfeﬁ't‘ f‘?éﬁ"‘?@ingO%@F‘@i’ %gg?,%ﬁé{qd{@%t he
notion of tAgdRCSiYAAIOITHIES bERrEIadT the irtepgifdfhblcfiect Hge &g @lotioh t he
intensity of the audio signal. The user is able to increase, for exanple,

the bass respBifsactuptos sysieapRandeieproie fum ie sabelaldae igeasity #lcr eased
soni ¢ 10res; @ﬁﬁdi@@i&%iC%leqjs%?ﬁr%%ﬂea&lE%ca@?g@,%?@&%@@!tﬁe pgsgarm‘ul to the
user's hearing. 1 n Oonée enbodiment; € present disclosure provides
hi gh qual i t yedpamskrefquisssdphonengithon beiny suljettedado gimentrelaiseti tsedicaudi o based
sensations. This includes sensory enhanced audi 0 devices,K such as sensory
enhanced? 15 "PRRATSRINISH EBHIFPAPRERIM ke pReR(E qw?eper b%%?f?ié&q ﬁl&t%? for
exampl e, aspdesggibed in nore detail hereinbel ow. Wiile not wishing to be
bound by any particular theory, the present inventors specul ate the

i nventive audi o tleeneesnbaliyeal) the presant dissfoshion gravderibighagualitidlosound wave

orects QU i BuLhe, LPhIGLa & ERha b A B SRR 23
headphones qoR RicRided seh8sky dftdrices ARy BBVicas kuah assendbs enhanced

15 headphones comprising electroactive polymer actuators, for example, as
described in more detail hereinbelow. While not wishing to be bound by
any particular theory, the present inventors speculate the inventive audio
devices rely on a mixture of bone conduction and sound wave effects due
to the inclusion of electroactive polymer actuators.

20 The present disclosure provides various embodiments of sensory
enhanced headphones containing electroactive polymer actuators. The
electroactive polymer actuators contain electroactive polymer modules
based on dielectric elastomer elements. Such modules possess the
bandwidth and the energy density suitable for implementing electroactive

25 polymer actuators for use in acoustic headphones and for implementing
mechanical acoustic noise reduction techniques. Such modules are made
from a thin sheet with a dielectric elastomer film sandwiched between two
electrode layers. When a sufficiently high voltage is applied to the
electrodes, the two attracting electrodes compress the dielectric elastomer

30 film. These modules are slim, low-powered, and can be coupled to an



el ectroactive polymer actuators contain electroactive pol yner nodul es based
on dielectric elastoner elenents. Such nodul es possess the bandw dth and

t he ener gyoaersi7sesosui t abl e for inplementing el ectroact ipee/Ud201pobsaner
actuators for use in acoustic headphones and for inplenmenting nechanical
acoustic noi se reduction techni ques. Sucti2nmodul es are made froma thin
sheet with a dielectric elastoner fil msandw ched between two el ectrode

| ayers. Wheinatisivhbss teatiplifyithg metidit pgeluced &y ded: signehdéerdlesicromdes, the
two attracting e|l.ectrodes conpress . the dielectric elastonmer 30 film These
modul es ar e &84 ﬂOﬁmaE%%P@é{ afiPtd8MicBe coupled to an -12- inertial nass

to anplify the mysLaRiBHAguFEdRY varils WnisdiBhisirduasoddm an audio

signal source of a host device. rtion to providing various
enbodi nent s pofynedreattuatacs forsepsbyrnarhaaced atudic dévce yopleorgntatidmriced audi o
device i g’pl enentation, in aspects, the il eseat di ;cl sure al so

vsens!
or ovi deso e REANE 2PPEGTS BeduEront HSo/as R o8 iHeS BRCERAIGe LR st | ¢ noi se

froma vari elect@ini¢richARBies ¥acizdueHyAcHiRLE hiolseorsiAG eaticly bf eheites.
operational conditions that produce undesired acoustics and wll be

descri bed sé&sahdeehyighe isfosbeedan difercotieperationpreanditiasts thakpreskisani cal

techni ques for i ; t,i C.Nnoi L,SE) | one enbodi nent,
t he nechani é@fje%’g%géc{;}lg%égﬁ%gﬁﬂ@@&%%ﬂ%gdgﬁ%ﬁg%;ggl ﬁe)et?g ?‘(i)jaeﬁ: Wve pol ymer
based flexure suspgel@misodiinents ttheimédharfcdinecialiquedfureetuniagt ed nodes
of vibration by substantially limting displacenents to a single direction

(desi r ed0di Beebsisnnoisa @he disciasedydilp &P nbedimanidhednechanica iigs e) . Test
15 results : i i i lL.ang a desired

di rection o? %@tﬁé&? ﬁ%ﬁg?}é%é@éﬁ g@ggbgﬁiﬁ/ees é@g@% Fg%{j ﬁeg\é%usti C noiseis
hi ghest whesushensies systedndi toauinimize andelirmgémnahwentedvaodesosti ¢ radi at or

axi s. Enbodi pents of el ectroni¢c techpiques for reducing,acqustic noise are
al so di scl oé’&;a“(?rhg%ﬁ@g‘éﬁ?ﬁgﬁﬁmﬁi,ﬁgtﬂ%&@?@@?ﬂ iP@ %’33@3‘?’?’@%&& se 20

techni que et@%sqa@ Grdlapnl giﬁ'@?‘é? kY 8 8&idr SNRLAEALRO réeSRApleIWaBEEed

acoustic artifacts. The basic functioning of electroactive polyner elenments
relies 6% elrestliscatppoiicdhpt seble dbatiotssebstantially alongta desifedddectian it s

simpl est for this pressure .i.s oportional to the square.of.the electric
ol . Thus O VaRR S FeiSRhantecear it Asasti HoRE Shidhsbr o

25r esponse, yhahfelddifal dirdvesbs & bit il 10 FCHcastia radiddsremti®ot circuit

may be enployed. This is true for isotropic, honngeneous, | i near dielectric

properties of el &vebediventechopgiiens taghriqees s cadysingngeeusi apipe
non: hompgendbte o Sratd 1 abeiBhBiineal e PERIonRAEABOR IR cal 30
corr ect pons tedrdiqixenpless Bhosiindappivank wamifein g rexavw uesiadtece! ect roni c
acoustic artifacts. The basic functioning of electroactive polymer elements
relies on electrostatic pressure produced by an electric field. Inits
simplest form, this pressure is proportional to the square of the electric
field. Thus, to compensate for unwanted distortions of the actuator
25 response, a non-linear inverse transform such as a square root circuit may
be employed. This is true for isotropic, homogeneous, linear dielectric
properties of electroactive polymers as disclosed in more detail
hereinbelow. Other materials that are non-linear, non-isotropic, or non-
homogeneous may require additional electronic and/or mechanical

30 corrections, for example. Block diagrams depicting examples of electronic



-13- topologies for inplenenting non-linear noise reduction techniques are
shown and descri bed herei nbel ow. Prior to describing the various

noi se redwotzbem7s@ehni ques, the disclosure turns to Fl Gecljusedizobsses a
perspective view of a sensory 5 enhanced headphone 100 according to one
enbodi ment. In the enbodi ment shown in FE!& 1, the headphone 100 conpri ses
a right ear cup 102 and a left ear cup 104 |ntercoupled by a headband 106.
The headbandb@ﬂﬁgmaﬁohenﬂﬁmeaumgabhéneanmﬂeeWe@aﬁ@hdedb@qdesﬁhe right and

| eft ear cups 102, e a correspondi ng exenplary right and
10l eft circd WPaﬁné‘gﬁﬁﬁ ‘gﬁg gR&?%W It will be appreciated that the
ci reumaur al cushipas o Ascrify I AR e FARSoR 1eMghed Al Li onal |y

such cushions are circu r to enconpass the ears. Because the
ci rcumaur al dcidbuoasurtedo FIG01 pwhmh% elg;ersmatwanﬂﬁw@éa@ﬂSOMese headphones

100 d to,f t th 5afl t t
et el ve- eEnBRAGR hesdrone 1 0 BuedPRd Biana EmBRRthe, AR M Cuahi ons 108,
110, may bee%maehpsmiramtmhémégsh@ﬁe Qgg@btfggasb@ tavegtt ddte headphone

and the user. Each of the right and left ear cups may preferably

corrp[] i se f' cepi@Zrand 8lgfheaneup 084 intewouplads i aﬁ’“@@d%@@ﬁ@ﬁ Jrhel s 112
Tk 114
Containe o Spaduard 188 farChE A SehdelesyrarOudHebe s e i A5 TS

conpri sing qéft eat tups mzir1médaecmpﬂ§é alcor@igonding @xengrhgdightring and
nechani cal and/or el ectronic acousti c noj se reduction co onents.

Enbodi mdft s laft cirgigaural eughier 18814 skwib o8 anprerialsd Bat 'ssric 2 is a
perspect i ve o a¥fallal'cliEntRb 10824 16y RAv@ By Shébe Aithsugh irb@Rbn¥ie Of Lhe

| eft ear cup ear cup 104 conpri ses
a ci r cumaur slick esbhions 5t caculanopellip soidtte @énspeples thyr ebts. 1Bécause FI G

e A A e L N
102 conpri s@gagphonsd 160 238 be debigned to fully seal against the head to

15 attenuate any intrusive external noise, for example. The materials of the
cushions 108, 110, may be chosen to modulate the degree of coupling
between the headphone and the user. Each of the right and left ear cups
102, 104 may preferably comprise circumaural cushions 108, 110,
perforated speaker grills 112 (right only shown), and housings 114 (left

20 only shown). The housing 114 contains a speaker, an electroactive
polymer actuator, a circuit board comprising circuits to drive the actuator,
and in some embodiments and mechanical and/or electronic acoustic
noise reduction components. Embodiments of these elements are
described hereinbelow.

25 FIG. 2 is a perspective view of the left ear cup 104 and FIG. 3is a
front view of the left ear cup 104. As shown in FIGS. 2 and 3, the left ear
cup 104 comprises a circumaural cushion 110 and a perforated speaker
grill 116.

FIG. 4 is a perspective view of the right ear cup 102 and FIG. 5 is a

30 back view of the right ear cup 102. As shown in FIGS. 4 and 5, the right

ear cup 102 comprises a housing 118.



FIGS. 6 and 7 are sectional views of the right ear cup 102 taken al ong
section line 6-6 as shown in FIG 4. FIG 8 is a front view of the ear cup
102 showwono21G&696 and 7. Since the left ear cup 104 sTasbeandwal |y
simlar to the right ear cup 102, for conciseness and clarity of

5di scl osure the remainder of this descrifion provides focuses on the
structure and function of the right ear cup 102 al though such attributes
may pertain equaFI@St 6 ankde7 haf sedtimnatvipwi®f the right eaWdup 1@2 &akemce now in
particular to FIGS.

. 6-8, ] mbodi t t i ght . 02 [
DL et abe e A RO 0 AL vreR, o >
speaker 120,306,409l FEIORFIEES S TRiSiRS WRlISk chfduphosn. I the

enbodi nment strated in the actuator 122 conprises several
sub- conponestbstantalyhsimilanio the rght asir copl 102, farfeancisgness hodalaritaof a

el ectroacti ve pol r nmodul e. | articul.ar enmbodi pents where the actuator
122 i ncl 2ide§! R?Sé%ggﬁ@m?‘ﬁgeﬁ%{]@%d%%’,ph?ﬂ@r%\ﬂ‘?%@.sﬁ?nﬁéﬁ be referred
to as a 3- baflps bhadGhdNR Fah¥ MRht ERAKES 10Mattheugh bLo bafiboRs | N
particul ar enbodi nents where the actuator 122 conprises a flexure

suspensi on gy pentaih @queltntmpihe leftiear sopdddor 122 nay be referred to as an

inertial electroagtly ol vner nodul.e, . Wt M.t At J f
now back Lo Fi cori! iftefet TRy FRsHfusbld RS, 6 6T e Shnolihht 1 ol he®
t he perforatqsrigiesdraiupdl0d torhbAseds ey 118) vititte definddh mpahimghowever ,

the location of the speaker 120 may varé and may be nmounted in any suitable
| ocat i ohQwi fIRAsuUitRBledpEMONGting £ srcakes 188 @A) dlegtropaiGhROIEMEHdi nent, for
exanple, th i\ ] to an inner
v | 152 25 {2E e, I ERRBGHEudeeARTERSSTBUINEE 12, Tator 122
may conpri seachudtsal2Zledmpasestendrabaui-cy@ppoeyisenditiusanay barray 128, and a
mass 130. In one enbodi%r_e&r}ig}et he tra i

) y 126 may. be repl ace th a flexure
suspensi on S5SFHANAY 1&g Rerein ﬁ%laeejfﬁ%tf%q%%@lp&;\‘/’g%rrm Higrri % ng,

reducing, obapiibihidthbadineril Wb WLASRNA2RGNANUSE e aRg, BPuant ed
nodes of vibration by substantially limting displacenents to a single
desi r ed18li r exgaingie, diie aottetent22 fray exmipired (Ereat 3-bacelecopolivener - 15-

actuator arrays such as t ctuator 128 al.sq may,.be.referred to herein as
an "n-bar c&P W%d@?dl%ﬁhW?gogw‘m ?t%bnf _ "flﬁ@r ﬁ%}%ﬁpn%qtsa@%gtt@g bars in
the array. FbHftor 2 BehpRtaDEHeRDR S@dcnsiBesystdm! fortekapiplg!thet roact i ve

pol ymer actuator array conprising three actuator bars that is nmounted in a

Stray w t hoactuatexi@zmaydieerisferedtmas eadngrtiahelgchapchivecpelyaercartri dge
refers module, without limitation. With reference now back to FIGS. 6-8, the
20 speaker 120 can be mounted directly behind the perforated speaker grill
112, as shown. In other embodiments however, the location of the
speaker 120 may vary and may be mounted in any suitable location within
the opening 124 of the housing 118. In one embodiment, for example, the
electroactive polymer actuator 122 can be mounted to an inner wall 132
25  portion of the housing 118. In one embodiment, the actuator 122 may
comprise a fray 1286, an electroactive polymer actuator array 128, and a
mass 130. In one embodiment, the tray 126 may be replaced with a
flexure suspension system as discussed in more hereinbelow for
minimizing, reducing, or substantially eliminating acoustic noise arising
30 unwanted moées of vibration by substantially limiting displacements to a

single desired direction of movement, for example. Electroactive polymer



to an el ectroactive polyner actuator array conprising three bars that is
nmounted in flexure suspension system It wll be appreciated that any of

t he di sclweedi2weasdphone enbodi ments conprising a standalomarsacizioadsor tray
such as the tray 126 may be replaced with flexure suspension trays,
10w t hout |imitation. Wth referemd® now to FIGS. 1-6, in one

enbodi nent, the sensory enhanced headphones 100 conprising el ectroactive
pol yner act satuatsr di2aysasadr ak the dciusioe 1@8adsnmayi kctadeued taheradapabl e of
produci ng nmechani cal vibragtions in th udi o frequency,band (e..g., about 20
Hz to 15aboff' B Jrgytriggepy \ﬁréenh§@ﬁgﬁg%ﬁ By AR r}%}_ﬁ%ag?f B%‘? Ga/ithout
creating i ghe 30UPd TAUESS WIek difinddiSneRaridie ASTErLRPAlbRIbackRE Of (he

ear cups 10 04" conpri se e electroactiv ynmer actuator 122. Each of
t he act uat opelyh2® axiugor seay aosulsingréisse 38Maerhesre thalliy Mowrted ins 50 g,

nore preferably .25 attached to rhe electr tive I [ actuator array
20 128 f%r m?rﬁé' V&‘&H“&rﬁ?éurﬁa%?w&%népa‘é%g ¥, ﬁggﬁ%iﬁ?#&ig%gﬁijgéﬁ/%ﬁ equency
portions of 14 bR didGRIEcHde pefinferdduids andycdnitistifipe@Bhtd fHaels that is
connected to the actuators I22. The el ectroactive polyner actuators 122

shake (vi br atented é Bexurewmsispeogion sgatenm.hl will beanipseciateddbrt agy ohe i nconi ng

| ow frequen I t.her V] . S e Q fr cy audio
w thour cr edis Aclsesd EBEind SHibtubefi SIThuRY s tafoable ssfatET Y |
danger ous t eralyRichaisthetray s flaftid eatidatewiiofigrire susbeationsrak@d? di scl osed
herei n enhance the "listening" experience of conventional audio headphones.

The gend®at Mélhogt liméatien.equency (20 Hz - 200 Hz) vibrations extends the

per cefved [ equeqgun ABRMAId o PRASUTEOTBACBRIRANIAO ik EHede

normal , optimal range. e Vibrations generated
el ect r oact i eahpntgorbeadgsiaratsotG) ¢@Ppritiogeiectrozmtiee polyrhémaauaions nature. I n

addition, electroact.ive polyner sed actuators 122 may, al so produce
acoustic Vi tﬁétqc&ﬁ_ Ly ﬂ}ﬁa {esgppﬁﬁgic)ﬁg{g aa@ecq;@g?’q 8%?@%“?% he case of
undesi rabl e rREHEHdof Vi icHs ARe AR PEEESRY bSHPE 95 UbBURES PizRBOVI des

mechani cal and el ectrical techniques to reduce the undesirable acoustic
ef fect s150 aboep2akbHe) teprivide hightduadity, atdie senbatinnsowhewfycreatingut - of - pl ane

ith th . Vi brat.i I i.on,.
enhanced noTBMHER AOSCIS BAGe Fah. hy e Apicagi i aecl ST b 6TV ng”

suspended nggpe§04 LhAFRisdGhé BRIHTRGERE E@rymermgr 12PB¥achsflke i n high Q
systens havi n? | ow danpi ng such that they vibrate | onger in_the sane axis

as the acougciuatersdi 2@ ermptises aisinaliinpss 180 ipralieraeyi iram biwdBdst i c
artifacts. | %ﬁp;r!gf%g%kéig%o&' B2y D WE U ctroalfve bEG Rk MEr BRAY T

actuators 1
20 128 forming a simple mass/spring/damper resonant system. Low

frequency portions of the incoming audio are passed to an audio amplifier
that is connected to the actuators 122. The electroactive polymer
actuators 122 shake (vibrate) the ear cups 102, 104, the vibrations
tracking the incoming low frequency audio, thereby giving the sensation of

25 low frequency audio without creating high pressure acoustical waves,
which are potentially dangerous fo the eardrum. The electroactive
polymer actuators 122 disclosed herein enhance the “listening” experience
of conventional audio headphones. The generation of low frequency (20
Hz - 200 Hz) vibrations extends the perceived frequency range of the

30 audio headphones 100 below their normal, optimal range.



herein may be oriented in such a manner that the plane of vibration is
15perpendi cul ar to the acoustic radiator axis, thereby significantly
reduci ng wowarnyesséacoustic artifacts. The mechani ealr/udéantant
characterizes the mechani cal danmping of a_system It is the ratio of the
reactive energy over the nechani cal enerﬁ?*loss. As not ed herei nabove, high
Q systens vibrate | onger creating nore 20acoustic artifacts and | ess well
defined effects. Thewilfpatiahs genemtid by ¢hes glectoactiviet polpingh acketensi cal | osses
SO Vi bratiog§ aly‘e easil¥ danmped and the rmtidoq(,of Eh act.uator systemis
wel | defi ned#2, howevetyare,ReR-fiEpans 1aliiganB& dﬁf?é‘*@%%"taﬁ V%EPEYQ? r system
shoul d be p I , r ef er abl
%ggsg %gi%é_t&% 2% r%%g Ll Srotgé %:E:@Qét}’c QSL&B&M@ thaafost P y

25 bet ween se skilled in the art are aware, Qs is a
unit | ess messunatrbatdesthbieadndné zase of nedeniebimaceustgadpiatignafthene dri ver,

that is,_the |losses in the, suspension (,surroqun nd _.spi.der.) lf.varies
roughl y Det W@%@Cmrﬁ633W$dest®%ﬁ(’}mm§?§In§§q%&8§%&g§hméf%% s

i ndi cat es 3@oderheRRRAMSR adREHE SfedRdo R e BId RIERALAIMEgRE | OSses.
The main effect of Qs is on the inpedance of the driver, with high Qs

drivers - 1vibralicns mpyhg euttifgiane mitbdbaspealrral@l. Odrgtiadict or for | ow Qs

i |1 .col L f : c '

| merease. daRyPEr g xR R SR AR R SRR L P8 1 e

break in t h@e%‘écﬁ,@iﬁémp@?ﬂ‘@ sgieakels fanirivag suspendbd\neagdesc ethesieor t ed turns
0

at 5the top and bottom the voice coil to prevent it |eaving the gap, but
the shal® nénelemarialicns, HPWenNes ﬁ%WF%QW@Q@Q&W@WéﬁaW@%?Ndri ven is

alar mng angafinPELaRIng thélbyiBrRE INEMIR O YARE L VI BClgeer s are

often built "w onconducti‘ve torner om paper, Or various

pl astics. leddiatoreihersbyt infrodgciegandesirable smousht artifagtst dmvatious d be

tailored t Oembodimentsi however, the electroactive polymer actuators 122 disclosed

herein may be oriented in such a manner that the plane of vibration is

15  perpendicular to the acoustic radiator axis, thereby significantly reducing
unwanted acoustic artifacts.

The mechanical Q factor characterizes the mechanical damping of
a system. It is the ratio of the reactive energy over the mechanical energy
loss. As noted hereinabove, high Q systems vibrate longer creating more

20 acoustic artifacts and less well defined effects. Low Q values indicate
systems with high mechanical losses so vibrations are easily damped and
the motion of the actuator system is well defined.

For optimal performance, the Q of the actuator system should be
preferably below 10, more preferably below 5, and most preferably

25 between 1.5 and 3.

As those skilled in the art are aware, QMS is a unit less
measurement, characterizing the mechanical damping of the driver, that is,
the losses in the suspension (surround and spider.) It varies roughly
between 0.5 and 10, with a typical value around 3. High Qms indicates

30 lower mechanical losses, and low QS indicates higher losses. The main

effect of Qums is on the impedance of the driver, with high Qms drivers



the type of effects desired. For exanple, a resonant frequency in the range
of 80 to 90 Hz is desired to maxim ze the effect or "punch" of percussive
ef fect s swohomsi17Béeek drunms. The notion of the actuator egstosmiheubd be
orthogonal to the direction of the sound waves if a separate 15 speaker is
used. Wile other types of actuators sucfl?as piezoel ectric transducers,

voi ce coils, linear resonant notors, and eccentric rotating notors can be
used, el ect dizptaying apigherdmpadbned peak alnepprediotar far low Gedd issui ted to neet

ntri ne! cal MEEURVORLAIPIEh {HES At bpeeat e Teudakes PHUJURESS 20  ange
of about 50+ : N=py LA} J ; i power in a
smal |, i ghgﬂ%éﬁ’,r@gﬁgﬁgﬂieﬁg?ﬁ%ﬁ?éf rﬁ]{‘%ﬁa‘g;@?%ﬁ@gi‘ %le%%r”g easily

i ncor por at ethé aylndars Soswe ypeaiteamoanlifacdrersdaveqadacethglortathiuses a@l rect | y

dri b i i [ Cui k_.and_enhan di o sj gnal
or oduce Spedie farsy Bplpmiardhe upicBcu P niEpan dones B 15 g3R0aRDRe: gnal -
25Wth the lsawREEL YPesbd idyand ®visd whenfthé ariler isvetdafiehagct i ve pol yner

actuator, preferably less than 100 MPa, a snaller inertial nmass can be used
to anplify ®elaming aod vais pereelved st prabiem byeawsenso Usav (Bigadiivara hi gher

The over a | a0 Plina SHEWAT cBhECRTIERR e ¥EpEith bl Farish®a0 an

i mportant f aedstiesi n the design of portable audio devices such as
headphones. -18- Before launching into a further description of various
embodi méfts of t H&edreerarideaqueacyof iheactiatassyster shouldbestaiared o

connecti on AEESY : FXpsel h ggﬁfé [ﬁ%jq briefly to
FIGS. 9-11 oéf R’z?e esgffei%ito%i%gﬂ (%ife%(/arl (i;a?rs‘piighgérgr a erié eﬂ?g%%’[dg%gpri si ng
el ectroact i vangobid@to 50 hisiediesirddlte snaamizzbihe difarct osgpunchawlli o devi ces

such as headphones. FlG 9 is a rtial t away. Vi of an. el ectroactive
pol ymer sysPERUSTEE i%éwi’?m?%&f)%fjfym%gﬂi% ;pg(p?;%ﬁgcﬁqgorﬁls or 122 to

provi de_t he <ABGRIRALAnYSAHA O e dRbRM dfank RBuRGIR3NFa LBBarde cor dingl y,

i n one enbod nment t{)ie stem conprises a electroactive pol ymer nodul e 200.
10An el ¢§t r spedkards pskg ndihilacttiveart typeg 2P ackiatwafsughrasdiezoaléctie an out put

plate 202 (e.qg., sliding surface) relatiyve to a fixed plate 204 (e.qg.,

Pl xed sur 1 agasHGHSeHERg ol TS hn el otdysand S8EpRBB8Bd 561%
separ at ed byngbeetarPpb !u%ed,aéuec@@a@avfe%agheﬁ atfiators @S pafidulamveeent to the
desired direction, Iimt travel, and withstand drop tests. For integration

into a 15 heutghinmegétheabovaeritesp for tisapdicaiay. beewneanbraesignagh

it o 202" of AR HtadSieRF eI Yacrls A A ebATs efatan Bty gt g '© ' P
surf acez@onfréa%a etialbSutrBILING0 H valnild Reahirg fagessponsé tiendsaarkd higha sur face

that can nove bidirectionally as indicated by arrow 206. Between the out put
pl ate 202 ap@wer in asmall, lightweight, and energy-efficient form factor that is more

easily incorporated into a sensory enhanced audio device. They can be
directly driven by the drive circuit to track and enhance an audio signal or
to produce specifically tailored effects independent of the audio signal.

25  With the low modulus of the dielectric film in an electroactive polymer
actuator, preferably less than 100 MPa, a smaller inertial mass can be
used to amplify the motion of the actuator than needs to be used with
higher modulus materials such as piezoelectric polymers or crystals. This
lowers the overall volume and mass of the actuator system which may be

30 animportant factor in the design of portable audio devices such as

headphones.



20 the fixed plate 204, the el ectroactive polymer nodul e 200 conprises at

| east one el ectrode 208, optionally at |east one divider 210, and at | east
one out puwwohkar2/2i@9t hat attach to the sliding surface, ecgusaihedsop pl ate
202. Franme and divider segnments 214 attach to a fixed surface, e.g., the
bottom pl ate 204. The nodul e 200 may conpfise any nunber of bars 212
25configured into arrays to anplify the notion of the sliding surface. The
el ectroactive polRBefme lamedtHieg 200 anfaythbedeswipitied df watibes dénibogliraketst r oni cs  of

an actuator controller circuyit via a fl cable 216, A volta "V
potential d f"@r%’ﬁ@@e%@t‘vﬁr@ﬁﬂ?‘ﬁbﬁ?uﬁ%uﬂ aﬁ\'?‘h()iﬁ’rnéf‘é"i“gﬂ??t‘%g’ﬁhere up to 5

KV, more pr@ﬁ@saélag.f@@éwﬁ@e}% &/e%f?i?ﬁoﬁ\t{x nEBrRfp 16 Fas8bby Rk ween 300 V to
5 kV) 30may be applied to Tirst an econd el ectrically conductive el enents
218A, 218B desthigion efiwvariabkentegrated devices cBowprising elgctrhactblecalymatt i ve

ol ymer actuyator 222 within.a,given footprint int n) _sections is a
(F:)onzeni ent REPROHT e%%‘ﬁ’h%rﬁ%f%}i@eﬂﬁs%%d%‘{‘f??? ﬁ%%égﬁ?ﬁ‘(?aﬁpégﬂ%% force of
the el ectroggti ¥9s APV cuBHFIEMew Db EeRErSARD el @besdtem thathel d in
place by the rigid rmaterial that defines an 5 external frame such as the

fixed pl at e maybaidegiady drcomperated indoire aptuaia t2Rdomrawde thasi de each

w ndow i s an_oqut put r. 21 f t ol a erd.al., d on one or
both sides OF“tH ’Xd&%ﬁ%"%%ﬁ?c’%‘fffggﬁé?’g?%@?%%%@6-z%?%@?ﬁéﬁ@g| y, an
adhesi ve maygmiepiient theesystah dohipisesnpéietiresctp@ shlgaboarediule200- assi gned

I nternational PCT Patent Application 10 No. PCT/US2012/021511, filed

;/]\Enuzﬁr y187, Avcalecispastivedp!yranetipstor 22R iR torfigwpara plide ag\astei PRI VETHOD,
. oo ' > o " od
St o pr ov 2R SR st BRI TARILS to dIAEH irei8d IR st B0 g

2011 entit| edhen'drivhyizEESy DESkdgd CONCHRTpIAND FRDQESEl@yaratet/m4d2, 913 15
filed Februar 5. 2011 entjtled, "FRAMVE-LESS DESIGN': . 61/447,827 filed
March 1, 20% ,eféﬁ{i%ﬁ t‘aﬁﬁﬁﬁ}ﬁﬁ@t@ﬂ%“wﬂﬁﬁm@mﬁ & MG eEAs NG ;

61/477, 712 ?Er%@ﬁjorﬁﬁi?ﬁi trédel gﬁé%ithgﬁﬂdtdrﬁﬁteétgwlkﬁ@ ARRLkEAT ! ON'; and
61/ 545,292 filed Cctober 10, 2011, entitled, "AN ALTERNATIVE TO Z- MODE
ACTUATORS" ; hehdplemite devide stbledsppéatef20Rvnan betittadheddoan inedighorassed by

r ef er ence. | yi the p tial.dj renc cross the di tric on
one side of éﬁﬁ%éagﬁi‘sme‘%ﬁ@wfﬂ ghk Légeg“gcﬁpggéagi epﬁ%?s@ﬁﬁegéﬁgfhe

el ast omer Wi« BieeAdaE vd HElyRIc? RIS 20088cilifeLd RAGMgAIHREIINfiafee on the
out put bar 212. This force scales with the effective cross section of the

el ect r oact i Y@mmsing tean drertiak mase 2p thexback pka stdaee imtsendagea bi-i nearly with

act uator - TARCHREET) R pftaphy SRR dE Rebibdbheloliitt e J02aRaot The

20 the fixed plate 204, the electroactive polymer module 200 comprises at

least one electrode 208, optionally at least one divider 210, and at least
one output bar 212 that attach to the sliding surface, e.g., the top plate
202. Frame and divider segments 214 attach {o a fixed surface, e.g., the
bottom plate 204. The module 200 may comprise any number of bars 212

25 configured into arrays to amplify the motion of the sliding surface. The
electroactive polymer module 200 may be coupled to the drive electronics
of an actuator controller circuit via a flex cable 216. A voltage “V” potential
difference of preferably about 1 kV (preferably anywhere up to 5 kV, more
preferably between 100 V to 5 kV, more preferably between 300 V to 5 kV)

30 may be applied {o first and second electrically conductive elements 218A,
218B of the flex cable.



each additional segnent effectively stiffens the device twice, first by
shortening it in the stretching direction (X) and second by adding to the
wi dt h (Y)wohat2z/1esbst s di spl acenent. Both spring rate ardthiso@kedbor ce
30scale linearly with the nunber of dielectric layers (nm. -20-

Advant ages el ectroactive pol yner nodul es1800 include the ability to
generate | ow frequency vi brations inside the ear cup housings that can be
felt substantial Begivantidigahelejedioactiee pelgmerlacteatdi B2 withel acivesact i ve

pol ymer nodul es 200, consune | ow power,  and e |l suited for. 5

Bust on zabl DUBHAGRICT SEENPTS et SN TRStNGR dOGLERG IR PRIV ol yrrer
nodul e 200 | i } I evel oped by
Artificial Eﬁgﬁ%&ﬁ@@%&%ﬁ{?@éﬁ%@@%ﬁ@%@%bﬁ%ﬁ&&%@Fsy%@ﬁfél %ﬁgh ref erence
to FIG 9, stuseichefl didlectliess geidviarpiatd by thd rigidemaiesial theddefives pol yner nodul e

200, (e.g., thickness, footprjnt. be f.i xed 10by the needs of nodul e

i nt egr at rs%mg Eﬁrﬂéﬁugg,a§§%$gi§§¥§¥§j§,%ﬂﬁ ?”%Pymoé%é‘? %S| ayers,
operating vQlihao@k fENebIns00hERWISGoRYs 8ADLIpIRIERRIE FIthdabale geonetry -
the allocation of footprint to rigid supporting structure versus active

di el ectri c rigdbleameonaieniph@ndousonenge hoth sideap’ the euipebbandb? ersvay to

tailor perfq nge t el ectroactlve r I . 0 an

applicati one\*ﬁ%ﬁ%% %fggn%[ﬁr@atﬁ%y’ia? %%qeesg\?éa%%g' r#%@&ﬁ%iég%ﬁgrﬁe devi ce, as

shown i n Fl Giateflaifas disclose@MTBeaEigna i eamitRthal PO Paerit Aphiicaticss can be

enpl oyed to atég:e the nerits of different actuator geonetries, such as: (1)
G

Mechani 68 ofNG: W& TANSRPO4R/0%I6M 1 sfledelanuapy 1 Ac2Qikd entitls, FRAMEESSand (3)
Us 20 S } . OV .2,
er en%@fﬂ? o@ﬂébﬁ\%{m%eg%‘ﬁmgw W?g% ggfi{ﬂ?’ ?gﬁié tion

conput er -i npl'enent €d process Tor "estimating candi dat e
desi gns andcliiedghé benedt undéreds USRBI 11 ), dbtinited Stelesqiromisicelatct r oact i ve

| desi i table f tign. Th | predicts th
T R TS A W T AT L S
short ef f ectsRARAGYSSIDIEAEIN COREERT ANY PROEESSTR O @ /A48918Ne maxi mum

sensation a rm%u e can pr o?ﬁce I'n service. Such conputer-inplenented
processes f fikcddsebmmaty 1o, 207d etjibd [FRAME-LESSIDESIEGNIS1/§A8.827e descri bed

0 ", Oe Bl YRSl BB B AL EE RS A G, DRSS 12",
POLYMER APPARAT O3 AN TECNMr QUIESHIEPR FWANTLE Néatitled, “FRAMELESS
APPLICATION"; and 61/545,292 filed October 10, 2011, entitled, “AN
ALTERNATIVE TO Z-MODE ACTUATORS?"; the entire disclosure of which
20 is hereby incorporated by reference. Applying the potential difference (V)
across the dielectric on one side of the output bar 212 creates electrostatic
pressure in the elastomer which causes the electrode area to expand and
exert force on the output bar 242. This force scales with the effective
cross section of the electroactive polymer actuator 222, and therefore
25 increases linearly with the number of segments, each of which adds to the
effective width of the actuator. The passive spring rate scales with n?, as
each additional segment effectively stiffens the device twice, first by
shortening it in the stretching direction (X) and second by adding to the
width (Y) that resists displacement. Both spring rate and blocked force

30 scale linearly with the number of dielectric layers (m).



-21- CAPABI LI TY THEREOF, " the entire disclosure of which is hereby

i ncor porated by reference. FIG 10 is a schematic di agram of an

el ect r oacwowve1poBasper system 300 designed to illustrateprchhaspoiznesspl e of
operation of electroactive 5 polynmer nodul es. The el ectroactive pol yner
system 300 conprises a power source 302,28hown as a | ow vol tage direct
current (DC) battery for illustrative purposes, electrically coupled to an
el ectroactive polagventayedudiectBisttivé pohooardadaies\difhntlhdephe sbilty to

di scl osure, the power _source (VBatt) represents the output of an audio
si gnal sour 8&N¢ ?i%frﬁuﬁﬁcﬂﬁ‘bbgf%%gdﬁ%igﬁgb\? ?@EEH@%@VS’EB&EW@ s bel ow
about 200 I i gedyod; e t 2 Hz to
about 200 %Et %ﬁtgﬁﬁg "??g?%d] éé%%f'&?estandghfrmg?‘t%%él%%ﬁgagﬁgtroacti ve
pol ymer nodplndErdnodulesi2i@scansthieniorl povenmandardivedliesititeddoel enent 306

di sposed_(e.qg., sandw ched) between two conductjve el ectrodes 308A, 308B.
The 15 c%nd&gﬁ%zgﬂgé&?&!{a@‘gﬁg O gpt&org%u %ﬁ%ﬁﬁ@a%té\{eg?ggy@gﬁformabl e)
and may be pRadUI€200"s titetOMais oPelbfBhENE pAPHeP ddifieLbardiopad i C
dielectric elenent 306 using any suitable technique, such as, for exanple

scr e?an pri Rtbb!br@ﬁﬁqﬁabmeséet H@ao@ﬁ%%f@m@ﬁrﬁ%&l e 304 is activated by
i t ry .30 i . I it 310
by el osing & 20 SR B{&Bndka0 BONG whRYEf Ba §6588 ABAMRY e ow

vol t age VBablecticgile pbBlytnad rhid@ile200C(ev.gl, tisigendds) fedtgnat) nsay baliked f or
driving the el ectroactive polyner nodule 304. In_accordance with the
present 1@i séydBeneeds of mpdiule tregrators while oiagr variakieated. WuMies afhe openi ng

124 defined i i iLol bgpég g convert
the 25 | ow \‘?g%{?é{tgg Eﬁé‘f(‘sﬁ%&éﬁ%y\l%ﬁﬁ%o&s S%aﬁbﬁ%{rr%wﬁbtﬁah auslé'i ?egigg%% sour ce,
t o a hi gher actldtaggechginal- thaistiatdterf offfodiprint by rigkes ugpectingsittadtuse pol ymer
actuator 122 (FIGS., 6-8%5. Returning to FIG 10, e th;voltage Vinis
applied to VA U@cﬁﬁﬁ‘l‘j’@tﬁ‘ @C@Pe“c@ki’%% at ’Wt C@ﬁéﬁ“? ' BRStofteric dielectric
el ement 306 [EARR @ay?%télg)gg)%%&-rﬁéhcéibfﬁ@téae&r&é@m@%weamm@ the

hori zont al Irection er electrostatic pressure.” The contraction
and expafisi @30db6 anhappdicatonmbere ted wlodoter 2@0 & iotagnategogititan be harnessed as

notion. -22- The amgunt of nption i acenent is proportional to the
i nput vol taé@a%?ﬁ%ngﬁ%??oﬁ 8@0‘55‘%%@,&@% may be anplified by a suitable
configuration of c@&ﬁs&tép@ﬁéaemn@éa WRIeliRg tetH g seartBe ehglegedad ow in
connection wth FIGS. 11A, 11B, and 11C "5FIGS. 11A, 11B, 11C illustrate

three possi BREge e meritaof difsrentmstidator geersetrists, slelt @Fo4t) Meehpoicy mer
crbodi ment s °bi et et ey R AR Pl RS RO TR s oy
sui t abl go nugeekatidn. baAbgethepandsdthres dohepdiepitd pRlvidia anchitysi cal  spaci ng
restricti On?mgifen:[aehneteg ?J?cl)éeqs%tflog gétimating the capability of candidate designs

and using the estimated capability data to select an electroactive polymer

design suitable for mass production. The model predicts the capability for

two kinds of effects: long effects (gaming and music), and short effects

25 (key clicks). “Capability” is defined herein as the maximum sensation a

module can produce in service. Such computer-implemented processes

for estimating the capability of candidate designs are described in more

detail in commonly assigned International PCT Patent Application No.

PCT/US2011/0002889, filed February 15, 2011, entitled "ELECTROACTIVE

30 POLYMER APPARATUS AND TECHNIQUES FOR QUANTIFYING



10 Additional bars provide additional displacenent and therefore may be
enpl oyed to enhance the realistic sound reproduction vibration that the
user can weonse/i7sseedi ately. The el ectroactive pol ynmer aetcuwaisesi2aeésays 400,
420, 440 may be coupled to the drive electronics of an actuator controller
circuit via a corresponding flex cable 483; 422, 442. 15FIG 11A
Illustrates an exanple of a one bar el ectroactlve pol ynmer actuator array
400. The on@MBEJE'E‘ﬁtTWEOFé thelgntiez dectosateoof whichys Meelmonpri ses a fi xed
pl ate 404, an outgo ar 406 and an el astoneric dielectric elenment 408
coupl ed to {HEORPRERS Y IR€'S¥8. FIG 11B illustrates an exanpl e of a three

bar el ectroact | ve g0} yies sBRemBlib Al Rla S 4RB6ANEI Sitiet Syetenpar s 424,

426, 428 coupled to a |xe pair of bars is separated by a
di vi der 432SGEaiHsigﬁedttbeﬂiusfnmtﬁmpsnmﬁlé ofm@ramofcﬁﬁﬁmaﬁsiean out put bar

434 and an el ?storrer CE di S.Ihectr c_el.enmen }' #@r ee bar el ectroactive
pol ymer Act #& yoerdpedyies. 3%???‘?%%”???@ WFB? %’ﬁ’%?f‘ CATPES @ sur face in
conpari son }o@mﬁeh%oé#dé%@ %ﬁe@maesl@%wQ@ﬁégeléar@@mnt@Dc?l@méqamay 400 of
FIG 11A. FIG 1ICillustrates an exanple of a six bar electroactive

pol yner act illustratiee pasposes, eleaipicaly ngurled (o anelactmactiye polyger 450, 452, 454

coupled to e S by a
di vi der 458%‘%%%% %ﬁ%cgc?gang@itﬁljﬁg%gﬁﬁéﬂtﬁjﬁio%% thfW%ﬁfﬂ%onprl ses 30
an out put bavsdPfepaeseras tied 8sipolef 46 addr) sighal sbueteoemfigutéd to The si x bar
el ectroactive polymer actuator array 440 anpljfies the force on the sliding

-23- suit ac@eﬁﬁfaé%mf*’ie%ﬁn@ba@%@ %ﬁﬁﬁ seloyy apAGGHE iy &XBBINBrer act uat or
array 400 ObnfliFond HnBlmehP pbiih 2380 AGYS aB6LE Y60 PR, Wiikfe ffd ual or
I : e roac

array 420 o Ive po ymer actuator arrays 400, 420,
440 il lust rmrﬁd“ﬁjdmﬂﬁéadefm'etm FITG8 . elddadiivempimesi mbdglead® i nto a

Zehi ove destPEBERF &dhl e BN ECITE B bABBATTEREY Griel oot r oact | ve
pol YT act Uah R kPR FaTid RAUEL DB TgN adp pren et
10shown1$n EbBRuctbeSlecinodssc308A3088 arpolrgicbabledeunt cenfarmable) 28di s
may be printed on the top and bottom portions of the elastomeric dielectric
element 306 using any suitable technigue, such as, for example screen
printing. The electroactive polymer module 304 is activated by coupling
the battery 302 (e.g., signal source) to an actuator circuit 310 by closing a
20 switch 312. The actuator circuit 310 converts the low DC voltage Veat
signal into a higher DC voltage Vin signal suitable for driving the
electroactive polymer module 304. In accordance with the present
disclosure, an additional circuit may be located within the opening 124
defined by the housing 118, where the circuit is configured to convert the
25 low voltage low frequency audio signal from the audio signal source, to a
higher voltage signal suitable for driving the electroactive polymer actuator
122 (FIGS. 6-8). Returning to FIG. 10, when the voltage Vi is applied to
the conductive electrodes 3084, 308B the elastomeric dielectric element
306 contracts in the vertical direction (V) and expands in the horizontal
30 direction (H) under electrostatic pressure. The contraction and expansion

of the elastomeric dielectric element 306 can be harnessed as motion.



integrated with the el ectroactive polyner actuator 122 to inplenent a
sensory enhanced headphone. FIG 12 is an expl oded view of one enbodi nent
of an el ewonoect7dese pol ymer nodul e 500 conprising a fl ergrassugpesizi on
system 502 that 15 may be enployed in a sensory enhanced headphone.

Exanpl es of flexure suspension systens t#&t nay be enployed in the

di scl osed enbodi nents can be found at commonly assigned International PCT
Pat ent Appl iTéatamoufioof RGTAUS20It IR =D is ;briobedicmai fatheainpuilvoltaz@el 2,

entitled "ELECTROACTI VE P R FLEXURE APPA TEM AND METHOD, '
whi ch appl i k‘g“t .ﬁm%@ﬁ@f@% @nttmaﬁ,t}&am@ afﬂgﬁgﬁ of United
States provi lied January
Do 2011, Ceon RS aiPROF echRbl Ak O AR T o

61/ 477, 680, cbnhectiokpwith F2&S. 20A1118pand 1&8. " Z- MODE BUMPERS"; 61/ 493, 123,

filed J 3, 20 tl L SYSTEM I ' 61/ 493 588, filed
June 6. 8011 H@ﬁggt‘b\ag%rﬁ%&[ RIS 0 BORR %ﬁ‘ﬁi"%fﬁi@w 096,
filed June &h&@léﬁeiéﬂﬁbéétﬁ'@ po@ﬁ%ﬁ&fum&@ﬁwmmmw TddMRIAy BATTERY
CONNECTOR FLEXURE":; the entire disclosure of each of which is hefeby

i ncor por at edo uynm@s emoadenents. Masicestsaboimenisof ¢lestieactiveayolpoar def i nes 30

" owol odaa ATt AR PV eras® ERLSQRRS HFrRRL YRRl B0 voer
- 24- act uat eie apflicaBnRMdBRIERH shacihiecbvittion pbihk appliektitme flexure tray
504 and the other side of the actuator 506 can be coupled to a nass 508.

The el ed®r od¢iditipnabbpimipnovise: adidonal déspiagerpent %@‘9@93’%?7@3’&%n3| oned to
fit within %ﬂg%g {dﬂ'@niﬁr{%eqﬁg'rggf?stgowﬁ er%??éﬁu%%n V%aﬁ&?%t FIG 12, 5

t he actuat or Fises two Set's roactive polyner act uat or
arrays 512, uséﬂtan SBn@é remedidbeld Mtﬁecmmtwbmymacacmmqmdrgayer act uat or

array 512 b ed .and nbodl nts, for exa nore than
two sets omﬁpeggg% ‘%@?8 (5\49 gleFiguIcs P anmchua rTEﬁy be enpl oyed
in the el erbgﬁB{t rVeﬁrcﬂﬁleﬁrcoﬁ%Egéﬁ&h 388 cabife 462 Sfpvaqpt he first and

second sets ectroactive pol ct uator arrays 512, 512' each
conpri séSan out pktGbaiAdiistrateseah ayempisl diba oﬁ&b@?aﬁentmﬁep&ﬂyﬁm&rst set of

el ectroactive I ner or_ar 514B,.. 514 0_the botto t he mass
Sos. A 1 angolpier arey Aihehierbaegivatig Ao me AR Y AT ¢ he
first set oteoﬁip@@béwsédwﬂaﬁo«mm% S@bUAbAY 468 raSar BlasidiReri®14B° to a
second set of electroactive polyner actuator arrays 5140, 514D . A base

frame adhesidiaietttg elersentd0&oaupied ip thasfixatbplata 404 set of el ectroactive

ol ymer act uat or 5 t f de the
Ito r az 504. Ag shoﬁé’ i ?éll@lﬁ%ﬁe} %‘ngéﬁtng’&% go%gl?ﬁggegag%i%ﬁ e”ra%ﬁg? %§&5‘b&§66
conpri sgs duatudid feapar0 ebaplrisicChra®bars 424, 426, 428 coupled to a fixed

frame 430. Each pair of bars is separated by a divider 432. Each of the

three bars 424, 426, 428 comprises an output bar 434 and an elastomeric

dielectric element 438. The three bar electroactive polymer actuator array

420 amplifies the motion of the sliding surface in comparison to the single
25 bar electroactive polymer actuator array 400 of FIG. 11A.

FIG. 11C illustrates an example of a six bar electroactive polymer

actuator array 440 comprising six bars 444, 448, 448, 450, 452, 454

coupled to a fixed frame 458, where each pair of bars is separated by a

divider 458. Each of the six bars 444, 448, 448, 450, 452, 454 comprises
30 an output bar 480 and an elastomeric dielectric element 462. The six bar

electroactive polymer actuator array 440 amplifies the force on the sliding



20 polymer actuator arrays. In other enbodi nents, as described hereinbel ow,
any suitable nunber of electroactive polyner actuator arrays conprising any
sui t abl e wortber17edeobar s may be enpl oyed. Al t hough not sirowuscer2/bbddzr 12,
either the mass 508 or the tray 504 nay be physically and/or electrically
connected to a printed circuit board witB3a flex cable 25 connector, for
exanpl e. The fl exure suspension system 502 can be used to inplenent an
acousti ¢ headgbonm sympansastodbemindle thar elenmactied polymeersetudiet ow.

Addi tional details of_ the flexure suspension system 502 are descri bed
her ei nbel owafrﬁyégﬁrfgﬁibo%ﬁﬁw ?{E‘@(é‘fe ba"SQi;eCtF%%}%WS ehPFY AR cr i bed
various int cqgpeconpri sing 30 el ectroactive pol yner feedback
nodul es thag%ng%e&enﬁojgd in various enbodi nents of the el ectroactive

pol ymer act uat or Th22iatimactive pelyBSer #stuatoRBrrags 400e42@ 9840 Pustoatedow t ur ns
to FIGS. _13-16,. which i strate.one enbodi nent. of the electroactive

pol ymer Act ﬂhgeg?r.e«pgg?o Igﬁéét %31 %30 ”?%b%g%@‘%geéﬁ‘gﬁ ﬁﬁ’@rlffyeoci r cumaur al
cushi on 108 epQiiohemive Bblyhia® sRAlatSiol AdadbiforOapltantns b gEeret 0 more
clearly illustrate the el ectroactive polynmer actuator 122 and the speaker

120 el enent desised effettag Foo exampieiio dnemmbodimentean elegifpaghived enbodi nent ,

the el ectroacgtive I r_actuat I t n tray 126
(e.qg., in oPR@F“eér%Cg%%ﬁgﬁE@Y n%%egé Féé‘%%@%%y?%%éc?ﬁ%fij}(@aéjfgl/n%%?f | exure
suspensi on guFheeThf aWousihgtefs aetlusitaRaniMGSL 368 f br thecdrdboginidie mass 130
and the 10 el ectroacti vegpol ymer actuator array 128 (shown in FIGS. 14-15)

beneat h1® he shaws in 8HGSTHS, angleatseacivahaohyaer actpatar adEyr148uisf ace 134 for
ttachi t i | i 1 132
SN 10, g TS KR o B8 M | 157

a flex cabl eshsorgleatiantedhkerdplood.e t he el ectroacti ve pol ymer 15actuat or
array 128 to an uator circuit. . FIG 14 illustrates the.
el ectroactive poﬁ:ére? can gkeloded yisy oheNe W%ﬁ@%ﬂ%m’lf CHRactYR

ci rcurmur al F%\Wér%oéﬁé Wéc%}r@ﬂﬁsiﬂ% atf@u?@éﬁjg%gthsm’?sﬁlgn‘? 564 it W thout the

mass 130 (F 13) to show t underlying e roactive pol yner actuator
array 128, awydraelemployedone sernsmly ephancbhegdpiimwn ExerApes of4, t he

oLt T 02t TR eh SRSy ABe BTl ROpBs e & 12,0 1C
tray renovegdmiRRGAEisithr e mhdeathmBRly. addidied RiahanssaltrCc Tl GS. 14- 15,
the el ectroactive polynmer actuator array 128 conprises a rigid frame and
di vi der s 14Patendradication No. PCT/US2012/021508, filed on January 17,2012,
entitled "ELECTROACTIVE POLYMER FLEXURE APPARATUS,
20 SYSTEM, AND METHOD,” which application claims the benefit, under 35
USC § 119(e), of United States provisional patent application numbers:
61/433,655, filed January 18, 2011, entitled “SLIDING MECHANISM AND
AMI ACTUATOR INTEGRATION”; 61/477,680, filed April 21, 2011,
entitled “Z-MODE BUMPERS”; 61/493,123, filed June 3, 2011, entitled
25 “FLEXURE SYSTEM DESIGN"; 61/493,588, filed June 6, 2011, entitled
“ELECTRICAL BATTERY CONNECTION"; and 61/484,096, filed June 7,
2011, entitled "BATTERY VIBRATOR FLEXURE WITH METAL BATTERY
CONNECTOR FLEXURE”; the entire disclosure of each of which is hereby
incorporated by reference. In one embodiment, a flexure tray 504 defines
30 an opening 510 for receiving an electroactive polymer actuator 506 (shown

in exploded view format) therein. One side of the electroactive polymer



25 el ectrodes 148 and el astoneric dielectric elenents 146. An adhesive

| ayer 144 is provided on a top surface of the electrodes 148 to adhesively
nmount a twp 281yi7a6se of the el ectroactive pol ymer actuat ectarse@yg/oidito a
bottom surface of the mass 130. Because the el ectroactive pol yner actuator
array 128 conprises three sets of el ectr@des 148 and el astoneric 30
dielectric elenents 146, the el ectroactive polyner actuator array 128 may

be ref erredactuaasr 0B chaberasiintedde the b@om portion ofthe fleb@iré tlayBdat es t he
el ectroactive polymer actuator 122 shown in FIG 1

ith th d
Che.cart 11 ugesiorion dhe o becaciiniobabt coe heoPQHRT ke a%st SR Ape1s
o Lo St (i gl ) ke ot 102

according t ustrate a top view and a
secti onal vifiewithiratheropnimps t@ defioed by hiee fr8y 584. s shabrat Fiactd,ve pol yner
actuat or _60 accor?i .ectrigacti v?

to one enpodi nent, The e ol ymer
act uat or 960 BRI, .%Cqm@§ﬁ%§%§ﬁ%ieéﬁ?ﬂ§@§{‘m8 DR ‘ﬁ%@ %e enpl oyed
in the headghones 1308150 RIcte Ghnbifndi6CiiOaBLINEARR pipneRCt Ual or 1122

shown 10 in F 1,6-8 an 3-16. The fl'exure suspension system 622
conpri ses aashispenairan 512 ayey6ds employssasd 1y otard esnbsiddvenisatari ve pol ymer

624 (sh in Fl 8).. As sh in Fl 8
ol cotr oact | GEUBBIG BRI IG SB08 EhHsPRebs HovBE BRI S R ed over
the flexur e 599SRRYHOEMPIYeTh 872 cRidfoachasgolphar echitlonsos.ngsf rame and

di vider 15 segnments 614 separating three sets of output bars 616 and

el ast omdPi c shPpenethe first anédseperd sals. of Ale@ranchye poivimrr agtieatof 8HaYSve pol yner
actuat or 60Q 4iyS p @3- har . i 1 I LY r la@ 4, The

el ectroacti \%gépg?%r%éf)c%a%érﬁugrﬁ%éfQ’Ié(?g&pg%tf?gr?i%g}e]é&g 2 érfd@gg, mag‘oit?mer

actuat ors | epapeds fiist Behokeletispattveqolymay asiQ8tarfartdys 5148 BB s pensi on
system 622. The 20 susgensi on tr% 608 conprises sus %&si OH §r flexure arns
604, 606. THee bperrfipe imassy nBfrafee-tefiemesaenerlYs [Ryer al4%. $1dbane of

vi brati on. i : WhEsattauelarpivismarily to one
di rection, Egsgd ?%@‘?@ﬁ??@?ﬁ?ﬁ%%’t@f% tﬁe arr C?\X/ 0. Limted
nmovenenti5i n SKB, B14Bf &cé isenohi bpsoft aednbadtaepalyrear attcebreemysred for free

t int Jdirection. Wien the el ti | tuat or 600
s ener i zed 10D. £1881 ¢ AR D G PoP Y e BIE FoldaE AR gnal - the
suspensi on Geayn@®Qe8t Mé&r&é&ﬁb%{?ﬁ%ﬁé& NctabRPGridy8 51 48Xisa4Dn % tHdi cat ed by

the arrow 620, and notion al ong and Z axes is substantially

m ni mi zed. ThastingreirsicediGoiasdevibe fstybi4d. Asshaworin 606. danbei si ng t he
Llngéglr re a;rzpegegcgri@%gﬁ\g’eo ?Jgﬁf%ﬁeerp a%%&atcszy Qéé %@Hpanjs.e¥ dru%fifﬁ?gg b3 e%c&rgiaef?\}ees
20 polymer actuator arrays. In other embodiments, as described
hereinbelow, any suitable number of electroactive polymer actuator arrays
comprising any suitable number of bars may be employed. Although not
shown in FIG. 12, either the mass 508 or the tray 504 may be physically
and/or electrically connected to a printed circuit board with a flex cable
25 connector, for example. The flexure suspension system 502 can be used
to implement an acoustic headphone system as described in more detail
hereinbelow. Additional details of the flexure suspension system 502 are
described hereinbelow in connection with FIGS. 47-54.
Having generally described various integrated devices comprising
30 electroactive polymer feedback modules that may be employed in various

embodiments of the electroactive polymer actuator 122 shown in FIGS. 6-



-27- effects. The fl exure suspension system 622 also may be used to
generate acoustic effects to intentionally add artifacts to sound tracks.

I n one emvodnmerseeot he fl exure suspension system 622 cowprmiusesizakesbeast one
flexure coupled to the el ectroactive polyner actuator array 5 624, wherein
the flexure enables the flexure suspensi-@f-system 622 to nmove in a
predeterm ned direction when the first and second el ectrodes in elastoneric

dielectric ¢ eneséscr anafow&m@sgizm 13r16nehichtiibeltratatonet he fl exure
suspensi on system 62 nprises at | east one travel it ?:gﬁt? I%"m't novenent
eclt 30

of the susp@ﬁﬁqwﬁnw t@@@b@imwvw@a’éﬁ%’raﬁ walgr deé En one
enbodi ment. Hblging %ﬁd&{ééﬁ% | GRS $68 pgggor%tof'tﬁé%tareug fpzexure arm

604, 606. one~e ment exure tray rises at | east one
travel stop are nbt sidwmirv erdentio MOrEMa‘rlyemuBtmtetﬂis@eimiroacs\yspeimr@zz in the
nent, at st. one of the flexure

redeternmined dire In on
grms i s bor AEHAIK ﬁ!‘@&h%?%ﬁﬁ%ﬁ%@ﬁg %ﬁ@?éﬁ‘%@s"n%m GS. 19-27
illustrate %ﬁg?&dm@ﬁt "Bithe Alustfatéd @mbbaﬁﬁémvmeoabwséct%tm @er 700

conprising a flexure suspension system 722 simlar to the flexure
suspensi on sghtadon mceﬂmpmes m%tﬁdaimmeéw%(azg Gin ogers a perspective

vi ew of the eIe roatlve ol [ _agctuat.or i.s_a back view
of the act u% @83&1 3§§Eﬁga%ﬁ%5ﬁ?iﬁﬁﬁ% ﬁa%x%ﬁsugp%négnsecti onal

vi ew of thes&ét@ﬁ@r AR d’é‘sd@%'éfﬂ@;ﬁerﬂﬁ@lms%r HeRirgaikematongo sedtthen | ine
21-21 and FI is a sectional view of the el ectroactive gol ynmer actuat or

700 t akdf alkdruiosstve palymearackatoragay JREVRNON N BIG3914-48¢ BEEFAG t 0 one

enmbodi nent tion to the
flexure susﬁ%%ﬁ%(?ﬁe{ﬁte@?ﬁ tfgngkoccﬁl‘rpe eefsrb]ag%fgﬂrf@%{éq %ﬁmc%g%ﬁgtt roactive
pol ymer act la&h@hm@(lﬁe@wmﬂda&ﬁ\‘ie po[yﬁmrmmaoﬁim t@tﬂmmaepmudsmz, and a
slot 726 to receive a le 728 to electrically cou

el ect roact i ¥&elGl Krﬁﬁpfﬁ@t?ﬂ}&i%‘ﬁg 418 o hedrey 12G RCIASS:E BRF §3§rtq> ve circuit 740
via first aﬁeg?eﬁ\ggégr?%xe&a??é {d éi%ég%aﬁgeg&ﬁlé'tﬁ? %1 &rklive ?é rer736|3 The base

plate 712 i S apertures revea e out pu 716 30portions
of the ébectachmtidi areapdl§ hepnactusbocirauitay 724. - 28- FIG 21 shows

702 d i .adhesi I 732 | t ed t t h l.ect t
Dol yer act uat or FBY 19 iR einine e aaste mebmesaati dea YBIHar t ach t he.
el ect r0act i g, RGN 1ACAP R CiEIARat ARIRTP 0B bairEic: naeapEdhng 1o one

enbodi nent. A secoﬂg adhesive layer 5 734 is |ocated between the nmass 702
and the el edﬁﬁcmdﬁuvﬁéepmmmﬁh&dnaas &Néﬂﬁéyﬁlmshﬁwdbﬁemdﬁéwlgattach t he

T2 FiG 2sedesthts opbbih Al e dAg BrBeaRoBR Lo Bl et ot o

20  As shown in FIG. 14, the eiectroactave polymer actuator array 128 is
located in the tray 126. FIG. 15 illustrates the electroactive polymer
actuator shown in FIG. 14 with the tray removed, according to one
embodiment. With reference fo FIGS. 14-15, the electroactive polymer
actuator array 128 comprises a rigid frame and dividers 142 separating

25 electrodes 148 and elastomeric dielectric elements 146. An adhesive
layer 144 is provided on a top surface of the electrodes 148 to adhesively
mount a top surface of the electroactive polymer actuator array 128 to a
bottom surface of the mass 130. Because the electroactive polymer
actuator array 128 comprises three sets of electrodes 148 and elastomeric

30 dielectric elements 146, the electroactive polymer actuator array 128 may

be referred to as a 3-bar cartridge.



700 with the top plate 710 renoved to show the underlying mass 702 10

| ocated within a suspension tray 708 of the flexure suspension system 722,
accor di ngvoeomnes@abodi ment. The suspension tray 708 compmivsesi2foeéset and
second suspension arnms 704, 706. As discussed in connection with FIGS. 17
and 18, the suspension arms 704, 706 for@6e in the suspension tray 708
enabl es the fl exure suspension system 722 to nove 15 in a predeterm ned

nmanner. For exanpi@, 16Hﬁjs&uﬁe@lﬂéithmavéwiyﬁ@@mﬁamh&zﬁlsﬂmmemsuspensi on
system 722 |imt _the travel of the mass 702 in the X-Y Ianeﬁgrlrrarlly

al ong the YFa&%i 35x4th theirased3@gndfke 5@%@9@/99%@.%%@ inthe Z

dlrectlonhl I ﬂ'{b?% r gment in the Y
di rection. gﬁ‘n%’o é{%f&v\hgxqﬁ e ectar é%@#%ﬁ%%% tre%yf‘?n% ggct uator 700 is

energi zed byotohi ggldrframé ehgecntetd2y adchbmam & d;rwesfnbedmm&y audi o si gnal,

the suspension tr moves. in the direction of notion. indicated by arrow
720, whigh is suﬂé§ ?ﬁnﬁﬁ%\“lﬂ’ﬁ@atﬁﬁ%{a ygyand a secligy) va%%gge

per spect i ve qpyeltiohlIfel 2CHBOBC bleiRRLIEbofley dcllatdOBoghown in FI G 22
with the mass removed to show the underlying 25 adhesive | ayer 734

| ocat ed abowaecotiingtoecne emtia:iimemolWmeieab’t)adl\:@rpfdymayamj@torﬁﬂﬂnr ding to

one enbodi nent. The hesi ve I |y couples the electroactive
ol yer _ac CATRFiSES AP Stispatein iste iR 2 alE el ReBhie/Es he

el ectroact i VaaBphyR&s 166 ipkek cRtia¥icthbadivitpSIpmRr beRfaitdr 12B8Rovend di vi der
segnents 714 that separate the three 30 separate output bars 716 and

el ast ond®i c inIFEFScl r$-8 %‘Ide'h%ﬁﬁs Tresilexpiee guseensien syeent 8¢ coWeriges ymer
actuator arr oS, t to as a
3-bar inert@ ausé%ég ‘ %@gjgiﬁe%%% clijlage? eﬁé%ou% @M%E %#t%u%ﬂ)r FI G

24 is a per %ﬁ%@taz&(shbwwmﬁﬁh%)alAg%hcmt:nmpwsyﬂhﬁeia@t@mﬁme 700 shown in
FIG 23 with the flexure tray 708 renoved to_better showth? S5base pl ate
712 and t he PQRERSN %ﬁt%@mﬁﬁgﬁ@m@@@ﬁ@a@ﬁ Riate i 4 losrted o\Ritibe Tgxvigy 724,

accor ding_t 9, 8e,oheLERTE22 1652 pédinglemekogidinget | ve pol yrer

actuator array rises frane andb%l vi der se ments /14, output bars
716, el ast osegments Eﬂésépamtaeng&tgmoumﬂibaraﬁ@and@iaﬁgmenzm | ocat ed

above the output bars 716._ 10F t
el ectroact i \%&%‘E}Wﬁﬁm% L%‘iéo A‘?%g QM E%{gﬁ“ e&?’tfvﬁ?igh‘%\t/rvﬁg{‘@%%ct roactive
pol ymer act yahqé aag bay mé?&f’a!re?éﬂ?r‘{ﬁ@ti@@pﬁ rrASdWBd aHeVeBErdaGRepP! ate 712

and t he adhesive | ayer 2, according to one enbodi nent. The base plate 712
conpri ses apeiyim&rmt@@@réﬁﬂ cohwrisgh edéateodcliye poli@ren agtuates lpsai@sbn t he base
pl ate

within a suspension tray 608 of the flexure suspension system 622. The
20 suspension tray 608 comprises suspension or flexure arms 604, 608. The
electroactive polymer actuator 800 defines an X-Y plane of vibration. The
flexure suspension system 622 limits travel primarily to one direction, e.g.,
along the Y axis as indicated by the arrow 620. Limited movement in the Z
direction helps to maintain clearances required for free movement in the Y
25 direction. When the electroactive polymer actuator 600 is energized by a
voltage derived from a low frequency audio signal, the suspension tray
808 moves substantially along the Y axis, as indicated by the arrow 620,
and motion along the X and Z axes is substantially minimized. Thus, the
electroactive polymer actuator 800 comprising the flexure suspension

30 system 622 substantially reduces or eliminates undesirable acoustic



15 712 and the el ectroactive polyner actuator array 724. The first and
second el ectrical conductors 736A, 736B of the flex circuit 728 are

el ectri cavbypoonseet ed to corresponding first and secon#crarspeinabe2i’38A,
738B. FIG 26 is a perspective view of the el ectroactive pol ymer actuator
20 700 shown in FIG 25 with the adhesi v@7tayer 732 and flex circuit 728
renoved to show the underlying base plate 712 and apertures 730, according

to one enmbogiffgety . The flexurElsGSperfod bystehu622 als® @Ay benixedi eyEnevhtea
el ectroactive polyner actuator 800. In gne enbodi nent, the el ectroactive

pol ymer act @&pepticelieds e siprtianady addralfagisto spunddlead®z, and a slot 826
formed in the tray gﬁé?emk?_ ym%ln?ttpg?E?ﬁ&'ér%e%!es%t%ﬂﬁcﬂr@gtérﬂ 629G &InYSrigkdf | ex cabl e

(nOx shown) to electrica coup roacti1've pol yner ‘actuator array
824 to an ela¢tdastone fdxurecaipledid therdiectr@ictivelpedymat estuatdsasmypor ti on of
4 renoved,

the tray 822 with the el ectroactiye polynmer actuator arra
accor di %é t@zgewgﬁée‘ﬁﬁ%gﬁﬁ‘ﬁﬁtenéﬁy@ %’?sféxb‘fﬁ W%ﬁ?rﬁorf ﬁ@t?%a. % i ncl udes
apertures 8%90\?&"%23 b@é%%r@ﬁé@ﬂfre@@éﬁwﬁéﬁ tRé fiF&%n@l%bh@@édt?@d@%ymr

actuator array 8 e mass 802 is adhesively coupled to the

el ect r oact i \eéagioingnedialettiatedemantsfi 8824 dnergizadhds ione drayedin@®4, | ocat ed

t herebet ween,. The el ectroactive, pol r _actuatqr 800 deflines | ane of

vibration i ﬁla? SXE Wp?ﬁﬁigﬁ-wsﬁn%ﬁége%r:{sreﬁf%é% ﬁ%ﬁ{%\!&??@e@ primarily
in one direghiiomosbRRat f fheesubpaKtidnafay 668 Mathebrbdefeheirtid divedtiod. Lini ted
novenent in the Z direction helps to maintain clearances required for free

novermentiOi n In wee erahoditensihe avspersion trpy 8A8georepisascheatdeaions s

The ray 23RO RONPROGTR.AF BHREER Be ke IR P28 i o

i s subst ant izaldast ahengveDtop 1 litnit siovement ofAHe fledQiré susp@esispeygdterre vi ew of
the el ectroactive polynmer actuator 800 shown in FIG 28 with th?g?n%ss 802

renoved to SNt PIRRRiRTYINAY diigrtian v It prg embegiment @b leRshgre &

enbodi nment . ol aT=Ly I LS f@@bove t he
el ectroacti \E@BO %%”r isafgﬁﬂgggﬁégﬁgr@w%%pﬁﬂﬂctlﬁé ocat ed beneath the
mass 8025 The el ¢dGSod8taWMupindignete anbodinuentar mayel8@oddivagiodgheel y

coupled to a botto urface. of the mass 802 with th dhesi ve | ayer 834.
Thepel ect r o&CtHaje W&Wf!ﬁw@aﬁ%%w&?e@%n§V§‘@”&§ﬁ%ﬁ"§i§f 9 té‘?gms and

di vi der Segtf%gté?%eggﬁﬁeh%n W%ﬁ $iisvrt [ B S epRaRd a8outicul ohgls 816 and

el astoneric c 20 elenents 818 of the el ectroactive pol yner
act uat or ar paysiive Beva ot the dlectsbaciiveqedymeeapiobiordi0leand kt@r2Gisr ay 824

lrrggujceiesv\: P AT c?qa\;i%si’lvtcgﬁtmr:%&u%%r{ %E:gérrdien% %oooﬁse%b%a%ént.elﬁ& bYas tai ve pol ymer

20 sectional view of the electroactive polymer actuator 700 taken along
section line 21—21 and FIG. 27 is a sectional view of the electroactive
polymer actuator 700 taken along section line 27—27 as shown in FIG. 19,
according to one embodiment. With reference now to FIGS. 18-21 and 27,
in addition to the flexure suspension system 722, in one embodiment, the

25 electroactive polymer actuator 700 comprises a top plate 710, a base plate
712, and a slot 726 to receive a flex cable 728 to electrically couple the
electroactive polymer actuator array 724 to an electronic drive circuit 740
via first and second electrically conductive elements 736A, 736B. The
base plate 712 includes apertures 730 that reveal the output bar 716

30 portions of the electroactive polymer actuator array 724.



FIG 31 is perspective view of the electroactive polyner actuator array 824
portion of the el ectroactive pol yner actuator 800, according to one 25
enbodi nernwo 2012/17366B1 GS. 32 and 33 are graphi cal represemrtcatuseng/ 0901 950 of
test data illustrating the frequency responses of two types of

el ectroactive pol yner actuators, respecti®ely, where Frequency (Hz) is
shown al ong the horizontal axis and STROKE (nm displacenent is shown al ong

the 30 vertical @®Es21 Ehewsramias 702 first aBhésivé 22882 [bbstetir equency
response curve of an el ectroactive polynmer actuator wthout a flexure WO

ol
2012/ 173669 beiwesp theelgokasdtiverlyrsaspatyaias praystéhant hebasRRAdR mass,
such as the t ' : 3 dth
el ectroacti \';’gbgglé;/dﬁ%%fvgg/fal}g%ggytﬂg%@%H@Ei%ﬁf&ﬁﬁfﬁfé@%@??gg?Qngheill i/ 22 t hee
notion of t MSelp?@tbﬂdacaba@“db@ iy;rm‘;e ambludmg&bntanﬂr sgc%mi mwmmyeusgegded
mass. At 5 ne fre nci es i fi Hz to 50F t
e o b TS M Lol RRSSLLA S8 o Pe Bideionalid g oPonded s
Lmiatlon gkuBPady 724 4OSIHEAGSY RACH HE eldchRctiVihaly A RRARAGH

mani fests itse | stortions in the desired’direction
di spl acenenarayd 24 toi arhotdy sekicead thensssi 7. The graph 950 shown in 10

FIG 33 shows th reqguency response curve of an el ectroactive polyner
actuator that ut %Eézgg ’Saafﬁéé ‘ng’éeﬁ‘éﬂiﬁﬁn&%%?% ve éwngga?tng "l 'exure
suspensi on FpaheiM #2op Pdtedf10 REnSRIPBEHOWE ROy #REs 7020 shown in
FIGS. 17-19. Areas 952 and 954 clearly show that the undesired distortions

have bedd sirasdediithina suspentieriiayy 08 the rxyre SHUSPBERONGIYSINSyst em 622,
122, 722, according to one embodiment. The suspension tray 708 comprises

)

first and second suspension arms 704, 706. As discussed in connection
with FIGS. 17 and 18, the suspension arms 704, 706 formed in the
suspension tray 708 enables the flexure suspension system 722 to move
156  in a predetermined manner. For example, the suspension arms 704, 706
of the flexure suspension system 722 limit the travel of the mass 702 in the
X-Y plane primarily along the Y axis as indicated by the arrow 720.
Limited movement in the Z direction helps to maintain clearances required
for free movement in the Y direction. Accordingly, when the electroactive
20 polymer actuator 700 is energized by a higher voltage derived from a low
frequency audio signal, the suspension tray 708 moves in the direction of
motion indicated by arrow 720, which is substantially along the Y axis.
FIG. 23 is a perspective view of the electroactive polymer actuator
700 shown in FIG. 22 with the mass 702 removed to show the underlying
25 adhesive layer 734 located above the electroactive polymer actuator array
724, according to one embodiment. The adhesive layer 734 adhesively
couples the electroactive polymer actuator array 724 to a bottom surface
of the mass 702. The electroactive polymer actuator array 724 also
comprises a frame and divider segments 714 that separate the three
30 separate output bars 718 and elastomeric dielectric elements 718.

Because the electroactive polymer actuator array 724 includes three bars,



FIGS. 34-40 illustrate one enbodi nent of an ear cup 1000 that may be

enpl oyed in the sensory enhanced headphone 100 shown in FIG 1. FIGS 34
and 35 arwoperspsabi ve sectional views of the ear cup 1000@/uspei2/bbddi21 36 is a
front sectional view of the ear cup, according to one 20 enbodi nent. Wth
reference now in particular to FIGS. 34-26; in one enbodinent the right ear
cup 1000 conprises a circumaural cushion 1008 and a housing 1018, which

defines an @pgsy be rdftredil 498 Bodranemalsiccirgactivenssyeer #ikRiland a
el ectroactive polyner actuator 1022 therein. In the enbodiment illustrated

|
in FI GS. 34vdhout eitaliaist roacti ve pol ymer actuator 25 1022 may be referred

to as an electro i pol e | j enbodi nent
illustrated in Fﬁgi g‘%hs?gé’?é%eec e?gléet%\; 8@1@{% e\}géﬁ%%%&yﬁ%?ém%g%g%g%dﬂ may be
referred to788 shodsbiarFiGnastwith thel fendure fraly 08 reotoveertornediel showithlout
limtation. As shown, the %peaker 1020 canE bﬁ mounted directly behind a

per f or at &d bpsapiate dii2 andy heuindeslyignébasg éﬂﬁi‘f%.ﬁ?ggmeﬁ P* the
| ocation of a?ﬂégn??‘akl‘?%'éﬁérd %1 Gei\ﬁi%%gi_méﬁ‘t. MCsIeHRSH FRD24 the actuator 1022

conprises a st one tr configured to receive an
el ect r oact i eteqghmiagties palymeatantuator ayay 028 comprisesdeand @8d divideri n. The

el ectroactive pol act uat or 2 |s.mounted,tg.a soun ity . 1050,
which i's méﬁ@@@”&nﬁ%ﬂtqv% ”ﬁ%%h@gassﬁ%'ﬁﬁﬁ?%ﬁ%&‘? PR En B8t et s,
the act uat oghB2ide TErFHRILESRIBHNVENHE 2uBDRBHPSFIEON system such as the
fl exure suspensi on sgstem 622, 722 of the respective actuators 600, 700

shown i MOFI GS. 1FlG925ina pexsnastive viay abtiegipeivasiiveqralweer aelvatarnor

di stortions he |.0 r enci Jhe actuat or
1022 al so cmr t@g@ igvﬁﬁe%@&%mﬁ%v%gﬁ%%f%’? F;a@?ﬁgg %&3508%3;‘%072%4 and a nmass
1030. 10FI Gremdved lo Ehdwihé ah8eNyng bdse ligteemizsand tHehadiessiveclagefl 000 Wi t h
other elenents renoved in order to show t he underl%(i ng structures,

accor di ng t d38nacearsing treme embedinanigiiye base prigte 712 GIMPHFES one
oo o . . 4 th
enbodi ment 3belfifeChdg g&@;%%ggh 18 14yRF 782!I6LHIBY by CI% P BadOPByand the

housi ng 1018"renove u ying s one tray 15
mount ed1§0 7HR snlthd destrdactie pohmedy aclubive aspgdiad TieROrst BhG 38

illustrates the ear cup 1000 sho i 7 w thout .t st andal one nodul e
housi ng 102@%’%“@%{?&%@%& ﬁ@nfgﬂi“éEES\rlw’i g@%&?%ﬁﬁ%@f%%% & ay 1028,
accor di ng t%ﬂé&?ﬁcdaql ranga%gn -tg?@?%%@ﬁ&?ngafﬁ&ﬂ AR Bt Plenfidiayasaarray 1028

conprises a rigi s 1042 20 separating output bars 1048
and el ast on@BBB.di el ectric el ements 1046. An adhesive layer 1044 is

provi ded on the put .bars 1048 to.adhesively, moynt the electroactive

pol yner act uat or %zﬁtﬁr gé 19 B PETERS ’H%Vé%%ﬂgﬁeoﬁg&tr?%%}wf M ﬁﬁté@? [030 may
suspendeg f ram dHoRrInGI A RStwigh A dIRdhac 298r 792 Snamiéxl areittmagy 1026. A
second adhesive | ayer (not shown) may be 2 7pfirow ded to adhesively nount

t he standal ¢emovedyjo $006 the underigog baseplatey? HoFd apertures 730,
according to one embodiment.
FIGS. 28-31 illustrate one embodiment of a electroactive polymer

actuator 800. In one embodiment, the electroactive polymer actuator 800

25 comprises a tray 822, a mass 802, and a slot 826 formed in the tray 822.
The slot 826 is dimensioned to receive a flex cable (not shown) o
electrically couple the electroactive polymer actuator array 824 to an
electronic drive circuit. FIG. 30 illustrates a base portion of the tray 822
with the electroactive polymer actuator array 824 removed, according to

30 one embodiment. The base portion of the tray 822 includes apertures 830

that reveal output bars 816 of the electroactive polymer actuator array 824.



FIG 39 illustrates the ear cup 1000 shown in FIG 38 w thout the

el ectroactive polyner actuator array 1028 to show the underlyi ng mass 1030,
accor di ngvoeomes@abodi mrent. FIG 40 illustrates the earcra32di@006430 shown
in FIG 39 without the underlying mass 1030 and FIG 411s a -33- bottom
view of the sound cavity 1050 showi ng t h80speaker 1020 nounted therein,
according to one enbodi nent. Having descri bed various el ectroactive polyner

headphone enbadhaense2 iadnetingy BBGHanits ghe bRehbhdiespdigmer adiitery acoustic
5noi se, the disclosure now turns to el ectroni c nethods_of reducing the

acousti c noRseyB24tbyardbesivaprardiddacatetdhenepebreameTBfbodi nents of the
el ectroacti | i 1 fﬁm‘% I Aedi el ectronic
acoustic noiégeg%g’gg{ﬁé P@%E}%gtca%ﬁaégmﬁ%ﬁ%%q%gﬁﬁ%nql I ne((gl%rb i nv%?tgej transforns
to renove ugp odY ptis t Tiee ol ig22dinsitatrevel gsienariie th dGd directidredlong Fi rst,
however, the disclosure turns briefly to FIG 42, which il] uzirates one

enbodi nehit  H1e ¥endoag indivriae &y thga&m%%@ﬂmt%w&wm%fwe ectroactive
pol ymer act H%&riorlligigiés?8%%@%@@0!‘@&&%&%%@@Ef@d‘ﬁir@%eoiﬂb&iéﬁi@niMeoi’ an ear
éonp ec

cup 1110. A"crrcul oar rrsing e tronic circuits tor driving
t he el ect r odirtttumn. patgordinghs wharothe lsk@2atat 800ve éBergimtidobyf addgheici es and for

reduci ng unwant ed ,acoustic npise is also shown. The cirgiit board 1106 ma
be nounted B@@@Qﬁjd?’ﬁ‘ée {r%’@_t"i‘ g?%ﬁ?g%ew ?‘1‘1‘%9 SmaFRSF"%@ MPESdhtire g
assenbl y of t??é‘&ir@ét téﬂﬁ@ﬁér\/m&%@rﬁg Ak aberwhitAds 308sthhBalfi di6Hyt board

1106 may be | ocated between the tirst housing portion 1104 and a Second
housi ngipor theol «xI0D8. 20FI G 43 is a bl ock diagram 1200 of an el ectronic

ouS Mot S Low 1 ck al _ P
Gl cotroacti ve. pof jietd iR AR BRC IR derbp B Aler R Ik EhbLearals: se.
accor di ng t goorPoRMIAG | TR28.with 1 haty 80k reimgned t6 shdivitheninagrlyiagp! i f yi ng,

conpensating, and driving circuits are also inplenmented. In particular, an
25 anal og a@dhesiye daar greorduptor e vesdimeiito fashfW.dNgnal from a

O o SRR s LIS oo BIPOGLIEBL A et LEfaRY! o
anplifies, suel &, whith eXlecated baneaPBRi2 masgyBOZs Ul glectraadtiveo-rail | ow
Kﬁ‘gﬂgf I[)gl,i(j@g&rﬁq?rﬁﬁgt{lgtg? é?r%?raéﬁqg %tdhggi%!?ftéo%%?eld %nggb{té)a%réu hce cl:fa bl'e from
the mass 802 with the adhesive layer 834. The electroactive polymer
actuator array 824 also comprises a frame and divider segments 814 that
separate the three separate output bars 816 and elastomeric dielectric
20 elements 818 of the electroactive polymer actuator array 824. Because
the electroactive polymer actuator array 824 includes three bars, it may be
referred to as a 3-bar electroactive polymer module, without limitation.
FIG. 31 is perspective view of the electroactive polymer actuator array 824
portion of the electroactive polymer actuator 800, according to one
25 embodiment.
FIGS. 32 and 33 are graphical representations 900, 950 of test data
illustrating the frequency responses of two types of electroactive polymer
actuators, respectively, where Frequency (Hz) is shown along the
horizontal axis and STROKE (mm) displacement is shown along the
30 vertical axis. The graph 800 shown in FIG. 32 shows the frequency

response curve of an electroactive polymer actuator without a flexure



30 of Norwood, MA, or any suitable equivalent thereof. -34- An
automatic gain control nodule 1204 receives the output signal fromthe
anal og amioeoeVge@d nodul e 1202 and provi des automatic gairusecanteabki from O
dB to 20 dB, for exanple; or any suitable gain. In one enbodinent, the
automatic gain control nodule 1204 may b&15i npl enented with any suitable
integrated circuit anplifier such as, for exanple, a MAX9814 m crophone
anmpl i fier wgtEpaiaTaydtenoamdsesindeld raass,|saiohng the glketrayetiose bi as,

avai l abl e from Maxi m1ntegrated Products, Inc. of Sunnyvale, CA or any
sui tabl e eq@Plymeractuaier 482 (FIGS.dh8 anehbali anshine elaeiroadtivadamghi n cont r ol

modul e 1204%@@&8%66@&@?2§2{H3Q?&@sr&méﬁigﬁ\ﬁo %{Pﬁof?&n ¥f gt ion for driving

the electro uat6rs Tn éa e ear cups differently

from the volelggroattivd pogaisiaiciaidi araptnchoveghalsuspétdaliglasshdtvi brati on
| evel for driving the electroactive po:%rrgr actuators .in each of the ear
cups is @i f seMEnfequaipiasispresligaty 4PHz e SlEzL e SHRPERISE IS gnal , the

vibration | G ddbdbdRelPEafdeloAnBl: B aPARECAH ddtPtRrgionsound |eve

gain. In various e ment's, e relationship between the vibration |evel
gai n and t héimatation os supgpott évie gadesined\diteetibnnedhisgphanmménarear dependi ng

bt voen. ¢ o MRS LSkl REEEPNS 08 9pd MBRESETBT R non-| i near

20f uncti on asgph‘?&?nékt%g SRSy Ha8ked SBESEHIN e gRPOPEMERGKR iand the
like. In the I'llustrated enbodi nent, the relationship between the vibration

| evel g&dn &h3. BBehawditbe frequanteiasipogae sune of apalacirpastiver pel¥Mesn t hat

appr oxi mat es uare-root function. In. e r ' ion | evel
gainis app?&%%&t%ﬁgu@gﬁseﬁ g?{;ﬁetsaspﬁ%sagé§g$t§%§g%%ho#%ﬁ§fe§g§ o sound
25l evel gai Bysdéwision bheten] 622 rTmrcdi the reopddive AtliatatB00, 10tshaws it rack the
I ncomng | ow frequency audi o and gl ve the sensation of |qw frequency
FIGS. 17-19.  Areas 952 and 854 clearly show that the undesired
distortions have been successfully eliminated by the flexure suspension
15 system 622, 722.

FIGS. 34-40 illustrate one embodiment of an ear cup 1000 that may

be employed in the sensory enhanced headphone 100 shown in FIG. 1.
FIGS. 34 and 35 are perspective sectional views of the ear cup 1000 and
FiG. 36 is a front sectional view of the ear cup, according to one

20 embodiment. With reference now in particular to FIGS. 34-36, in one
embodiment the right ear cup 1000 comprises a circumaural cushion 1008
and a housing 1018, which defines an opening 1024 suitable for mounting
a speaker 1020 and a electroactive polymer actuator 1022 therein. In the
embodiment illustrated in FIGS. 34-36, the electroactive polymer actuator

25 41022 may be referred to as an electroactive polymer module. More
particularly, in the embodiment illustrated in FIGS. 34-36, the electroactive
polymer actuator 1022 may be referred to as a 3-bar inertial electroactive
polymer module, without fimitation. As shown, the speaker 1020 can be
mounted directly behind a perforated speaker grill 1012. in other

a0 embodiments, however, the location of the speaker 1020 may vary. In one

embodiment, the actuator 1022 comprises a standalone tray 1026



audi o wi thout creating high pressure acoustical waves, which may be
potentially dangerous to the eardrum I n one enbodi nent, the

vi br at i onwbevel17g@bn approxi mates a square-30 root of tireTasdeiosaond | evel
gain as shown in TABLE 1. -35- TABLE 1 Audi o Sound Level Gain (dB) Audio
Sound Level Gain Vibration Level Gain ( “Vibration Level Gain 10 3.16 5

1.78 20
configured to receive an electroactive polymer actuator array 1028 and a

mass 1030 therein. The electroactive polymer actuator 1022 is mounted
to a sound cavity 1050, which is mounted directly behind the speaker
1020. In other embodiments, the actuator 1022 may comprise a flexure

5 suspension system, such as the flexure suspension system 622, 722 of
the respective actuators 600, 700 shown in FIGS. 17-19, for example, to
mechanically correct for minor distortions at the lower frequencies (e.g.,
less than 200 Hz). The actuator 1022 also comprises a electroactive
polymer actuator array 1028 and a mass 1030.

10 FIGS. 37-41 illustrate various elements of the ear cup 1000 with
other elements removed in order to show the underlying structures,
according o one embodiment. Accordingly, FIG. 37 illustrates one
embodiment of the ear cup 1000 with the circumaural cushion 1008 and
the housing 1018 removed to expose the underlying standalone tray 1026

15 mounted to the sound cavity 1050 behind the speaker 1020,

FIG. 38 illustrates the ear cup 1000 shown in FIG. 37 without the
standalone module housing 10286 to expose the eleciroactive polymer
actuator array 1028, according to one embodiment. The electroactive
polymer actuator array 1028 comprises a rigid frame and dividers 1042

20 separating output bars 1048 and elastomeric dielectric elements 1046. An
adhesive layer 1044 is provided on the output bars 1048 to adhesively
mount the electroactive polymer actuator array 1028 to the standalone tray
1026. A mass 1030 may suspended from flexures (not shown) attached to
standalone fray 1026. A second adhesive layer (not shown) may be

25 provided to adhesively mount the standalone tray 1026 to the sound cavity
1050.

FIG. 39 illustrates the ear cup 1000 shown in FIG. 38 without the
electroactive polymer actuator array 1028 to show the underlying mass
1030, according to one embodiment. FIG. 40 illustrates the ear cup 1000

30 shown in FIG. 39 without the underlying mass 1030 and FIG. 41is a



10 10 3.16 30 31.6 15 5.62 40 100 20 10 Fromthe automatic
gain control nodule 1204, the signal is passed to a | ow frequency digital
filter nowol2e12l2869 The | ow frequency digital 5 filter woduiseo1280&G2may be

i npl emented using any suitable circuit téghni gue and may conprise a

m crocontrol l er and a progranmmbl e gate &™fay circuit, anong other digital
or anal og processing circuit elenents. In one enbodi nment, the |ow frequency
digital fil tettorpdgweofthesonag couity ABSe abaving thetspeakgr 1849 muuated

pr ogr anmabl f npl e a CY8C29466 programmuabl e
system on- Cﬁ?%ﬁé@%%@#gﬁ@?@é@eﬁeﬁ{%ﬁg@ﬁ%m Cypress Sem conduct or
Cor poration, of $@virkpdescrbdd wiricaB)elsttidaaiile pelymarcieeiphoher eof . A

| ow frequency anplifier nodule 1208 anplifies the output of the |ow
frequency diggreediments Beludingsmgrbanipal lsahpigies r7egdYeing@soUREC 15

progra bl i;ﬂﬁa@t ' ' =Ygaclelel equency

anpl i f im;? m?! u éﬁ%ggahéﬁs@%g&%v&r%ﬁe#g%%% ?ﬁ*&ﬁﬁ%s gﬁ%’?s‘f%?}g tﬁ%t egr at ed
circuit anplacbustic soish that damebdivi@iedtentadintoeay of ter embiodimemiperfat i onal
e Db el R o e B S ASee bl PLHSh S Sy Vel & A

electronic acoustic noise reduction techniques employing non-linear

inverse transforms to remove unwanted acoustic artifacts are described

10  hereinbelow. First, however, the disclosure turns briefly to FIG. 42, which
ilustrates one embodiment of sensory enhanced headphone 1100
comprising an electroactive polymer actuator 1102 contained in a first
housing portion 1104 of an ear cup 1110. A circuit board 1106 comprising
electronic circuits for driving the electroactive polymer actuator 1102 at low

15  audio frequencies and for reducing unwanted acoustic noise is also
shown. The circuit board 1108 may be mounted behind the electroactive
polymer actuator 1102. The entire assembly of the electroactive polymer
actuator 1102 and the circuit board 1106 may be located between the first
housing portion 1104 and a second housing portion 1108.

20 FIG. 43 is a block diagram 1200 of an electronic circuit for
generating low frequency audio signals for driving the electroactive
polymer actuators and for reducing unwanted audio noise, according to
one embodiment. A variety of signal conditioning, amplifying,
compensating, and driving circuits are also implemented. In particular, an

25 analog audio signal module 1202 receives analog audio signal from a
differential amplifier source. In one embodiment, the differential amplifier
may be implemented with any suitable integrated circuit amplifier, such as,
for example an AD822 single-supply, rail-to-rail low power field effect
transistor-input operational amplifier, available from Analog Devices, Inc.

30 of Norwood, MA, or any suitable equivalent thereof.



20The output of the low frequency digital filter 1206 is provided to a
non-1linear inverse transformcircuit (square root circuit) such as an

i nver se pwbyonrnizadesci rcuit 1210, which provides the el eetrascen2avsieo si gnal
conpensation to renmove unwanted distorti §gs in the audio signal used to
vibrate the el ectroactive pol yner actuat©ofs. In other words, the inverse
25pol ynom al circuit 1210 approxinmates an inverse function to |linearize the
el ectroactive polAynautor@tiggad sonrermestuia 284 reneivas thrisuenbstgingbnt s, the

cren s piOaT i alt RO A Fie bdarbals 1402 SRR 1B ) Oy >
combi nat i ongohlier .0 4B 10128 dlFedkex@Npled oPbRg SVItaSlelgatealn ehg cui t can be
used to approximate a non-linear function, such as sine, square-root,

| ogari t hm c erebgstiment itag autanaatiqgainigestrot godeleatiemayhi® qual ity of the 5
appr oxi ngt i R0t e pi ecew se

I Pgear gigrC%P%ﬁ%ﬂ?ﬁgﬁ@té@f%@w%@égérﬁ%}ggg&ﬁf%l E@%ﬁ?@%ﬁgﬁt sl.o Ceneral ly
?p)eaki ngl, tfwam;ﬁéls,@ mnogmg&mmmr}ﬁmpnﬂ@mm aumm”mihic)netmi gi rcuits: )
1) non-linear, voltage dividers wt i ode o[ transij staor used to switc
bet ween the a@édﬁ%’rﬂ%gﬁ’aﬁ'&cr@??o% ﬁfﬁ%&"%‘l‘%’?%%f%h Xgp “&"GSFﬁéﬁa Pé‘F’é‘i@Sv
saturating gmpldsfd valBob S tHBedpe Rt oyed and are

techni cal ly equi vﬂ t alt%é%gﬁhgggﬁaﬁgg ts advant ages and di sadvant ages.
The di ode appatratitnehshe betedstingaigeoofrobmoplieci 284 isuwtorfigarati ®advant ages

i ncl ude_jemperat ure dependence on the sw tchi 15t hreshol ds and rel atively
sl ow regéon Sﬁg‘?ﬁ esvﬁlﬂmﬁtq?ﬂ rgﬁx&n fq{!déiyi%tﬁﬁ(?ggﬁa%aqiﬁﬁ p&’?@é%’vant age of
conpl exity bidtudite iADERAIAURS e8f clipNdiflertR TR Ak VEILARPSNERNERUAN _

t hreshol ds and hi gh speed. In various enbodi ments, the inverse pol ynom al

ci rﬁui t 12ﬁ@1umswci sighelehthayghdha vilsaiere byiebfersiriving Brpansi on circuit,
Conpr esses Htashii pERRRSAcEHY h gt QG Ayl EXERRRE R Bl

circuit expaplisnd bethdyagiiicaudiv goundixsiympl, ee ofbraarplerebgain isi rcui ts incl ude
square-root, logarithmc, and sine and generally enploy non-linear voltage
di vi der 15ecl$ﬁ|’"§??é%d. ophasedk ahphe agtiogpunidlgmal gain.c i ¥aii9Us s an exponenti al

function. | i ?w?éé’ﬁbi?n o i ! and

expansi on c%ﬁ&%@e@yﬂﬁﬁﬁﬁb db I np %%%@ﬂ?ﬁée\{éﬁ%[f%ﬁ%o ynom al
circuit 121@utim sourehblevelegaih ecdy badiheareopobn imearaddpemtorgson tlee exanpl e. One
enmbodi nrent of a_piecewise linear. circuit using di g SV\gi %chi ng to

appr oxi mat e SARCTIE GEPES ERIRIPENIAYER. 17 ADE SIReTEMEBbhe BEAPRSHEr & det ai |

herein in ceaResdd 81 Y4ihE isSREA-$hedbin order to approximate a non-linear

20  function such as sine, square-root, logarithmic, exponential, and the like.
In the illustrated embodiment, the relationship between the vibration level
gain and the audio sound level gain is a non-linear function that
approximates a square-root function. In other words, the vibration level
gain is approximately correlated to the square-root of the audio sound

25 level gain. Thus, the electroactive polymer actuator vibrations track the
incoming low frequency audio and give the sensation of low frequency
audio without creating high pressure acoustical waves, which may be
potentially dangerous to the eardrum.

In one embodiment, the vibration level gain approximates a square-

30 root of the audio sound level gain as shown in TABLE 1.



- 37- The output of the inverse polynomal circuit 1210 is provided to
a high voltage power anplifier 1212 for anplification to a | evel sufficient
to drive wbeoslesdwoacti ve pol yner actuator nodul e, | n gemarsadi2/obdaer vol t age
required to drive the el ectroactive pol ygsr actuat or nodul e nmay range 5
froma few hundred volts (V) to several ousand volts (kV), wth a nom nal
driving voltage of about 1kV. A |left channel output 1214L of the high

vol tage anplifi.er.1212 is. provided OABLEAft reflex actuator.and. mass
1216L, e.g., AudiaBaunatt  oAcdiv Sasuid/ neVikeaticn bevebdaViurationdéwvelit| ear cup
of the heaciﬁlweb@aim(dsg Nt EbaahBhirout put GRIMEBIT t he hi glawoel t age
anplifier 101212 4¢gs provided tp1a right refleg actuator and mmss 1216R,
e.g., to am electypactive pol'ymgr actuator Togated in a rlgh»;@ ear cup of

t he headphgnes: '3‘@ oneenbodi rfﬁl‘, singte pnd1§ dLLUcLUfb Que impr oved
using a square-rgpt—cirept .n1 ge Sensory cizgallbcu Ireadphe S-coffpy i Si ng
el ect r oact i-ve—pelyier—act-uat-or-8+-Non~}i-near&oht-r-el—techni-gues-15-al so may
be enpl oyed in rrulti-phase actuators, for exanple. In one enbodi nent,
the el ectronic ci Ity 150 vml 1218. In
this enbodi nment, Fg&glth% aéjl sp?ﬁég%nd Efrgg%‘t%ﬂg;?ﬁgm ﬁﬁ% a@kéig)gég%gm

i ndi cat es aﬁmiadowﬁ@ma:mcyAi@ﬁﬂé&iterdns@slﬂeymﬁ\ﬁdl"ﬁmbsvine@lwu:s/eﬂgﬁaignal s. An

/red t d h 20 t Th
kil Ped fn hePmplule ACEEY 55 Ko BRY e AinG 20V sHigFIed&iRed col ore my be
used to prOYécQﬁncﬁdb?aNdiMcérﬁﬁﬁ%@é'ﬁmcﬁc@ntréﬁeﬁ &ncha PréfahfabbleqRtesent ati on

of harnonic distortion nmeasurenents 1300 without the use of the inverse
pol ynoni al érrlamirpumzamomO@"ier digita) @r seakgupipeessiog crcvitglemgntshiown in FIG

nccel or at o geguraen: A8 FRdbenon AL ARAOAT £2B83nelhd 210 and
the top traﬂﬁp[b&%ta@vﬁth%r@wrﬂame brognaharable besteng sachisghfeecond har noni ¢
hi cal representation of harnonic distortion

1306. FIG 45
measur efent §X§‘|@§§?a %ﬁ@%ﬁ%ﬁ%é@“%%%ﬁfﬁm -en-chif @onppj!gr (@afablee 30r oot
circuit”) shaunclBrdsb@erftRon8GG8F BolSorklol 6 SUPIULTRIA - or My POt tom

suitable equivalent thereof.

A low frequency amplifier module 1208 amplifies the output of the
low frequency digital filter 1206 and the output is passed to the

15  programmable gate array circuit. In one embodiment, the low frequency
amplifier module 1208 may be implemented using any suitable integrated
circuit amplifier such as the MAX9618 low-power, zero-drift operational
amplifier, available from Maxim Integrated Products, Inc. of Sunnyvale,
CA, or any suitable equivalent thereof.

20 The output of the low frequency digital filter 12086 is provided to a
non-linear inverse transform circuit (square root circuit) such as an inverse
polynomial circuit 1210, which provides the electronic audio signal
compensation to remove unwanted distortions in the audio signal used to
vibrate the electroactive polymer actuators. In other words, the inverse

25  polynomial circuit 1210 approximates an inverse function to linearize the
electroactive polymer actuators, for example. In various embodiments, the

inverse polynomial circuit 1210 may be implemented using integrated



trace 1352 is a neasured accel eration waveformat 100 Hz with the -38-
square root circuit 1210 and the top trace 1354 is the Fourier transform
showi ng aweixgmifseant | y reduced second harmoni ¢ 1356. PCT/US26iR/@26445

il lustrates one enbodi nent of an inverse polynomal circuit 1210 descri bed
in FIG 43 enploying a piecewi se linear ¢i"fcuit using diode 5switching to
approxi mate an i nverse square-root function. As described in connection
with FI G 4Zirceihdrogamiabigrciguiteupiecewisslogpresingiily and/enphoyed to

i npl emrent a b zat u | . i tr t ol ymer
actuators a#ghﬁ@étﬁgghgf;&y&fdgﬁ%b?%ﬁﬁaﬁmggﬁ% é%eﬁ&wﬁ%%ﬁ%%féﬁﬁ%&but one
exanpl e. Acaseditogbproxmatda mentiheat funviienssucdOpobineosti@reciobgui t s shoul d
not be Iim't}ed ig this context. |In the enbodinment jllustrated in FIG 46,
the i nver se IPRATREIR Sxpenertialianthe lEenir' eeirley dhesgeliboolther ent
converteg ci e | ' | | | I ng a di ode
sw t chi né t5%%’}'%’&9’?%@5{é*egeﬁ?ﬁgﬁwﬁéa?‘ﬁmﬁg?’?? %%‘ﬁq%ﬁ%l%%awgso ttgét vol tage 1/0
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has the disadvantage of complexity but the advantages of minimal
temperature dependence on thresholds and high speed. In various
embodiments, the inverse polynomial circuit 1210 may be implemented as
a compression or an expansion circuit, each type having a different circuit
20 topology. A compression circuit compresses the dynamic range of an
input signal whereas an expansion circuit expands the dynamic range.
Examples of compression circuits include square-root, logarithmic, and
sine and generally employ non-linear voltage divider technigues. One
example of an expansion circuit is an exponential function. In other
25 embodiments, a combination of compression and expansion circuits may
be employed to implement the inverse polynomial circuit 1210 to linearize
electroactive polymer actuators, for example. One embodiment of a
piecewise linear circuit using diode switching to approximate an inverse
square-root function is described in more detail herein in connection with

30 FIG. 46.
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electroactive polymer actuator located in a right ear cup of the
headphones. In one embodiment, single phase actuators can be
improved using a square root circuit in the sensory enhanced headphones
comprising electroactive polymer actuators. Non-linear control fechniques
also may be employed in multi-phase actuators, for example.

In one embodiment, the electronic circuit includes a visual feedback
display module 1218. In this embodiment, a blue display (e.g., light
emitting diode or LED) indicates audio signals. A green display indicates
processed signals. An corange/red display indicates mixed and high
voltage signals. Those skilled in the art will appreciate any combination of
desired colors may be used to provide the visual feedback.

FIG. 44 is a graphical representation of harmonic distortion
measurements 1300 without the use of the inverse polynomial circuit 1210
(e.g., “inverse square root circuit”) shown in FIG. 43, according o one
embodiment. The bottom trace 1302 is a measured acceleration
waveform at 100 Hz without the square root circuit 1210 and the top frace
1304 is the Fourier transform showing a high second harmonic 1306.

FIG. 45 is a graphical representation of harmonic distortion
measurements 1350 with the Inverse Polynomial Circuit 1210 (“square
root circuit”) shown in FIG. 43, according to one embodiment. The bottom

frace 1352 is a measured acceleration waveform at 100 Hz with the
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square root circuit 1210 and the top trace 1354 is the Fourier transform
showing a significantly reduced second harmonic 1356.
FIG. 46 illustrates one embodiment of an inverse polynomial circuit
1210 described in FIG. 43 employing a piecewise linear circuit using dicde
5  switching to approximate an inverse square-root function. As described in
connection with FIG. 43, other nonlinear circuit topologies may be
employed to implement a linearization function to linearize the
electroactive polymer actuators and the topology described in connection
with FIG. 46 is but one example. Accordingly, embodiments of inverse

10 polynomial circuits should not be limited in this context. in the
embodiment illustrated in FIG. 46, the inverse polynomial circuit 1210
comprises a voltage-to-current converter circuit 1220, a piecewise linear
circuit 1230 employing a diode swiltching topology, and a final gain
amplifier 1240. The output voltage V, is provided to a high voltage power

15  amplifier 1212, as shown in FIG. 43, for example.

The voltage-to-current converter circuit 1220 employs a first
amplifier A1 and resistors R1-R4 o generate a current / that is proportional
to the input voltage Vi, from the low frequency digital filter module 12086 in
FIG. 43. The current i is provided to the piecewise linear circuit 1230,

20  which his configured to approximate an inverse square-root function
{current-to-voltage) using R5-R15 and diodes D1-D5. The final gain
amplifier 1240, which included resistors R16-R17 and a second amplifier
A2, sets the final scaling (with R16 and R17) and could be any value
between 1 and 100, but typically is between 1 and 2.

25 In the illustrated embodiment, the piecewise linear circuit 1230
includes five segments that are switched in depending on the current i and
the node voltage v, that develops. Each segment has a break point
voltage that approximates a different slope based on the input voltage
range of v, For example, the first segment has a first breakpoint voltage

30  Viequal to Va plus the diode voltage drop across D1. Similarly, the

second segment has a second breakpoint voltage Vzequal to Vs plus the
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diode voltage drop across D2, and so on, up to segment five, which has a
fifth breakpoint voltage Vs equal to Ve plus the dicde voltage drop across
D5. Each segment has a different slope that is based on the parallel
combination of resistors R5-R15. As each segment is switched in, the
5 slope changes such that the voltage v, at the node approximates an
inverse square-root function depending on the values selected for the
resistors. The piecewise linear circuit 1230 also may implement a square-
root or other non-linear function depending on the resistor values selected.
The amplifiers A1 and A2 may be any suitable integrated circuit ampilifier,
10 such as, for example, an ADB23 rail-to-rail FET-input operational amplifier,
available from Analog Devices, Inc. of Norwood, MA, or any suitable
equivalent thereof. In one embodiment, the voltage V* may be +5V, for
example.
in one embodiment, the resistors R1-R4 to implement the voltage-
15 to-current converter circuit 1220, the resistors R5-R15 to implement the a
piecewise linear circuit 1230, and the resistors R16-R17 to implement the
final gain amplifier 1240 are shown in TABLE 2. 1t will be appreciated that
the values of the resistors may have different tolerances depending on the
level of accuracy to be achieved and may be £10%, £5, £1, or may be

20  trimmed to any suitable value.
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FIG. 48 is a schematic illustration of one embodiment of the
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connection in the

flexure suspension system 5086 shown in FIGS. 12 and 47 comprising a

10

flexure tray 504, according to one embodiment. With reference to FIGS.

47 and 48, the flexure tray 504 comprises flexures 5§70, travel stops 572,

8§74, and a mass 508 located within the opening defined by the flexure tray
504. The flexures 870 and travel stops 572, 574 can be molded into the

flexure tray 504 or can be provided as separate components. As

15

previously discussed, the flexure tray 504 is coupled to a mounting surface

568, which acts as a mechanical ground for the flexure suspension system

502. The flexures 570 located in one or more locations enable the flexure

tray 504 to vibrate in one or more directions of motion.

In the illustrated

embodiment, the flexure tray 504 comprises four separate flexures 570
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FIG. 50 illustrates an X and Z axes vibration motion diagram 582 for
modeling the motion of the flexure suspension system 502 shown in FIGS.
12 and 47-48 in the X and Z-directions, according to one embodiment.
15  With reference now to FIGS. 12 and 47-50, ki = combined stiffness of the
flexures 570 and electrical connections in the X-axis, kax = active stiffness
of the electroactive polymer actuator 506 in the X-axis, ke = combined
stiffness of the flexures 570 and electrical connection in the Z-axis, kaz =
stiffness of the electroactive polymer actuator 508 in the Z-axis, myay +
20 muatt = total sprung mass consisting of the mass 808 and any other support
structure in motion.

X-Axis Compliance

Compliance in the X-axis is one factor to consider when evaluating
the performance of the flexure suspension system 502. Combined non-
25  actuator stiffness (k«) should be reduced as much as possible and kept
below about 10% of the actuator stiffness (kax), for example. Additional
stiffness from electrical interconnects should be factored into the non-
actuator stiffness calculations. Stiffness of the flexures 570 in the X-axis
provides suitable movement control with proper use of the travel stops
30 572, 574, ‘
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to 1.5m for exarwj e. TABLE 4 bel ow provides flexure t ragystq 572, 574
cl ear ances, ith properly designed flexures 8§70, compliance in the Y-axis is

relatively small as the flexure 870 beams are either in compression or
tension. Any compliance in the Y-axis is the result of buckling or
15  stretching of the flexure 870, which is undesirable in all situations. The
amount of deflection in the Y-axis should be minimized to prevent damage
to the flexures 570 during movement, for example.
TABLE 3 below provides total flexure stiffness based on stiffness
being less than 10% of total electroactive polymer actuator 506 stifiness,
20 according to one embodiment, where the values provided are approximate

example values.

TABLE 3
Total Flexure Stiffness (Stiffness < 10% of total Electroactive Polymer
Actuator Stiffness)
Sprung Mass ‘
(Moatt + Migay) 12.5g | 2259 125g 150g
3-Bar Actuator 9 4 ' 20 24
Layers . ; B
Total Actuator | gnym | 5.6kN/m | ... | 28KN/m | 30.8kN/m
Stiffness (kax)
Total Flexure X- |
Stiffness 125N/m 250N/m 1.25kN/m | 1.375kN/m
Allowance (ki)




20 according to one enbodi nent. The cl earances | abeled A-F in TABLE 4 bel ow
are approxi mate exanpl e val ues and correspond to simlarly | abel ed

cl ear ancewoi2012Al7656951. TABLE 4 Fl exure Tray Stop O ear amceak2dizoesizi on A B
C D EMnimumO0.1 m10.1mMmO0.1 m*no.‘igs mnm N/ A Average 0.25 nm 0.25 mm
0.25 mm 0.5 nmm 0.4/0.6 nm, TMaxinunl "

FIG. 51 is a schematic diagram 584 illustrating the flexure tray 504
travel stop 572, 574 features of the flexure suspension system 502 shown
in FIGS. 12 and 47-48, according to one embadiment. In the flexure
suspension system 502 illustrated in FIG. 51, an electroactive polymer

5 layer 586 is distributed through a plurality of screen printed electroactive
polymer actuator frames 588 that are alternatively attached to the
mounting surface 568 of a device and the base of the flexure tray 504 by
an adhesive sheet 590. The flexure 570 is represented symbolically for
convenience and clarity. In one embodiment, the stops 872, 874 are

10  provided where possible while allowing free movement of the dynamic
mass under normal loads. The travel stops 572, 574 prevent over
extension and damage to the flexures 570 and the electroactive polymer
actuator 506. The embodiment of the flexure 870 presented herein lends
itself well to built-in travel stops 572, 574 in all axes except for the —Z-

15  direction where pulling of the mass 508 out of the flexure tray 504 may
cause damage. A positive Z-direction {(+Z-direction) stop may be
implemented using the actuator frame itself, which may be suitable to
survive industry standard drop testing up to 1.5m, for example.

TABLE 4 below provides flexure tray stop 572, 574 clearances,

20  according to one embodiment. The clearances labeled A-F in TABLE 4
below are approximate example values and correspond to similarly labeled

clearances in FIG. 51.

TABLE 4
Flexure Tray Stop Clearances

Dimension Minimum Average ‘ Maximum
A 01mm 0.25 mm 0.5 mm
B 0.1 mm 0.25 mm 1.0 mm
C 0.1 mm 0.25 mm 0.28 mm
D 0.2 mm 0.5 mm 1.0 mm
E N/A 0.4/06mm | N/A
F N/A 0.13 mm : N/A

25 FIG. 52 is a schematic diagram 592 of a flexure linkage 594 beam

model, according to one embodiment. The flexure linkages 594 can be
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made from a number of materials. In one embodiment, the flexure
linkages 594 may be made of plastic using an injection molded set of
linkages built into the handset back-shell or a tablet battery mount frame,
for example. In such embodiments, the flexure linkage material may be
5 made of a moldable plastic such as acrylonitrile-butadiene-styrene, for
example, without limitation. Applications involving larger Z-direction loads
and/or having limited space, flexure linkages 5394 may be made of sheet
metal and can be molded into a plastic frame. Alternatively, an entire
stamped sheet metal subassembly can be made and used in applications
10  that require the larger Z-direction loads. The stiffness of an individual
linkage 594 can be calculated using the beam model shown in FIG. 52, for
example, where the deflection of the flexure linkage 594 in the X- and Z-
directions (dx and d:) under corresponding forces (Fx and Fz) is modeled.
FIG. 53 illustrates one embodiment of a flexure tray 504 without the
15 mass 508. The flexure tray 504 comprises a rigid outer frame 596 that is
fixedly mounted to a mounting surface. In the illustrated embodiment, the
rigid outer frame 586 may be fixedly mounted to the mounting surface by
way of fasteners inserted through one or more aperiures 598. Typical
fasteners include screws, bolts, rivets, and the like. As shown in FIG. 53,
20 the flexure tray 504 comprises flexures 5§70 that enable the flexure tray
504 to move in the X and Y-direction to provide a vibro-electroactive
polymer stimulus of the user. Also shown are the X-travel siops 8§72 and
Y-travel stops 574 to prevent over extension and damage to the flexures
570 and electroactive polymer actuator.
25 FIG. 54 illustrates a segment 599 of one embodiment of the flexure
tray 804. The segment 599 shows the diameters ¢1 and @2 of the flexure
§70 as well as the overlapping distance di between two flexure segments
and the distance d2 between bent segments of the flexure 570. TABLE 5
provides reference design flexure parameters, according to one

30 embodiment, where the values provided are approximate example values.



-44- made from a nunber of materials. In one enbodi ment, the flexure

| i nkages 594 may be nmade of plastic using an injection nolded set of

| i nkages Wwoi2bi2/178d60 t he handset back-shell or a tabl et IPpatrtmseyrzopuet frane,
for exanple. In such enbodi nents, the fI ﬁure | i nkage material nmay be 5nmade
of a nol dabl e plastic such as acryl oni triTe-but adi ene-styrene, for exanple,
without limtation. Applications i nvoI Vi n% | arger Z-direction |oads and/or
having |i mted.space, flexure Linkade may..be.made..of..sheet netal and
can be nolded into a pl ageferenﬁar&esn@nt%‘:éem Retametefisentire stanped sheet
nmet al subassenbly can be made andaisesl i HpABSCRLIEARE mbtddDMqui fe the

| arger Z-diirection |oads. The stiffness mbeegs)i ndi vi dual |inkage 594 can be
cal cul ated jusing the beam nodel Ab@jkor iBIF8Bgro2, for exanple, wherg the

def | ecti on{of"the RO égsr*(m)gq_mmy)l [B@e XrandTzZzEdirrections T (dk and
dz) under c¢orrespondrngTtorces G E mlﬂ? nodeled:—FH-G—53rttust rat es
one enbodi r%efwa«%-e%u%ew{r«w‘%%mw tRout-—t-he~15-rass—~508—Hhre—§| exur e
tray 504 ccmpm-s@s—a%wgpd-mn«er_xuuaém 2 i-s—fixedly-nmounted-f 0 a

mounting surface. ln.the illustrated & Tﬁ)mnﬁmnt the. rigid.outer frane 596
may be fixedly mounted to_the mount kg |SQ#& N&oe by way of fasteners. |nserted

through ong or nore apertures 598. Tpiidal fasteners include screws; bolts,

rivets, and the like. As shown in Kslifay (552 Rnthe flexure tray 504 |
conprises flexures 570 that enable kbe [T{axai fhray 004 to nove in " he X
and Y-directirontorprovidea vibro-etectroactive poryrer—stinolus—of the

user. Al so shown are the X-travel stops 572 and Y-travel stops 574 to

ol ymor actuat or 1 SLEPE RIS LI e mbOBEIHS RS R R rhod rent of
t he fIexureaihfsﬂ*ﬁté@@m?l@anﬁﬂ@ﬁ@man&a@ @twmttmmcaamm@m(ents and (P2 of
the flexure 570 as well as the averl apping distance di bet ween two flexure

segnent s® andPgital kipdEaRtagram fﬁ@@W@énaB@ﬁtm%’Eﬁﬁg@m@%mﬁy}ﬁef | exure 570.
TABLE 5 proﬁﬁere rﬁ%&rrﬂ? Folesthap 3&%&%&1 BRY %ﬁéa&"eﬁt wRb $9E AbBgidy one 30

enbodi nment e va ues provi are approxi mate exanple values. WO
2012/ 173669 eGHddsReas. FRAGH#EImore, the operations performed by such functional

elements, logical blocks, program modules, and circuits elements may be

combined and/or separated for a given implementation and may be

10 performed by a greater number or fewer number of components or
program modules. As will be apparent to those of skill in the art upon
reading the present disclosure, each of the individual embodiments
described and illustrated herein has discrete components and features
which may be readily separated from or combined with the features of any

15  of the other several embodiments without departing from the scope of the
present disclosure. Any recited method can be carried out in the order of
events recited or in any other order which is logically possible.

Although certain modules and/or blocks may be described by way

of example, it can be appreciated that a greater or lesser number of

20  modules and/or blocks may be used and still fall within the scope of the
embodiments. Further, although various embodiments may be described
in terms of modules and/or blocks to facilitate description, such modules

and/or blocks may be implemented by one or more hardware components



- 45- It is to be appreciated that the enbodi nents described herein

illustrate exanple inplenentations, and that the functional el enents,

5] ogi cal Wwbaoies,73@pogr am nodul es, and circuits el enent s pogaysbazionqakenent ed
in various other ways which are consi ste% wi th the described enbodi nents.
Furthernore, the operations performed by Such functional elenents, |ogical
bl ocks, program nodules, and circuits elenments may be conbi ned and/ or

separ at ed f 6%-%a RjPGesarsyd gl fignal srecassoffaprosraninakipdesinsevisgsa greater

nb f - ; 0 1 ill b
Eoparent t o Rl Siechic FRTPAREGRUAL, BFRRIMITIE Somdlielt | i oc

art upon re ‘e present disclosure,
each of the confonedtsale @nposjramist suitlesitined ddgiendnd/or gssmbaiatibnher ei n has

di screte conponepts and features which may be readily separated from or
conbi ned wi t rﬁﬁg features of any 15 of the other several enbodinents

i thout gepar ti ngy[amLhpesRRRiAls il PGPS rofth HekORYE Profidy of eci ted

net hod can be carrie in the order of events reci I'n any ot her
order whi ch therolghivnderstandisg iohkiee embodimemtst Mowidjlbecenderstoondrul es and/ or

bl ock d ' b f le, it i at.ed, t hat
aroat or o NERECIRHBanS . FonGuer doaEa /e oo BerE ey b Gebtednd st 11
Fal | wi t i 0 iHeuE GRS SoclBRIEOTh B SnstBHEdIGlol. WIPBBEATBAE OUS

enbodi ments may be described in ternms of nodul es and/or bl ocks to
facilitate gesmangnisoand siuielitsniang kel hesd dascpbed s dataj 9seas npl ienent ed by

orocessls - BFEGEIE SRRBEMS 1 00 b adhrr B RRAT sndtit P So Pt e
circuits, Ccistropiural, arfdefiingtions detsikf diveibsed harmm anyshd fefesefaigs ans,

subrouti nes, | o(%;r c) and/or conbi nation thereof. 5Nunerous specific details
have been s@&fdidy 70 nasesparily §nptbeisers of Hiew sURdiAeeiSst andi ng of the

enbodi nents. It w; Vi il]ed. H%' aLt ¢ however,
t hat the enbodi ngri%g"&ng‘wggﬁ%?g@%&&ﬁﬁ?ﬁ%‘?ﬁt%&ﬁ“?%@ci |tc&|§je rJ(;{i ls. In
ot her i nst arcexdimeht” rkemvanthap erpariicriar featurpostemttsreamd charantertistichave not

D e e B! G oSl RSB TRLFIIRER, ¢ cn be

embodiment. The appearances of the phrase “in one embodiment” or “in
one aspect” in the specification are not necessarily all referring to the
same embodiment.

it is worthy to note that some embodiments may be described using

20 the expression “coupled” and “connected” along with their derivatives.
These terms are not intended as synonyms for each other. For exampile,
some embodiments may be described using the terms “connected” and/or
“coupled” to indicate that two or more elements are in direct physical or
electrical contact with each other. The term “coupled,” however, may also

25 mean that two or more elements are not in direct contact with each other,
but yet still co-operate or interact with each other.

It will be appreciated that those skilled in the art will be able to
devise various arrangements which, although not expiiéitiy described or
shown herein, embody the principles of the present disclosure and are

30  included within the scope thereof. Furthermore, all examples and

conditional language recited herein are principally intended to aid the



structural and functional details disclosed herein may be representative
and do not necessarily limt the scope of the enbodi nents. It is
wort hy t owoabe/t/bab any reference to "one enbodi ment" orctras2exbecdenment ™
means that a particular feature, structurg, or characteristic 15descri bed
in connection with the enbodi rrent is included in at | east one enbodi nent.
"in.on od| i n one aspect"” |nthe

The appearance
speci ficati 6f@ rénr%‘g Fﬁ@é §Qrth¢ grigq;ipiersg)eécp ”? Wec W@S@%@S@ﬁﬁgﬁ ment .
I's worthy t%n’&%? cgﬁ a %tsﬁf(ﬁ@@km %Xh@?ﬁ?@ﬁ&%‘r@?&bé%@ﬁgtr@% he

expression "couple "connected” a heir derivatives. These
terns are nas bﬂmgmﬁéduh@nﬂq&m%dmpwﬁmiiprmwd @@mmgam}tﬂe some

enbodi ment s maé be descri bed g (te !itjerms onnec " and/ or "coupl ed"
to indi cat e PRAION 0 et 2 RSy %rgnhr% devd ??tal or electrical

contact wi t Rressdimehieand EiSbdBRBniL 88 Nelhs sRRRVESIampIBY tiidreef ZheMean t hat
two or nore elements are not in direct contact wth each other, but yet

still co- opéntandedto pneenpass hbthstamtvraband functional equivalgnis theeeafppr eci at ed

i ch, ol ¢ ot RuYat ey Yhakadk & b B diuLRE 60 St Rely TR

principl es gholWheeduiesents didssdisalentsaisletiped3fithg futdes il taiyn the scope
thereof. Furthernore, all exanples and conditi onal Ianauage recited herein

are princi p&lerpentsidayelapeddhal perorn thmsameé%‘ém fedaeesstdndi ng t he
but ed
principlgs %ﬁ%&{] Q.:ﬁp;b%gﬁgs o‘?"tﬁfgfébeﬂ'ta%% Ure tﬁé‘r%bel his tﬁt%:i}tﬁ ontribute

to furtheérin ar e € cons ued as imtation
t o such spedo bediatited mnemmymmbo@mn@add embrlimbbiseshoavn aadi |

el | eg‘i”éée@%ﬁ%”@iﬁ%ﬁgﬁ R s S e v L

structural b?&%é@@i@t gqui val ents thereof. Additionally, it is intended
that such equivalents i nclude both currently known equival ents and
equi val ent s develldpddrma ‘@’hand lanimad ‘thed gndesipnilar eaferends desdinofhed t hat

f h f 1 f th
P esent 81 scppit o P apRen! G93pEU R BsPreBR B S iSn i B EETg. |
exenpl ary eghassiBR & B dorstARY m\@r%@v\fhea@ﬁ?masgﬁﬁw phgsiei n. Rat her,

the scope of present disclosure is enbodi ed he appended cl ai ns.
unless otherwise indicated herein or clearly contradicted y context.

Recitation of ranges of values herein is merely intended to serve as a
shorthand method of referring individually to each separate value falling

20  within the range. Unless otherwise indicated herein, each individual value
is incorporated into the specification as if it were individually recited herein.
All methods described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly contradicted by
context. The use of any and all examples, or exemplary language (e.g.,

ok

25 “such as,” “in the case,” “by way of example”) provided herein is intended
merely to better illuminate the invention and does not pose a limitation on
the scope of the invention otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element
essential to the practice of the invention. It is further noted that the claims

30 may be drafted to exclude any optional element. As such, this statement

is intended to serve as antecedent basis for use of such exclusive



The terns "a" and "an" and 'the" and simlar referents used in the
15context of the present disclosure (especially in the context of the

f ol | owi ngwol2aizmg}eeare t o be construed to cover both thepsrngodanzaned t he
plural, unless otherw se indicated her ei_%r or clearly contradicted by
context. Recitation of ranges of val ues §rei nis nerely intended to serve

as a shorthand nethod of referring jndjvidually to each separate val ue
falling 20W'@HHACKRY asRR4RY, fE!HV@@g t%@%kﬁ%\)ﬁ §@"ﬁ%¢§‘?€d‘(’§ﬁp"}%@é‘rlt?ﬁt}0%§ h

i ndi vi dual ; LS ' ; Becification as if it were
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in any suitabl e @GrdeapingslasfenidivewsaentsdircanipadimeEnds disolosetiierainse

R i e T
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does not pose a limtation on the scope of the invention otherw se clained.
No | anguage meémbaes cfifbeigrogaor othes ntarmentsdogrthseraidltag antidpsted ng any

non-cl ai med ,el.enent essential to,the practige.of the. inventi [t is

furt her not dOPRR O RETe s iers e pagioBl kb afrodstEine PLEBIAR) "ot onal

el ement . As zsgrelip bhicaissha bt BBMeriSndahsddedatenitatalitye as antecedent basis
for use of such exclusive -48- term nology as sole only and the like in

connection with tVMBile eeftaintfedinres ofcthgiamkodimentshavg gé@%iiwtfétmti ve

limtatign. : i A : i t i ments

di scl osgg hédreg-crrﬁ]beaa%&r)]\g%,Qﬁ%nyﬁ@o@gf&c%@argﬁ%ds\{g}ssﬁ{@%gaﬁég{r%e% ach group nenber

may be 5ref equaaidris aninolvacradtd ihdiseisttiliatliy thee aitn s them@ifdrertatieon Wit h

ot her nmenbers of the group or other elenents found herein. It is

anti ci pat ed YPAgFSte thﬁt%ﬁ%?@p%@ﬁfg?@‘r@? age 53%”&%3 %«’@Fiaﬂ&uﬁ%ed in, or

deleted fro : ﬁ@% q 'gégﬁ)% isghdent abi lity.

Wi | e certaf%lo %%t%lﬁgséﬁcﬁ gnr?%o%{!ﬁ“gﬁﬁ ave be‘grr:(ﬁiéfﬂlisustrat ed as
embodiments and appended claims.



10 descri bed above, many nodifications, substitutions, changes and

equi valents will now occur to those skilled in the art. It is therefore to
be under swoadi¥iadeot he appended clainms are intended to ecvars2abkiozech

nodi fications and changes as fall within the scope of the disclosed

enbodi ments and appended clains. -49- WABT IS CLAIMED IS: 1. A sensory
enhanced audi o devi ce conprising: an actuator system having a nechanical Q
factor | ess WHAT BWoQUAIIED Bhd a circuit electrically coupled to the

actuator system wherein the circuit js to 5generate a drive signal to
cause the act uat&SWWF%”?%@U@@AW&W%W%’H% drive signal. 2. The

sensory enh L Vi i i } ct uat or
Syerem has aaya O ERbEREERE AT A els tENTREAR (G R T
sensory enhancaxdlitaiedtdcalviamplad tothdi acjustor eysteot, Wieaeimsthe cinodit 25 tavher ei n

t he actuator system has a,resanant, fre nc et ween, about 50 to about 100
oo e Bhe sendenEr R et daep 1B BB AR e Cof o i e 1

to 3, wherein thecagidal & thevdhvenaigeapri ses an el ectroactive pol yner
actuator array conprising at |east one elastoneric dielectric el enent

di sposed between first and second el ectrodes. 20 5. The sensory enhanced

audi o devi ce, accar,di ng to any one, of ,.Cl ai 4 .ej ive
signal is dérive h@r%?%sgﬁl gﬁ%%ceéji %Lh%? _dev%% éﬁ‘%@%@&%@%ﬁ%ﬂa‘&@%& audi o

devi ce acconié BetuatoraiVstemn ®atfa feahamicdl Qdabtor frant BlesutcBNG abboy3an
acoustic radi ator and nmeans by which the 25notion of the actuator systemis

constrailfed to be substantially in a
3. The sensory enhanced audio device according to one of Claims 1

and 2, wherein the actuator system has a resonant frequency between
about 50 to about 100 Hz.

15 4. The sensory enhanced audio device according to any one of Claims
1 to 3, wherein the actuator system comprises an electroactive polymer
actuator array comprising at least one elastomeric dielectric element

disposed between first and second electrodes.

20 5. The sensory enhanced audio device according to any one of Claims

1 to 4, wherein the drive signal is derived from an audio signal.

6. The sensory enhanced audio device according to any one of Claims
1 to 5, further comprising an acoustic radiator and means by which the
25 motion of the actuator system is constrained to be substantially in a

direction orthogonal to the axis of the acoustic radiator axis.

7. The sensory enhanced audio device according to any one of Claims
1 to 6, wherein the drive signal generated by the circuit is in the frequency
30 range of about 2 Hz to about 200 Hz.



direction orthogonal to the axis of the acoustic radi ator axis. 7. The
sensory enhanced audi o device according to any one of Clains 1 to 6,

wher ei n twe 2dr2/mes68i gnal generated by the circuit is i npchastoreqguapcy 30
range of about 2 Hz to about 200 Hz. WD 2012/173669PCT/ US2012/ 026421 -50-
8. The sensory enhanced audi o device accéPding to any one of Claims 1 to 7,
further including a tray configured to receive the actuator system 9. The
sensory enh@ncedTasdicosdsvereraedandiondevioe ascomfinglceampode 5f Cldmsf ur t her
including a mass ., coupl.ed to the actuator stem 10. The sensory enhanced
audi o devi cd adec&itheidnsidiogs kg co f’%ﬁfﬁ%ﬁ?“ﬁﬁ‘gﬁ%@%ﬁ@?@%f%m’ | east one
aperture. 10 11. The sensory enhanced audi o device according to Cl aim8,
further conprising a sound cavity nounted to the tray. 12. The sensory
enhanced aui o d@hecensogoenhargeti@udiaiavige asherdingiolene heClaiag tonpri ses a
suspensi on temto. mnjimze unwant ed nodes qf vibration by substantiall
limting®di g%%a ﬁf"?“{‘%”%agpﬁﬁ ‘émﬂf?%?gé? g}ﬁﬁ?&%?r YR€M%ensory enhanced Y
audi o device according to Claim 12, wherein the suspension system
conprises: 20 a suspension tray defining an opening to receive the mass and
the actuator systemtherein; and at |east one flexure armforned in the

vi'bratton adP; ned "6 SpF e feutt SERAT O CRAB NAEL o

al | ows novegmirapcbfiiicby ot Raddone agiertead.i on al ong the first axis. 14. The
sensory enhanced audi o device according to any one of Clains 1 to 13,

further?@onprising an inverse polynomal circuit to compute a nonlinear

| nverse transf or Ay £Q.RBRYEnNRR AiliGGRYER idboBtding REERITOTUkhE: 30dri ve

si gnal .
comprising a sound cavity mounted to the tray.

12.  The sensory enhanced audio device according to Claim 8, wherein
15  the tray comprises a suspension system to minimize unwanted modes of

vibration by substantially imiting displacements to a single direction.

13.  The sensory enhanced audio device according to Claim 12, wherein
the suspension system comprises:
20 a suspension tray defining an opening to receive the mass and the
actuator system therein; and
at least one flexure arm formed in the suspension tray;
wherein the actuator system defines an plane of vibration defined by a first
and second axis and the suspension system allows movement primarily in

25 one direction along the first axis.

14.  The sensory enhanced audio device according to any one of Claims
1 to 13, further comprising an inverse polynomial circuit to compute a non-
linear inverse transform to remove unwanted acoustic artifacts from the

30 drive signal.



WD 2012/ 173669PCT/ US2012/ 026421 -51- 15. The sensory enhanced audi o device
according to any one of Clains 1 to 14, wherein the audio device is a
headphonewo 28f2/173¢s@ headphone of C ai m 15, wherein the Preadpboneaenpri ses
at 5l east one ear cup including the actuator system 17. The sensory
enhanced audi o devi ce according to any ofd-of Clainms 1 to 15, wherein
intensity of an effect created by notion of the actuator systemis

control | ed if5depameessnsprpénharicaaisaddio devicbacavdling & gmabne of Claims

1 to 14, wherein the audio device is a headphone.

16.  The headphone of Claim 15, wherein the headphone comprises at

5 least one ear cup including the actuator system.

17.  The sensory enhanced audio device according to any one of Claims
1 to 15, wherein intensity of an effect created by motion of the actuator

system is controlled independently of intensity of the audio signal.



