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FIELD OF THE INVENTION

In various embodiments, the present disclosure relates generally to

15  user interface devices, and more specifically to the utilization of electronic
damping for improved “key click” replication on devices commonly used for
interfacing with computers and mechanical devices by a user. The
present disclosure also relates to a method of creating realistic tactile
response when a user touches a surface, presses a button or key, or turns

20 aknob.

BACKGROUND OF THE INVENTION

Users interface with electronic and mechanical devices on a daily

basis in a variety of applications. Such applications include interacting
with touchscreen displays on smartphones and tablet computers,

25 computer mice, trackballs, touch pad devices, remote control devices, user
interfaces for appliances, gaming controllers and consoles, computer
displays. Some interface devices provide force feedback or tactile
feedback fo the user, referred collectively as “haptic feedback.” Haptic
versions of touchscreen displays, mice, joysticks, steering wheels, touch

30 pads, game controllers, among other types of devices, already provide the
user with some form of haptic feedback. Some hand held mobile devices

and gaming controllers, for example, employ conventional haptic feedback



user with some formof haptic feedback. Sone hand hel d nobile devices and
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To overcome these and other challenges experienced with

20 conventional haptic feedback devices, the present disclosure provides
electroactive polymer based feedback modules implemented on dielectric
elastomers that have the bandwidth and the energy density required {o
make user interface devices that are both responsive and compact. Such
electroactive polymer feedback modules include a thin sheet, which

25 comprises a dielectric elastomer film sandwiched between two electrode
layers. When a high voltage is applied to the electrodes, the two attracting
electrodes compress the portion of the sheet sandwiched between the
electrode layers. The electroactive polymer feedback device may have
the form of a slim, low-powered module that can be placed underneath a

30 touchscreen display to provide haptic feedback. Such feedback devices

provide improved electroactive polymer actuators that create realistic “key



30 touchscreen display to provide haptic feedback. Such feedback devices
provi de inproved el ectroactive polynmer actuators that create realistic "key
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and dampen mechanical vibrations. The present invention may provide

15  improved user interface devices such as, for example, touchscreen
displays, tablet computers, laptop computers, computer mice, trackballs,
touch pad devices, remote control devices, user interfaces for appliances,
gaming controllers, gaming consoles, portable gaming systems, computer
displays, hand held devices, smartphones, mobile devices, mobile phones,

20  mobile Internet devices, personal digital assistants, global positioning
system receivers, remote controls, computer and gaming peripherals, and
the like.

FIG. 1 is a cutaway view of an electroactive polymer system,

25 according to one embodiment;

FIG. 2A illustrates a top perspective view of a transducer portion of
an electroactive polymer system in accordance with one embodiment,
according to one embodiment;

FIG. 2B illustrates a top perspective view of the transducer portion

30 of the electroactive polymer system shown in FIG. 2A including deflection

in response to a change in electric field, according to one embodiment;



FIG 2B illustrates a top perspective view of the transducer portion 30of
the el ectroactive polynmer systemshown in FIG 2A including deflection in
response woaixnasge in electric field, according to onecerdseaioesivz WO
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for the pal i akar errayeonseinaesee@ingta eneaebssivoentent ;

FIG. 5B is a side view of the segmented actuator shown in FIG. BA
that illustrates one aspect of an electrical arrangement of the phases with
respect to the frame and bars elements of the actuator, according to one

15  embodiment;

FIG. 5C is a side view illustrating the mechanical coupling of the
frame to a backplane and the bars to an output plate, according to one
embodiment;

FIG. 8A is a graphical representation of predicted click amplitude

20 that a candidate module could provide in service for the palm and fingertip,
according to one embodiment;

FiG. 6B is a graphical representation of predicted click sensation
that a candidate module could provide in service for the palm and fingertip,
according to one embodiment;

25 FIG. 7 is a graphical representation of steady state response of the
module with a test mass was measured on the bench top, modeled (line)
versus measured (points), according to one embodiment;

FIG. 8 is a graphical representation of observed click data for two
users (points), and predictions of the model for an average user (lines),

30 according to one embodiment;



25FIG 7 is a graphical representation of steady state response of the
nodule with a test mass was neasured on the bench top, nodeled (line)
versus nmeaeuenexii2$438i nts), according to one enbodi ment; PCEUSB012528402
graphi cal representation of observed click data for £ WO users
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FIG. 9D illustrates an electronic damping controller, according to
one embodiment;

FIG. 10 is a logic diagram of a computer-implemented method 1000
of creating realistic effects;

15 FIG. 11 illustrates a system in which embodiments of the method
described in connection with FIG. 10 can be implemented, according to
one embodiment; and

FIG. 12 illustrates an example environment that is representative of
the general purpose computer for implementing various aspects of the

20 computer-implemented method for quantifying the capability of an
electroactive polymer apparatus, according to one embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Before explaining the embodiments of electroactive polymer

feedback devices, it should be noted that the disclosed embodiments are

25 not limited in application or use to the details of construction and
arrangement of parts illustrated in the accompanying drawings and
description. The disclosed embodiments may be implemented or
incorporated in other embodiments, variations and modifications, and may
be practiced or carried out in various ways. Further, unless otherwise

30 indicated, the terms and expressions employed herein have been chosen
for the purpose of describing the embodiments for illustrative purposes

and for the convenience of the reader and are not intended for the
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from the damping controller is configured to receive an actuation signal from the
15  user interface device in response to a user input and, in response to the
actuation signal, the electronic damping controller is to generate an
electronic damping signal to drive the actuator and dampen mechanical
movement.
in various embodiments, the present disclosure provides
20 electroactive polymer feedback devices that provide realistic *key click”
sensations and responses using electronic damping technigues and a click
reproduction technigue. It will be appreciated that the terms “electroactive
polymer” and “dielectric elastomer” may be used interchangeably
throughout the present disclosure. These and other specific embodiments
25 are illustrated and described hereinbelow.
The present disclosure provides various embodiments of
electroactive polymer integrated feedback devices. Before launching into
a description of various integrated devices comprising electroactive
polymer based feedback modules, the present disclosure briefly turns to
30 FIG. 1, which illustrates a cutaway view of an electroactive polymer
system, according to one embodiment, that may be integrally incorporated

with various devices, such as, for example, touchscreen displays, tablet



15user interface device in response to a user input and, in response to the
actuation signal, the electronic danping controller is to generate an

el ect r oniwodarmpizegssi gnal to drive the actuator and dampem/usechars4ozl
novenent. | n various enbodi nents, the present disclosure provides

20el ectroacti ve pol yner feedback devicgs that provide realistic "key click"
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now descri bpdiigatd haeé 00 that thestelieaigweacditve tirotgsesd direction,
fimit travel, and withstand drop tests. For integration into a mobile device,
15 the top plate 102 may be attached to an inertial mass such as the battery
or the touch surface, screen, or display of the mobile device. In the
embodiment illustrated in FIG. 1, the top plate 102 of the electroactive
polymer module 100 is comprised of a sliding surface that mounts to an
inertial mass or back of a touch surface that can move bi-directionally as
20 indicated by arrow 106. Between the output plate 102 and the fixed plate
104, the electroactive polymer module 100 comprises at least one
electrode 108, optionally at least one divider 110, and at least one bar 112
that attach to the sliding surface, e.g., the top plate 102. Frame and
divider segments 114 attach to a fixed surface, e.g., the bottom plate 104.
25 The electroactive polymer module 100 may comprise any number of bars
112 configured into arrays to amplify the motion of the sliding surface. The
glectroactive polymer module 100 may be coupled to the drive electronics
of an actuator controller circuit via a flex cable.
Advantages of the electroactive polymer module 100 include
30 providing force feedback responses to the user that are more realistic
sensations, can be felt substantially immediately, consume significantly

less battery life, and are suited for customizable design and performance
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for estimating the haptic capability of candidate designs are described in
more detail in commonly assigned International PCT Patent Application
25 No. PCT/US2011/000289, filed February 15, 2011, entitled “HAPTIC
APPARATUS AND TECHNIQUES FOR QUANTIFYING CAPABILITY
THEREOF,” the entire disclosure of which is hereby incorporated by
reference.
The transformation between electrical and mechanical energy in
30 devices of the present disclosure is based on energy conversion of one or
more active areas of an electroactive polymer, such as for example, a

dielectric elastomer. Electroactive polymers deflect when actuated by



20 two kinds of effects: long effects (gam ng and mnmusic), and short effects
(key clicks). "Capability" is defined herein as the maxi mum sensation a
nodul e cawopndzesssi n service. Such conputer-i npl emrent edCpruse@sesi0f or
estimating the haptic capability of candidate designs are described in nore
detail in commonly assigned Internatiofal PCT Patent Application 25No.

TEH qUES PR CERRITIEV 1S AR TAETe R e @ o REIO B R ol o o

whi ch i s hepelyndrig eopasrihg eldayrids bapefico. mébeaticanafepgyeriGzAbet ween
el ectrical and mechani cal energy .in 30 devices of thg%qpresent di sclosure is
based on en H@Waf@@rﬂ/@i’f’s‘?%’ﬁp%“%ﬁ@e\@r@fMF@%’F?K@O@P@ GoACEPrdEI®R r oact i ve

pol ymer,

ol ymer s depi's ertsimetEy Thf ratedh e rathlit 100 53R dA5HTa%ENE2 " o.

el :act ri cal puigm.zmcfohled)wertmgliset\mm eibetr;marémnggrmiﬂ mkchaniehlect roacti ve
pol yner I n converting el ectrical ene ani ca er FI G 2A

i 11 ust r at es®Be%Yp 'pANgREBkeImEHt AP gi{e%éogg%m{}w@pr fﬁf?fsl @rggg}ym%{ccor di ng
to one embogiABels ad b Mt ERIochR! béiReAtloER bR aRInflyeCt T oact i ve 5

pol ymer 202 for converting tween el ectric energy and mechani cal energy.
I n one enbodéfitupoarapplieatioroaica vokagmiifferencedietnveendha tyol ynmer that acts

| d t t l.ect r od flect
ool car; onSEPIaIShT 1 aenaT Gt FER g0l ArEafe e R aiEhe T B
bott om ¢} eCéufe@ﬁéﬁcth@MeEQ@zafrﬁtsﬁ\{fobw&mnts@ﬁaé@@I RepEORENY & pol ymer

202 on its top and bottom surfaces, respectively, provi de a voltage

di fference BisWistssa yojiage diflerecea a@09%|awm?iorzgtthe1mym@lr;2ﬁ8r Ti“@z defl ects
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20 to one ethﬁxﬂ«dueser%d/drrarganteeaieﬂedmm ety Enmusad & prddmc&nyednapd:acenent
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FIG. 2B illustrates a top perspective view of the transducer portion

200 including deflection in response to a change in electric field, according

20 1o one embodiment. In general, deflection refers to any displacement,
expansion, contraction, torsion, linear or area strain, or any other
deformation of a portion of the polymer 202. The change in electric field
corresponding to the voltage difference applied o or by the electrodes
204, 208 produces mechanical pressure within the polymer 202. In this

25 case, the unlike electrical charges produced by the electrodes 204, 206
attract each other and provide a compressive force between the
electrodes 204, 206 and an expansion force on the polymer 202 in the
planar directions 208, 210, causing the polymer 202 to compress between
the electrodes 204, 208 and stretch in the planar directions 208, 210.

30 In some cases, the electrodes 204, 206 cover a limited portion of
the polymer 202 relative to the total area of the polymer. This may be

done to prevent electrical breakdown around the edge of the polymer 202



deformati on of a portion of the polynmer 202. The change in electric field
corresponding to the voltage difference applied to or by the el ectrodes
204, 206 woadixressssechani cal pressure within the pol ynerc2aR201k028402 s
25case, the unlike electrical charges gégduced by the el ectrodes 204, 206
attract each other and provide a conpr ive force between the el ectrodes

204,206 and: a01aEhBR0R. SR I9LA BeAlkilohe BOLALTEF 1202 oidiSoihgnar direct ons

208, 210, causing O conpress e el éctrodes 204,

206 and str eblymarn Adiheptbanas uded aetdionsn 208ie 2. is Jefined asm pasiea, the
el ectrodes 204, 206 cover a limted portion of the g[@grrer 202 relative to
the total aPed !GNSHHeerRATYREHNG e EO‘mrlﬁ’ﬁatﬁﬁﬁ@Q%ag East Wectri cal
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mterial 2009500 SETGSURIeERS RICOI P HReTohR SETERPL et TS POTER (s used to
convert el eqiidiCle £AREDBreh % BsdB DM EM MRBRASI Al di8g7 % b)Rt@pa i ncl udes
a portion of the polyner 202 having sufficient electroStatic force to
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mechani cal engr t.o.el.ectrical  ener the, active area inglud a portion
of the pol ynanicsgs oRETTRY oAb BioRae reslecyRstcanstoy ASMERge

el ectrosg at désm@mioﬁsa\@dwm@aeaé&r@iﬂ?%Itb@gré@n@wsc@s@@é yWErhagcording to
the present disclosure nay have nultiple active areas. In sone cases, the

pol yner 202Mdlirde aglive aredsddnseme £ases, e rolymeraiZ matelip! extsigaman spring

force on th | i . 1 f ol ymer
material ou gﬁ\ﬁé%&%ﬁ%@{% Pgéé gﬂ%ﬁg %%?g%féﬁioréa%? ﬁﬁg%%{é\éé %g% %%rti%n by its
cont r act i ondeflectiopandoenspddiionig) palymed mdteriaiadutaige tbe bktivearss ang t he
i nduced charge causes the reverse effects. The el ectrodes 204, 206 are

conpl i ant affP'RGHYR aé%e@ﬁ%tm By is E%mmpnﬁﬁxméin‘??@@}’ﬁ‘t@fon of the
pol ym‘”1§Ozt@%iﬁéﬁe@ﬁé@nﬁg%ﬁl\%@%d@é& @fégg%?:%ﬁséé’fhéh%@éﬁ@ctbhe pol ymer

202 response wt ection. re speci as the transducer portion
200 defl ects, cofpeedxitmuiesf20) 20BarpaoyneianR8ad bhangs shhpe opfthdket e char ges
of electr Odggiy%%de'”zﬁ%QaThcel ggr%arguration of the polymer 202 and the electrodes
204, 206 provides for increasing the polymer 202 response with deflection.
More specifically, as the transducer portion 200 deflects, compression of
20  the polymer 202 brings the opposite charges of electrodes 204, 206 closer
and the stretching of the polymer 202 separates similar charges in each
electrode. In one embodiment, one of the electrodes 204, 206 is ground.
In general, the transducer portion 200 continues to deflect until
mechanical forces balance the electrostatic forces driving the deflection.
25 The mechanical forces include elastic restoring forces of the polymer 202
material, the compliance of electrodes 204, 206 and any external
resistance provided by a device and/or load coupled to the transducer
portion 200. The deflection of the transducer portion 200 as a result of the
applied voltage may also depend on a number of other factors such as the
30 polymer 202 dielectric constant and the size of polymer 202.
Electroactive polymers in accordance with the present disclosure

are capable of deflection in any direction. After application of the voltage



and the stretching of the polyner 202 separates simlar charges in each

el ectrode. In one enbodi nent, one of the el ectrodes 204, 206 is ground.

| n gener avp 20tpe12e43ansducer portion 200 continues to def lpextuseonioks402
mechani cal forces balance the electrostatic forces driving the deflection.
25 The nechanical forces include elastlt restoring forces of the polyner
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In sone cas@@t,edtt% %@WH%QQQ %Otiiﬁr@_ﬁﬁﬁ)ﬁoéﬁg‘i”ﬁpg?ssg%%.po ReT§ &hst antial |y
constant VoluE-tipdsthe pofFser T2 mdl ddEBARIASH flch Poiyyer 202, the

pol ymer 202 decreases I n thickness 5as a result of the expansion in the

pl anar direotlaaorsh@®8, 210. It should be noted the enbodi nents are not

limted to i nconpressibl e pol r nd defl ection of the polymer 202 nmay
ot conf orm to- SRERIGAR R IIdvery B itodk PRartiedtrBeeR e at fvel y
large vod t agRctolibe2OAC20HBhWRE TrahB8udd} RIre6H 20deRodPdn FES 2anwilihe _
transducer portion 200 shown in FIG 2A w |l cause the transducer portion

200 to changausethe trgissherr prdiogadlliocchasiggie ahiswiarger #FepashaBe In this

manner, the_ir pPOKt i : onver.t I mechani cal
ener gy. Thea%" ?gﬁ‘g’gﬁgﬁ@pggt iEﬁﬁhE%%%@]ers}bﬁ%@a%ﬁ%%éégﬁfgnm‘g%\}eﬁ@chani cal
ener gy to ebketridat ahegyabedaracdliencigpdi Ties treasalicargyitien 200 also FI GS. 2A
and 2B may be used to show one manner I n which the transducer portion 200

converts neBlR¥ReEseEiesevaromeraaticakaneray i giectical eBRENVINE bt t he

transduger i A0 s nechanical ly stretched by external forces to a
t hi nner€§| aggéééﬂog‘%éa snlgg“e such as that shown in FIG 202B, and a

relatively smal | FiGS: 24endidB etareeustdisshdapnehrasnnecasedcly theo act uate
204, 206, ¢ KENTIGEREAoLURT BT CoBIETODeRNPICBLHOTYLS FIFCLieel epishben the
el ectrodes Fgr axshphRe fIME FraRSdliferddion 20008 MddhankSif stidlched by
external forces to a thinner, larger area shape such as that shown in FIG.
20 2B, and a relatively small voltage difference (less than that necessary to
actuate the film to the configuration in FIG. 2B) is applied between the
electrodes 204, 206, the transducer portion 200 will contract in area
between the electrodes {o a shape such as in FIG. 2A when the external
forces are removed. Stretching the transducer refers to deflecting the
25 transducer 200 from its original resting position--typically to result in a
larger net area for the portion of the polymer 200 between the electrodes,
e.g., in the plane defined by the directions 208, 210 between the
electrodes. The resting position refers to the position of the transducer
portion 200 having no external electrical or mechanical input and may
30 comprise any pre-strain in the polymer. Once the transducer portion 200
is stretched, the relatively small voltage difference is provided such that

the resulting electrostatic forces are insufficient to balance the elastic



forces are renoved. Stretching the transducer refers to deflecting the
25transducer 200 fromits original resting position--typically to result in
a | arger wetomreasgor the portion of the polymer 200 betreears2aih®28402

el ectrodes, e.g., in the plane defined by the directions 208, 210 between
the el ectrodes. The resting position rkders to the position of the
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the el ectri galingneiish PRGOS0, ddeatiRicdR o BifdiBPEredifiRg. the

el ectrodes 204, 206 contract to a snaller area, [ike chargés within each
el ect rode coh@igessyithah sach aiagitnogetdompricest alse sdisimgdhgelentdcalanesge of t he
charge. Thus, w th different ch es on the el ectrodes 10 20 06,

cont ract 1 onad Jpltdoe hEE SfmSadhiRaw el keSS 58 8 ehitackh as ¢ ha
shown i yu FI 204 2208 alopaaclibefrehes shhsakueR ek IMaidhdieinciies. o8 tolbsé 1S,
mechani cal deflection is belnghturned into electrical energy and the

transducer péeh B8 thaighons iadtlibndAagisesdbasiestdeal anergwattheashasget he

capaci tor, THe: EahethinRaloafbtERig bOFE ST hERHIA BRe Ry Al Fom  na
shown i n Fl flan@®ided plohttdn 300 Wadtingda geheraliypi cal ly, the vol tage

di fference between the el ectrodes 204, 206 will be raised by contraction.
This i s normal |yl $RMesasesihe tangdpeer portion 280 nav ie dassribedi s not added
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process. The 1 ncrease 1n elec cal  ener rated by the
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R N e R e
I's fixed anghiSedgfceAGSSt o MBS i Rofh&R! theCseC it c4ntdle, if additional
charge is not added or subtracted from the electrodes 204, 206 during the
20  contraction process. The increase in electrical energy, U, may be
illustrated by the formula U=0.5 Q%/C, where Q is the amount of positive
charge on the positive electrode and C is the variable capacitance which
relates to the intrinsic dielectric properties of the polymer 202 and its
geometry. If Q is fixed and C decreases, then the electrical energy U
25 increases. The increase in electrical energy and voltage can be recovered
or used in a suitable device or electronic circuit in electrical communication
with the elecirodes 204, 206. In addition, the transducer portion 200 may
be mechanically coupled to a mechanical input that deflects the polymer
and provides mechanical energy.
30 The transducer portion 200 will convert mechanical energy to
electrical energy when it contracts. Some or all of the charge and energy

can be removed when the transducer portion 200 is fully contracted in the



25i ncreases. The increase in electrical energy and voltage can be recovered
or used in a suitable device or electronic circuit in electrical

conmuni cavoanwizk43st he el ectrodes 204, 206. | n additionpcrhmsdaizansidrcer
portion 200 may be nechanically coupled to a nechanical input that deflects
the pol ymer and provi des nechanical enklgy. 30The transducer portion 200

or al | of t RETErREody ARTREbAs 20F 310 "RIeARGLON, IR BRI Lo ion
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defined by the directions 208, 210. Alternatively, some or all of the
charge and Erf&eye E‘aWetF@EYfE%g%EW@ﬁﬁf Ahigashep halance wilkthg ectric fiel d
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mechani cal elastic restoring ces and externa oa uring coritraction,
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mechani cal energy.will be converted tq electrical energy. Renoving sonme of
the char ge BRENSNISALENRIBYA PEAOrSREPGYO FIRRARE CPRENe] RHTOVER SOg)

pressure, t Bf?ﬂ%béhaﬁ\%é Wy %&Qf’éié&ﬁ&éi%hérgy FldRYBe eldtifcal iRIPVIi Ng sone of
the charge may further convert nechanical” energy to electrical energy. 10

The exact epmssuradhelsbyalioeinmtontractiondnsdotere.pdhus oenkddngwkemeoper at i ng
as a generat depends on. any electrical and, nechanical .l.oading as well as
Che i ntrt naPLing:GRERs Mt e o rnaa oL ReeR b Bltse e SsHebos.
| n one egbogthaRikcet éBEtriehPEéRAGH dfMRe RRINLEBEerSLHIOR 20D SVIErEoSéiaBhged.
Pre-strain of a polynmer nay be described, in one or nore 15directrons, as

t he change P#adensiaicodepands anesyiglesirigakand peebarical lnpdigorag wellve to the

di mensi on i e ' . - b Nl r in may
conprise el g%%@%@#%‘?%@ oﬁg%;}f){h%é&%gméhégé %g%aiehfgﬂgdée%f%q%&%' for exanpl e,
by stretching t hin gpod gmbodimetigtise eleciodcivexpdigmen20@rmapbe poé- t he edges
while stretched. For many pol yners, pre-strain 20 inproves conversion

bet ween el edif@ingd] FiadtidEE AbAPeMer apy e dassribag: i\ HeBREI cal response

enabl s eghakigRCHEME Bhatd fn GiflerRibrPher b QAR A RRLWHRIning - 0. . | arger

defl ections actuation pressures. In one e I ment, pre-stryain inproves
t he di el ect ralatiwt toghgtdimensiphen podtydiectiad 2efdra preatiadringnibdiprent , t he
pre-strain ist?aiglnggé ic;gmp'??fsé ?erias%%t&e%:jmoaﬁionagf the polymer 202 and be
formed, for example, by stretching the polymer in tension and fixing one or
more of the edges while stretched. For many polymers, pre-strain
20 improves conversion between electrical and mechanical energy. The
improved mechanical response enables greater mechanical work for an
electroactive polymer, e.qg., larger deflections and actuation pressures. In
one embodiment, pre-strain improves the dielectric strength of the polymer
202. In another embodiment, the pre-strain is elastic. After actuation, an
25 elastically pre-strained polymer could, in principle, be unfixed and return to
its original state. The pre-strain may be imposed at the boundaries using
a rigid frame or may also be implemented locally for a portion of the
polymer.
fn one embodiment, pre-strain may be applied uniformly over a
30 portion of the polymer 202 to produce an isotropic pre-strained polymer.
By way of example, an acrylic elastomeric polymer may be stretched by

200 to 400 percent in both planar directions. In another embodiment, pre-



25el astically pre-strained polynmer could, in principle, be unfixed and
return to its original state. The pre-strain nay be inposed at the
boundari esousing2esri gid franme or may al so be i npl enent edTiuse@bioys4shor a
portion of the polynmer. In one enbodinment, pre-strain may be applied
uniformy over a 30 portion of the po"l‘%rrrer 202 to produce an isotropic
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be bound by theory, the present inveptors pelieve that pre-straining a
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direction. | ne enbodi nen the deflection in,the direction 208 of the
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pol ymer used as the transducer portion 200 gg%@be stretched 15by 200

percent in lohepes-slainiciiectios dhanggnsogipen defiegtinn ipdhp &rerben ar
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20per formance of an el ectroactive yner nodul e that prg}vi des sujtable

capabi l ity e@stc’gﬁ%i%awfmwssﬁ&scthgg%nsg@e%rrra?rﬁantmdﬁ@y RUDERIAERSR . The
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be based on the polymer material and the desired performance of the
polymer in an application.
FIG. 3A is a diagram of a system 300 for quantifying the
20 performance of an electroactive polymer module that provides suitable
capability for gaming/music and click, according to one embodiment. The
system 300 may be employed to generate electrical signals for electronic
damping to improve “key click” replication on touchscreens commonly
used for interfacing with computers and mechanical devices by a user.
25 The system 300 also may be employed to create realistic tactile response
when a user touches a surface, presses a button or key, or turns a knob.
As shown in FIG. 3A, the output of the system 300 is sensation (S) versus
frequency (f} in response to a steady state input 302 and a transient input
304 into an actuator mechanical system module 306 simulating the
30 electroactive polymer module 100 of FIG. 1. Functionally, the actuator
mechanical system module 306 represents a fingertip portion 308 applying

an input pressure to the electroactive polymer module 100 or a paim



25 The system 300 al so may be enployed to create realistic tactile response
when a user touches a surface, presses a button or key, or turns a knob. As
shown i n WDGn128&2438he out put of the system 300 i s sensarCoOUSe@ER/OYINEUS
frequency 09 in response to a steady state input 302 and a transient input
304 into an actuat or rrechanl cal system%modul e 306 sinulating the
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maps t he di §prate Xx(t) to sensation S(t). In accordance with this

approach, a nodeFI®s3Bansfunstiopd! biock Jdguam 314 ohhecsypadrhl300y of the
el ectroactive pol yrrer nodul e 100. Al so described.is a calibration of the

act uat or m@ﬁwm O} enbadent MWHWOQ%&@ BERAYCEE IBEESRRANISEDdUl €
100 1or ke RS eddyiaRp RO Ao ol VA0°TAd BoRatdl ABcfRcandsldig pal m

portion ect resent sclosare d act uat or
per f or mancenmooNe 886 arapssa dqspianemnﬁr(t}md@spansle th:tnpat or segnenting

Cal 1 brat  oroetang Ehe ke GoRBBLPSIPEP b MR 12 ARSTE s pr obent 6d. The
capability gfs ;é&%nmgwtwg% 8eAdMlioesgps actuator geometry is discussed.
Per f or mance o real nodul es”conpared to the nodel and to neasurenents of
ot her In accordance with this approach, a model is constructed for
20 quantifying capability of the electroactive polymer module 100. Also
described is a calibration of the actuator mechanical system 306 in which
the electroactive polymer module 100 works, which includes both the
fingertip portion 308 and the palm portion 310. Sections of the present
disclosure dealing with actuator performance provide a general-purpose
25 model and an actuator segmenting method that tunes performance to
match the actuator mechanical system 306. Calibration of the sensation
model! to published data is also presented. The capability of the haptic
module 100 versus actuator geometry is discussed. Performance of real
modules compared to the model and to measurements of other
30 technologies also are discussed hereinbelow.
One application of interest for this model is a hand held mobile

device, with an electroactive polymer module that drives a touchscreen



30 technol ogi es al so are di scussed herei nbel ow. One application of interest
for this nodel is a hand held nobile device, with an el ectroactive pol yner
nodul e t W0 2drdeessa t ouchscreen WO 2012/ 122438PCT/ US20¢2/13284023404.6-

| aterally relative to the rest of the nobile device mass. A survey of a
number of displays and touchscreens inlftifferent nobile devices resulted in

a novabl e j goat A n kN Ng device
mass of apgfazéﬁaﬂgf%%&el%t%ﬁg%g& ﬁ%erﬁé%\a/eg %‘gééa@psrg’e?éﬁ%j{v%%%si gni ficant
popul ation afimiebbf gisgRyEcesl tbuthsmwebts pagiffeiertendifeateritdsoresalib@r cl asses

of consuner electronics (i.e., global positioning satellite (GPS) systens,
gani ng syst Bn@JNOVARELIGEE Ryefage ehapnvesimmiely 2509 aeaMhAJEBRIEAE User. FIG

4A is a nec i é%:?ft e r | cal system
nodul e 306 g%\r{}i&f\h&l%{‘aﬁ @E@&%@ﬁﬁ%@ﬁ%ﬁﬁg ?%%ﬁ%&g%%%ﬁ%?@ The actuat or
mechani cal sigsifieemBpepdbtiomof mobli&Bevidds Bt csuldxgamiived. alisasth émk boxes

i ndi cat e parane ator 410 that

ters of the fingertip 402, pa 408, .and ac
were fit { o0l #IASSRS SEPOREUmE %'@CEB@@%@%C@!@?@E poteRIPg $ERIE 100 is part
of a larger ' - hncludes 15 the fingertip 402,
t ouchscr een(%?f?giéé% Sséééﬁgﬁs%%g&sgnd pal m 408. The nechani cal system
model 400 shAgosurtinydfedils Kieehasics oatheaandsetramdeUsdi s system and t he
actuator inside j The fingertip,402 and pal m408.are treated as sinple
(m k, c) rrass-s%ﬁ@‘ﬂﬁgéﬁaﬂﬁ%&?@&%%ge%mé’g?gﬁqg?m?e@gu%_ fameters, the
steady £ at ;idcRERRABFSyStEMIMBALIEEB IR irSPRSS. S@QBY'aEé@rﬁlir%Ttd gnéreasured at
the index fingertip 402 during key press, and at the pal m408 holding a

hanﬁset - si zew @eﬂﬂkﬂ@§%a@ﬁw&§¢8@m 406 shewe igFdaSngAr3e e\rMe:t ure
apace const PAPHE0gH BhefHAGR nyeRR b et S2 g Pleee A, AR o "L

| i teratures4idcantgctubir 40anat ferd-findsdatamin 8ervide, thd eRkatrodtiiveat i ons -

Mechani cal | npedance of the Human Hand's d abrous Skin," Journal of
Bi omechani cBOlymer mexdula 40019 9ast of @alprga mechanical sysissiehatpnclpdes

sournal S - Tt 482 TERARLEEh 0B RAAAGR be dth, SHIBILAVE The D L AN
Choi, S. anchethanichl syatem riveddiadidcsiovddlumestheleenafls the ddeonokikiatai ng a

Spherical Tgol at Th | d .and
phert ca t?'i?s s?stem ér?ds % actggtor inside it. The fingertip 402 and palm 408 are

treated as simple (m, k, ¢) mass-spring-damper systems. To estimate
these parameters, the steady state response to proximal/distal shear

20  vibration is measured at the index fingertip 402 during key press, and at
the palm 408 holding a handset-sized mass. These measurements add
data fo the growing literature on haptic impedance, particularly tangential
tractions on the skin where space constraints allow citation of only a few
examples. Examples of such literatures include, for example, Lundstrom,

25 R, "Local Vibrations - Mechanical Impedance of the Human Hand's
Glabrous Skin," Journal of Biomechanics 17, 137-144 (1984); Hajian, A. Z.
and Howe, R. D., “Identification of the mechanical impedance at the
human finger tip,” ASME Journal of Biomechanical Engineering 118(1),
108-114 (1897); and Israr, A, Choi, S. and Tan, H. Z., “Mechanical

30 impedance of the Hand Holding a Spherical Tool at Threshold and
Suprathreshold Stimulation Levels,” Proceedings of the Second Joint



Supr at hreshol d Stinulation Levels," Proceedings of the Second Joint WO
2012/ 122438PCT/ US2012/ 028402 -17- EuroHaptics Conference and Synposi um on
Haptic | 'wenheees43Bor Virtual Environnment and Tel eoper atrom/iSysiees2 55- 60
(2007). FIG 4B illustrates a performance nodel 412 of the actuator
410, according to one enbodi ment. Act ubf-or force (F) and spri ng rate (k3) 5

depend on t o and
el ectrical %?’o‘%ﬁri?% éo’i;eéée%ctr?e W?’Pgw Sfﬁ-)a(pé qﬁgéaﬁac%igfgz%)y?i repr esents a
vari abl e t hghvireymesat sad |Te¢ba§yemmgs§«smM@6|5eﬁﬂ (IaD7)exanpl e. The actuat or

410 can be treated as a force source in parallel with a spring _and danper.
Addi ng an additi 6Hai4 %a%&rate%p@f@ﬁaa%mog@i @WPft’hQ%@UQt)OF% i nprove 10
calibration c typat or 410

det erm nes ?%80 c eﬁ%%@%&eg p?‘scétg_%grgﬁregﬁg%ﬁ%p&%@é (E@okean nodel
descri bes tHepamtbanhegeomatﬂye(famtaﬁmpanamaem)ﬁdtm m@dqﬂue(@b raatth (p) with
one free par t hat s C ted to tensile

t h dul G
stress/stra?%ré?&%ﬁ gros i %?hrerg PO &2’%7?3@!%5” ash é%‘i‘:[ K IGPESSEHR 815 f or
force as fupghiing (R4t rﬁsg%@wnee'méngcﬁﬁﬁ%@uoﬁnﬁbr%w@ TReGMibng the

actuator into (n) sections allows signers to trade off the avall able
mechani cal #68kcabdenseate @asg faree ssuraskia m&a&w\gum dbpungand dagwerand al so

to adjust t resonant...frequenc f. the over ystengto match t he needs
of the el ectPg 7oA PY A fis ohe ESiRl Y Torvae FrSaprodd'® "EPG
SA i | I usg r abgmorafien &S RREsuRid &WW@QM@WW%@Q&EG%V@@ in a bar
array geometr accordi ng to one enbodi nent. Segnenti g t he actuator 500

within a gide rmmsdmrhmkﬁdofom@ ard ee5YHe SPrbg Tates A fﬁ@lkﬂaﬂ setting
th t tretched
e s Ve OB ARSI 815 B PSR o Bl Lcred

an ext er nal (g)raitteod® reanshrameter sh@@imwu@ew@)%@twasmanbtdﬁedm ane 504.
| nsi de each wi ndow 506 is a bar 508 of the same rigid frane material, and
on one or b?ﬁrﬁi§|SH§§S/§¥rat”h*@SE§arA’B@99@Yem@f'j%bifi?@é&c@“‘ﬁé&c’i@iﬁf%%@n

potenti ?%Odf({rff&rc%ré\sefuﬁﬁfi(?ﬁﬁf LERatHrel; éééiﬁeﬁpaﬁ]%iﬁ rS%@:‘%eﬂﬂ gne side of

t he bar 8 creates electrostatic pr ssure In sto r an this
pressure exdra actﬁaimmtor{n) hectioms H0%s Mi@ms it Ib‘ade dfotheexailpble, by

Egarz} 2324385@?)"@@@@? &%@j@@en Ecgg?ree s%recR(e and hsgh biocivl\{%d force, and

also to adjust the resonant frequency of the overall system to match the
needs of the electroactive polymer modules.

20 Segmentation Method

FIG. 5A illustrates one aspect of a segmented actuator 500
configured in a bar array geometry, according to one embodiment.
Segmenting the actuator 500 within a given footprint into (n) sections
provides a method for setting the passive stiffness and blocked force of

25 the system. A pre-stretched dielectric elastomer 502 is held in place by a
rigid material that defines an external frame 504 and one or more windows
506 within the frame 504. Inside each window 506 is a bar 508 of the
same rigid frame material, and on one or both sides of the bar 508 are
electrodes 510. Applying a potential difference across the dielectric

30 elastomer 502 on one side of the bar 508 creates electrostatic pressure in
the elastomer and this pressure exerts force on the bar 508, as described,

for example, by Pelring, R. E., Kornbluh, R. D. and Joseph, J. P,



-18- "Electrostriction O Polynmer Dielectrics Wth Conpliant El ectrodes As
A Means O Actuation," Sensors and Actuators A 64, 77-85 (1998). The force
on the bawo20B/resBes with the effective cross section eCTiuseoiaobssat or 500,
and therefore increases linearly with the nunber of segnents 512, 5each of
whi ch adds to the width (yi). The pass’ﬁgve spring rate scales with nz, since

each additi tivel - f ; 00 device
twi ce, fi rs@%ét@%g%pﬁg%aﬁéiﬁg% eef’%]é r@t§h¢%§%$§§%%§é?%and second
by addi ng t Metahe O Aldthation,) Sehadrsras] Atiathrs Pl 64 1R85.(1808)h B ing rate and
bl ocked force scale linearly wth the nunber of dielectric |ayers (m.

10FI G 5B i ©ree sndee bpeqb8rcaks Wiyihemfiartive clrisotecton affbsaciusten . sA

that |1 ust b e PR ERne fordls Al BLAG Uithoak ik nctits 539, phases with

respect to ars enents of the dctuator 500,
accor di rg t eacnef whishdidusnib.thé&WaIth5§2)i he pasdivevdpeingirbteistalas il t he

o o out pube et ddetd Sprens 1 Pt St el 3k s o 50
can be integgakd m&:@pﬁs{sgg?%heﬁeﬁmgm Wahe QuetdYg 8RScticTHG) % sdc®ndgexanpl e,

t ouchscreen di spl ays, [ et conputers, laptop con‘guters,_ conput er m ce,
t rackbal | s, by addinggadheeidibdy) thaimesistscdaplrobmgsti Beth spéw rateesdf aces for

appl i ances, . gapi ng control.l er ni, ng. consol.e rtab 2Q gam ng

2ot emn.  coRBaReT RiFe 3Pa IR R A R OPE Y Te p B AP mpt | 6 devi ces.
nobi | e ghones, npIG |88 |94 Sldeeliel @) the SegPehfRN@dttudiod 508l shasd BtRIE.s, gl obal
positioning systemreceivers, renote controls, and the |ike, to provide

f eedback. |PAdhe ibutiesrene aspret dfiarpelecisical arsngement akiheafiasated act uat or
200 can be &Rﬁﬁé%éﬁ?@ thd e bR ;E%IE;%E;S” b é{ eérﬂgo?ﬁwé Q&hé{aﬁa ggpdback
, y be a

sensation to e ‘user. n sone e VI ng mass

battery nouatettding teé dneagmbodiment. WGh5Cd$ erside eienoiiusivatiiddBe SA- C,
segnenting the actuator 500 determ nes the effective rest length (xi) of

the conposi féchapehtplingalderasmoodhia abagkriantisdd s ¥ethdh 518, and
e o B 808 18 88 a8 1 SOMRPRIaE stoIeRd eyt o 00
n actuator 500 can be integrally incorporated with various devices, such as,
for example, touchscreen displays, tablet computers, laptop computers,
computer mice, trackballs, touch pad devices, remote control devices, user
interfaces for appliances, gaming controllers, gaming consoles, poriable
20  gaming systems, computer displays, hand held devices, smartphones,
mobile devices, mobile phones, mobile Internet devices, personal digital
assistants, global positioning system receivers, remote controls, and the
like, to provide feedback. In one embodiment, the output plate 516 or the
segmented actuator 500 can be coupled to a moving mass to amplify the
25 tactile feedback sensation to the user. In some embodiments, the moving
mass may be a battery mounted in a tray.
With reference now to FIGS. 5A-C, segmenting the actuator 500
determines the effective rest length (x;) of the composite segmented
actuator 500 in the actuation direction 518, and the effective width (y) of
30 the composite segmented actuator 800 according to:
(x . (Ze +{n- 1) + nb))

X, = » and y, = nméyf ~2e+ a)) (N




-19- where: xf is the footprint in the x-direction; yf is the footprint in
the y-direction; dis the wwdth of the dividers; 5e is the width of the
edges; n we tfwi2eusaber of segnents; b is the width of tireThsesi2/028405 t he
bar setback; and mis the nunber of |ayers. 10Sinulation data in accordance
with the present disclosure are based- d= 1.5 mmdividers, b = 2 mm bars,
a = 5 nmm edges, Whégﬁ mm x_footprint, and yf = 36 mmy footprint. O her
val ues related to the dielectric and geonetry include, for exanple, shear
modul us G di el egtisitise émiptiatiih the wrtigictiebched thi ckness zo, the nunber of

| ayers m and the bar 15setback a. Transient Response - Cick Capability
FIG 6A is a graphsdas 'edpraldathayiiecton of a predicted click anplitude
that a candi date ; j in service for the pal mand
fingertip, accorg?%g%tgiimgﬁyfg“ariéﬁﬁﬁegﬁt. Amplitude in pm pp is shown 20

al ong thg verti calis the widihdf Breegdgas;y in Hertz (Hz) is shown along the

hori zontal axis. FI% 6B i s a_graphical representation 610 of predicted
click sensation fH& %ﬂ%@hﬁra%g%grﬁ%*&re coul d provide in service for the
pal m and fingert phRs tAEGRIA IR Ba@ne embodi ment. Sensation in dB re: 0.1pm
250Hz is shown along the vertical axis and Frequency in Hertz 25(Hz) is
shown al ong t he hds$ theobamsetbadls.antlo eval uate the click capability offered
by candi date desi{ﬁ?ns[h full volfﬁa e pul ses are sinmulated. Duration of the
pul se of one-qua Sr %F&F@b%fc Fesonant frequency can be varied

10 Simulation data in accordance with the present disclosure are
based on d = 1.5 mm dividers, b = 2 mm bars, e = 5 mm edges, x;= 76
mm x_footprint, and yr= 36 mm y_footprint. Other values related to the
dielectric and geometry include, for example, shear modulus G, dielectric
constant g, un-stretched thickness zy, the number of layers m, and the bar
15 setback a.
ITransient Response — Click Capability

FIG. 6A is a graphical representation 600 of a predicted click
amplitude that a candidate module could provide in service for the palm
and fingertip, according to one embodiment. Amplitude in um, pp is shown

20  along the vertical axis and Frequency in Hertz (Hz) is shown along the
horizontal axis. FIG. 6B is a graphical representation 610 of predicted
click sensation that a candidate module could provide in service for the
palm and fingertip, according to one embodiment. Sensation in dB re:
0.1um, 250Hz is shown along the vertical axis and Frequency in Hertz

25 (Hz) is shown along the horizontal axis. To evaluate the click capability
offered by candidate designs, full voltage pulses are simulated. Duration
of the puise of one-quarter cycle of the resonant frequency can be varied
depending on the design. Peak displacements can be converted into
estimates of sensation level. Results are similar to those for steady state

30 - more segments decreased amplitude, but increased sensation.



dependi ng on the design. Peak displacenents can be converted into estimates
of sensation level. Results are simlar to those for steady state 30 - nore
segnent s wecnearedsanpl i t ude, but increased sensation. PADUS2012/028402

2012/ 122438PCT/ US2012/ 028402 -20- Measured Mdul e Performnce Versus

Mackl pg FIG 7 is a graphical represerditi on 700 of steady state response

of the mdud@aﬁhé%& @10@%% Pgﬁ@ m ggg@fg;g&éé{gdt he bench top, nodel ed

(l'ine) vers “o~0one enbodi ment. A six- 5

segnent act.uat or Fi®sT @na |ra:pha@bﬁ$eprerseamoatﬁm dfracedf stabetovponsatoady state
gam ng capabpility and click capabili (FIG 6). The steady state response
of the si x-ﬁ’hﬂgW@ﬁFiea\@ﬁ?ﬂjét’E@ﬂ maa%rv\@s\m%s&ae@@t reenchderneadaledd on t he

bench (FI G r sy.st em nodel
(FIG 7, g;ﬁe) 9%8@1%5{% %?ﬁ\%‘%e &%qex tﬁgiﬁ%'%rgs' mth r{{l é\nygrrpl i tude
because %ens@gmeat aa:tga&'indmwtmv@eﬁfa‘ nmsnabli&rtmdmg:ff Eetdernlsddadie novenent
of the palmand f sent ati on 800

i nge IS r cal r
of observeds@|¢3ﬁ”W% ﬁa?%‘iitﬁ’mdﬁ@%§a%%‘i§‘m@)’8 gﬂ B?éﬁﬁa@&sgﬁ@ of the nodel
for an aver ?&goﬁér@f tAd 5 Q%)egn?&ﬁ%rcﬁ%éigr h%ae%%qesmags wdsspl acement in

m croneters 51's s own - along the vertical axis and Tine in seconds (S)
is shown al m@sum biothezbenct (FGE. §, ptintsisars showedasiod agreemenhwithodel t o

predict cli capabi | i dul e in,servyjc two users, tested a
handset rmcﬁ\?p éér@L%ng’tr%g W&%ﬁon&egﬁﬁhsggﬁ &kt mass) as
they hagh duginfldaticH ampamd@rbedmgewcﬁrﬂeéth@; SipfhatRP&ifRSs adadbifel r oacti ve
pol ymer 20 nodul e, and nmounted on the nodul’e was a second -25 gram nass,

appr oxi nmat i ﬁ@dfﬁétw%w&ﬁ’iem'ﬁfﬁ@%@@m goddnedtithe "screen" with a fingertip
and 0.5 N Pr esScore . ARG TR, BSTAGY Sfsch oo iALE By oe Vs

applied to the no appr oxi na a quarter-cycle of

t he resonant Q$ershipomisiebed psyditiens oflhephade fonan aﬁ:etd@ Uggrone” and
25"screen” (FIG 8, points) were tracked with a | aser displacenent neter

(Keyence, L e&hzapcovsén%%me@mt@dmem.H@gjacﬁﬁéemmwr@me%ﬁ M8 onabl e
esti MU, of ldiouf| hbhon8USHEA] aRERA HAR HARSBXRENESABRA gnghey [ ouched

the screen V\/n e supp rting t one case in 't appears that
t hese two gtteshwizoatallzomerTe as?sesy ihetaslitand the gloele! tapmeditg click
capability of the module in service, two users tested a handset mockup.
Each user held the “handset” (a ~100 gram test mass) as they had during
calibration. Mounted on the test mass was an electroactive polymer
20  module, and mounted on the module was a second ~25 gram mass,
approximating the “screen.” The user touched the “screen” with a fingertip
and ~0.5 N press force, approximating a key press. A voltage pulse was
applied to the module for 0.004 seconds, (approximately a quarter-cycle of
the resonance of the modeled system). Displacement of the “phone” and
25 ‘“screen” (FIG. 8, points) were tracked with a laser displacement meter
(Keyence, LK-G152). As shown (FIG. 8, lines) the model gave a
reasonable estimate of the click transient these two users experienced as
they touched the screen while supporting the phone case in the palm. it
appears that these two grasps had lower spring rates and higher damping
30 ratios than the model did as would be appreciated by those skilled in the

art. The model was based on average values, and individual spring rates



30ratios than the nodel did as woul d be appreciated by those skilled in the
art. The nodel was based on average val ues, and individual spring rates WD
2012/ 122486RCI/1353812/ 028402 -21- and danpi ng coeffi ci eRrCI/US2012028402
substantially, even between grasps by the sanme subject. FIG 9A illustrates
an el ectroni ¢ danpi ng feedback controrz%ysten1900 conprising a segnented

actuator 90 : I, 1 f . dey ronic
danpi ng con pglgillégrlrrpﬁgqg?eﬁg%ﬁﬁyé‘g@f%u%sﬁgn%@bﬁﬁR%&gaﬁggrsag %e%l te{ gé act uat or
904 is sin bametsubjdwt. segnment ed actuator 500 described in connection with
FIG 5A-5C In one_enbodinment, the el ectronic danpi ng feedback control
system 900 conpr FE@SQ%H“’@FF@@%%@ﬁWQ”MW’ng@%%C%W greeHh

el ectronic Wole | ' anpi ng
signal s 912§teg%i6ﬁ*ﬁ%\i/ gﬁ%@“@?‘?%‘%%éﬁﬁ%ﬁﬁ%@’tTﬁggﬁ{i‘c séébregen i nterface
devi ce 992. device®82aninban mEttrontchadarapingatontrodér8{&. arcordihg tsegaent ed

actuator) is coupled tg a back ne 908 yia.actuator bars 906, The
clectront o GIMBARBSConthepPanc Bl eiar 8P A St Fo b acamPEsY bet ween ¢ he
user interfge@aigr siRVIERDd iRREnhE&IARCIWMRFIS, SR%C Theohackpl ane 908 is
adapted and configured to couple to the user interface device 902 to

provi de t aceirbedireenth fukelestrohie daseping Teedaokcangiol syxtesu®be scaled to
address any _sjized devi ce.. and can, be incorpo ed jinto vertical

i spi acemeneomRGPeS SieIfcrPLly S BRivdier SapHRr REA e MAKEONSNT qurati ons 1o
accomMmoi@t edZRding Eentrsiicl 848 16 gamiratifgblcdt®nid @impHanaih®als 912to I n various
enbodi nents, the actuator 904 can be erther direct drive or inertial drive

or conbi nat iNARFEVENkPREIcK” FeRlicaien ol the tousbsugedrintracedsyicgst%t rong t ouch
e Ly o S e S T
configured touptedind attmackpmned08 vb axtubitopbans $08)/ Dhe tlotioniedsapingo provi de
ray to provpEEeha0 eonBEHHAGCPHRT BRPLENERD i UPRENANA%S dovi e
T ort BS" (SSHIE SRR, g SABENABAC Thli e PRUAIR ShuVs
configured to couple to the user interface device 902 to provide tactile
feedback to the user. The actuator 804 can be scaled {o address any
sized device, and can be incorporated into vertical displacement,
horizontal displacement, and inertial drive configurations to accommodate
20 awide variety of applications, for example.
In various embodiments, the actuator 804 can be either direct drive
or inertial drive or combinations thereof. A direct drive actuator 804
provides strong touch feedback in the preferred sensitivity spectrum (50-
300 Hz) with rapid response times (5-10 ms). The direct drive actuator 904
25 can be configured fo mount to the back of a display and/or touch sensor to
provide direct feedback to the finger for touch devices or fo mountto a
battery tray to provide inertial feedback that can be felt in the entire device.
The direct drive actuator 904 enhances the user experience of user
interface devices 802 by synchronizing feedback with the sight and sound
30 in applications. The direct drive actuator 904 enables various
combinations of sensations due to the rapid response time and wide

frequency operating range. The direct drive actuator 904 may be driven



30in applications. The direct drive actuator 904 enabl es various

conbi nati ons of sensations due to the rapid response tine and w de

f requencywoper2ie4sg range. The direct drive actuator 90fcwais26ie/ocssyen WO
2012/ 122438PCT/ US2012/ 028402 -22- with | ow i nput voltage in the range of
0-3.7V and can be controlled by triggetd-ng, pul se wi dth nodul ation (PWY,

or anal og vQ}k 0 A, Lnerti al ' |,des stron
Couan’t o9 b M 6tk input Vﬁﬁtggéﬁ Ufelengd ‘?ﬂ?’@’ &fd L8 g%m“%%’“%‘g%z) wi th rapid
response ti ﬂ‘@eﬁﬁg,lﬁuiéﬁﬁi)idthTEhedui@abh i(elVMYy, ior anafdguadiieige904 enhances the

user experience of nobjle devices by synchroni zing feedback with the sight
and sound in appf\f‘dﬁ?ﬁtiéh@‘fwe’rﬁ%tuﬁmmmﬁhdﬁét@ﬁg auel fasgibaghdbiNgs vari ous

tbi nat i Y . _ ;
frequency ops ey eaSEREtORPsthian S PRopH SRR ConEE 1R M8 i ven
with | ovsi nms). ToktiageialGiive atteatarifd athahcds The aser experlamcemit rol | ed by

triggering, |l se, wi dt h nodul ati.on, ,or anal og vol t.age. .In some
enmbodi ment _SFPOE’H%G@VW CRAL quiégé%?qpﬁ%rvé‘ﬂ@%@ %fﬂ%c@f’q'rﬁ?u%'rhri ven with
common or i pgepemdent THEINEal AGH hetuani/ous Slantd eaicuaimbngtibegdback
control systens 900. This may be advantageous 1 n 1l5user Interface devices
wher e bot h shesensatieng duekehe ragi sedpanse tinnagndevide figamiengy wpsiatingr esponses
are desired, |t al so ,be. advant.a s to distrib t he f.eedback
response bof%g?pm%iqeﬁ’air‘ﬁgw? ; lbarig%@gm{ays %@“‘é\%"b}"’?@?‘r"dm@‘@ S&xanpl e,
"key cligksin tatabge deblypVethd darthdebhiroifeddby titRyedieyl paisdagbgned to act as
a keypad while gam ng responses can be 20delivered to the portion of the

\(/j\ke1Vi cedhel dmasiufatienpar anaipgtvediagand. Another exanple is in a headphone
; : o ’ =xan ; b
ere directional, s%%&%%@ah\éﬁ%?ﬁ&ewg‘( g%ﬁ%wﬂ?hegé‘get?%fég% bBs whih P€

conveyed to the user ependent con S through each ear
cup, e.g. sheitbeelifient witheynimoder indapeddeot die ceguiteyhdsbr élbetrdisiadphone

whil e | ong g;i]‘nect sf arag dkel ivered i ndegendent_l y to .
ping feedback control systems 800. This may be advantageous in
15  user interface devices where both short (e.g. “key clicks”) and long (e.g.
gaming/music) responses are desired. It may also be advantageous to
distribute the feedback response both spatially and temporally in some
applications. For example, “key clicks” can be delivered in a portion of the
device designed to act as a keypad while gaming responses can be
20 delivered to the portion of the device held in the palm of the hand. Another
example is in a headphone where directional, quantitative, and qualitative
information may be conveyed to the user by independent control of the
effects through each ear cup, e.g. short effects may be delivered to one
ear cup of the headphone while long effects are delivered independently to
25 the second ear cup of the headphone.
The electronic damping feedback control system 800 is configured
to produce tactile feedback to the user by moving the user interface device
802. In various embodiments, the user interface device 802 may be a
touchscreen display of a tablet computer, laptop computer, computer
30 display, smartphone, mobile device, mobile phone, mobile Internet device,
personal digital assistant, global positioning system receiver, desktop

phones, casinoe gaming machines, point-of-sale kiosks, industrial conirols.



25 the second ear cup of the headphone. The el ectroni ¢ danpi ng
f eedback control system 900 is configured to produce tactile feedback to
t he user W9 amvizeupst he user interface device 902. |n varcoms2@niesivnent s,
the user interface device 902 nay be a touchscreen display of a tablet
conputer, |aptop conputer, conmputer 36&ft-splay, smartphone, nobile device,

mobi e phong, ARbLLe, Jfihehiel, Aoyl ese REGO8E2 nil b4 8h AR gl obal
esk% op p(ﬁo

posi tioning system recei vVer, nes; casi’no gam ng nachi nes,

poi nt - of - sakackk ke Smpuiterduslise alackpaill rolish padOretfdia/ 4B aeate Ussrl 2/ 028402
-23- In other enbodi ments, the interface device 902 may be an input device
such as conpledace i applianeaseaming conkpliaiagamingnseaseignpedabigevi ce, user

interface f i e ) o, ) AR abl e

gam ng systgéh r%%%%%ﬁ‘ci%’ﬂggﬁ%‘g%%’ ﬁée@.ié] ‘ﬁ%e? ihe m)ﬂ?errent%g}e ?ﬁéért user
Sinterfate dewiface 88Zced8¥2eay bemh alemearr cuitof planal. aner. el€droadteet r oacti ve
pol ymer syste desi gned for resonant operation (typica 70 - 150 Hz),
T gl o acPaNT SRS doppBe Iy eaoramnesatan puBant soTe 158, This
response t yP&'z?Zé %Mg!é‘&éwgﬁ irh?%%etﬂraﬁd@?%ﬁé@ﬂiié%sgﬁér{& R%hERRLr 9FARr at es an

undesirabl e and untealistic effect. This undesirable mechanical ringing
10ef f ect caredpensedypicalbdnoiudesiatedimée aldohasidahiingingdhalygerpobigsmn a

count eracti ng canpl ex vefarmto t ctuat or 904 t r.ovi de.el ectronic
Garpi ng. and RGBS Anfai¥edisTh ekl “TREEReSra R b hdica! i,

enbodi megt , eff8&t RIreisé ANz BPEMEsthNAl Qifdhbted Wmﬁlﬁin@@' enented by an
el ectronic danping controller 910 that i's coupled to the 15circuits of the

user i nterf gewntgeaatiog womlermwavelfast iodheadiaipr B84 tontqvide elecheoichakes it

posei e oqgpld ol Bl s el gler | ey face device 02 by

and danpen nechahi 6@ embeeiiments the gidatranicddampingdasctidnalipnearebdodi ment, t he
el ectroni c danping controller 910 is configured to 20 detect an actuation

signal 918 temErEERd By anrlecisic dampnaeriaeilar 830d0at RTaVPIakiaiser t ouches
ot ro b ARG dB(sbE i aptass0ko himEEU MR, L1G
912 (FI G 9810 acawsdt pgsdibledaeontrol the damping force of the user interface
device 902 by applying a damping voltage control signal 912 applied to the
actuator 904 and dampen mechanical movements, such as vibrations. In
one embodiment, the electronic damping controller 810 is configured to
20 detect an actuation signal 918 generated by the user interface device 802
when the user touches the user interface device. In response to the
actuation signal 818, the electronic damping controller 810 applies a
damping voltage control signal 812 (FIG. 8B, according to one
embodiment) to the actuator 804 to control the damping of the user
25 interface device 802. The voltage signal 902 dampens the motion of the
actuator 904 and hence the motion 9186 of the user interface device 902 to
reduce or substantially minimize the unwanted mechanical ringing and
provide a realistic “key click” tactile feedback to the user. The damping
voltage control signal 912 applied to the actuator 904 causes the actuator
30 904 to move in accordance with the displacement curve 814 shown in FIG.

9C, according to one embodiment.



enbodi ment) to the actuator 904 to control the danping of the user 25
interface device 902. The vol tage signal 902 danpens the notion of the
act uat or W04oend243ence the notion 916 of the user interParasdezioes0902 to
reduce or substanti aI ly minimze the unwanted nmechani cal ringing and
provide a realistic "key click" tactié4feedback to the user The danpi ng
vol tage control he act uat or
30 904 to nove |ﬁh§c%?g?@%§vgﬁ%% Egmﬁi& St&é}%g%gtglean%g ct%ﬁé\a/éés own in FIG

9% gccor di m@vlémrm@ﬁp@drpmm@ ﬁnwaﬁ;a%’myzm&&mw%qaazi@amoz f24-
The danpi ng vol t age contro signal 912 characteristjcs such as waveform
shape, anpl FETHPEN HAA ‘PH[?E] ”&ﬁwm f'newarﬁf@euswaiﬁfg@ ICarire

part i cul ar '%bccféln &&Heﬁ%n{éfd %gﬂrméie;{ e%_@éﬁrgé%&?é/!é&egga% y% _r‘se can

be determ ned enpiri ca y or can e system 3A, 3B)
for quandif3DAGFIG®. PerIB)yivagoentlingl teetpesemianee pbeievknantvdul es may be

errployedtodtermn thed |n vol t age .contr nal
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si gnal 912 e@mrr@a%;gﬁaa%t1'maqaaeh§ts@ﬂﬂl@&mtﬁén@:uwh@m@%@gmpﬁa@tem nodel
400 described 1n connection wth 4A and 10 the actuator performance

nodel 412 desitageheential S@gﬂﬁh@&ﬂlodj\ﬁrwtem&t@s@aw& nidelachusing ttlee | stl cs of the

Capr osent ai MERDaGRAsp e H e AL aETRHioRR PR ARETG. P8 B0 e Cou o

provi deqg n gy ¥ét6atdr Perfohfanad Mg 4AR ek bS] aScaiiatiioh Wil BG &#B.or based
on graphical_representations of 15predicted click sensations that a

candi fjat e nﬁb@lc@aéﬁﬁjﬁﬁﬁttﬂsdﬁltﬂ%dﬁﬁ?% voltager epntidi sighnal B1dmaay Pagertip, for
f th
X e kb 5y AL BHIE AEAT A €= 1 (1%

state respoasmhﬂfdwthabdldaadwawWMtomm$svzdbsmseanba:fdr¢fke gaina for users,
and predictions of the nodel for an ave 20 user as descrjibed |

connecti on @NERNBEES asﬁ@i’%ﬂ” #§ HG her bﬁﬁg‘éﬁﬁﬁépﬁ’?@ﬁe&f’ﬁ%ﬁerﬁ bons @ echnl ques
may be eqpl ﬁb’el%q%}%g c‘ﬂﬁg @éﬁé RrsNRaCh25AGHE! ShHak &ﬁiié Fo GO Ben KRl tage

control sigha cor ngI y, once the nechanic Inging pattern of a
particul ar fesehe patresihddmgaeip, der Mﬂp@ dether nssa&xﬂdataﬂr@rdbmmnmaegl stics of

t he danpi ng volta e, Co tro 912.can be, devel o 25 uch t hat

hppl | oot i ontE CHATCRRIT G el TRBRGIAAGE BN G S AR Rct uat or 902
el ect roni calitmoGOithi&tcn, he {@sBbnéd B HDSWH e Wt a test masd, N various

enmbodi ments, the electronic danping controll'er 910 includes a nenmory for

storing a pobs%tNedy:hdf daladior usaisc amdlma@i@timpﬁm@ repdeldos anieweragen be
appl i ed 5) asegeroéls 5&30:’ Ce%i%ﬁtéo%ﬁegta&n th@?glso 7 anaES it will be appreciated

that other techniques may be employed {o determine the characteristics of

the damping voltage control signal 912. Accordingly, once the mechanical
ringing pattern of a particular user interface device 802 is determined, the
characteristics of the damping voltage control signal 812 can be developed
25  such that application of the damping voltage control signal 812 {o the
actuator 802 electronically controls the damping of the module 904.

In various embodimenits, the electronic damping controller 910
includes a memory for storing a plurality of electronic voltage damping
signals that can be applied based on the actuation signal and/or the

30 specific pattern of vibrational ringing produced by a particular user
interface device 902 when providing haptic feedback. Furthermore, the

damping voliage control signal 812 waveform can be modified by elements



30specific pattern of vibrational ringing produced by a particul ar user

I nterface device 902 when providing haptic feedback. Furthernore, the
danpi ng webtapeizesat rol signal 912 wavef orm can be nodi Pcedrsbyi2zebsnent s WO
2012/ 122438PCT/ US2012/ 028402 -25- of the el ectronic danping controller 910
in order to accomrmpdate the strength adit/ or waveform type of the detected

act uati on Sueal ool oidiny Usfold SR ALTIGEY At gMfaadeaged ndl v, once

t he danpingv age cont gn I's se e e electronic

danpi ng conttrehdterariléy, whthefobmdpgre bhievddtbagd autndtionl sighgired8 ©dd may be
anplified or danpened in accordance with the detected actuation signal 918.
The el ect r oficURIpieRigos sovice 184 Aeerraghbengedhe dempip@veipder a

Fequi red of S2rTanaal e Solcid of W Aot e S R R B AL L
di gi tal 3% or dampargivatadh@deanittcdsignad 862 Ihoay be avwlitied candhgrerexd ianpl i fier can
be used to generate th anpi n oltage contral signal, 912 to apply to the
actuator. | %Cmrﬁépc%%ﬁégﬁﬁ%&e¥ﬁéh@l ‘QEtsﬂgiTﬁE%‘igarF%\en@eE%‘ﬁ’F‘Fol | er conprises
a m Croprocgggfing @oﬁ%ﬁéﬁ“ﬂﬂnﬁﬁa}aﬂéld@‘t&l%r@i&%t&'a EQRY RIS théreof.

di gital -toanal og converter, and anplifiers. 15FIG 9D illustrates an

el ectroni c Hnapiigig! eignal ptdcessiagomplercentdtion, the regeiretbledirosiet . I n one

enbodi ment, ,the.electroni.c danping contraoller .910,.receives a signal from
The user i neRPPITL AR SRt PRIGY siphe S8h 4F PauBTpIER e Poni
danpi ng13i gaRfitaPlRah ol kenebest 4Bt bN anilifigFBan detusddab Pkrite thaprove
"key click" replication of the touchscreen interface 20 device 902. The

actuati on sPgRRInMutaceceaniey sianghPiRéo apely tpibeAEk@EoddRiteen02 my be a
si mpl e pul Sgg}%éodpﬁ%nigeth% Qé gtr)rgb d\éﬁj‘ﬁe@ %@ﬁ‘%ﬁ%p@r&n anteI% fow much force was

used to actu user in ace alog-to-digital (A D)
converter S&icrdpmddszes d mematy et hoslogHoriditd) t8naade paaiigiteidoi t to a
processor 922. In various enbodjnments, the 25 processor 922 nmay be a
general pur BB3BISopYedenANdAPPIfiaral Signal Processor (DSP), an Application

o nfbr e Lont S DI AN Gyl SLpRIAIEP o il (PO
di scret e gateeoms embendgnsthiorinlow embddiswerd] the electronic damping controlier
910 receives a signal from the user interface device 802 and oulputs a
corresponding electronic damping signal 812 to the electroactive polymer
actuator 904 to improve “key click” replication of the touchscreen interface
20 device 902. The actuation signal 918 received from the user interface
device 902 may be a simple pulse or may be a digital value that
represents how much force was used to actuate the user interface device
802. An analog-to-digital (A/D) converter 920 digitizes the actuation signal
918 and provides it to a processor 822. In various embodiments, the
25 processor 922 may be a general purpose processor, a Digital Signal
Processor (DSP), an Application Specific Integrated Circuit (ASIC), a Field
Programmable Gate Array (FPGA), Programmable Logic Device (PLD) or
other programmable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed to perform
30 the functions described herein. Based on preprogrammed logic or based
on real time evaluation of the actuation signal 818, the processor 922

selects an appropriate digital waveform from memory 824. The digital



har dwar e conponents, or any conbi nation thereof designed to perform 30 the
functions described herein. Based on preprogrammed |ogic or based on real

ti me evalwethmm2e438t he actuati on signal 918, the procesyon/132@20e84et s an
appropriate digital waveformfrom nenory 924. The digital WO

2012/ 122438PCT/ US2012/ 028402 - 26- wave?%rms 924 may be stored in the nenory

924 and ar ew%%fo%%t% ﬂéq%g‘ﬁ%rétBP%]@%ﬁ% t"’{‘;%"hs% %faﬂg\éirg%grrlg%?ed fgecordingly,

when the processor 9 ecel ves a gnal can select the
appropri at evaiigid aseninteefaceidvican 30k Avrmdingdl dheh tlegirbadedon92@al og (D A)
converter 926 5converts the digitized waveforrpﬂ informatjon i nto an anal og
si gnal whi cFEGedvesipr;aaturtionsignalFi8 i cpaselgshthergrpropppisrdigitalo2s i s coupl ed
to the elec LV o] ' d

el ectronic %’3‘?}%@6’5’ ﬁ?rgﬁg¥'ﬁgéia‘98ﬁ]$'%éﬁa oagé)i g??h%tn%%ngmgl) ggtﬁ\f%géé%% pol yrner
act uat or5 90donvariine digilined menvefortrhiefEnotiesdoio @2anaky signa evifichyis ed to

10 t ..t abl I ' [ Si . 912 d | el th
char act or | saTELTGE By e aBOULan A o TR ar muis 0AY SR EHERA 1 or stor i ng
the wavef or BdciroBBINY YoldRfr aktlR6M804 SRR A @ IS sdibBeadieaid® signal 918

may include actuation force information such that the processor 922 can
appl y a scatiangiigsigoal 312 nenalpgifermy tdthgesletiorantiveinplyroer a¢igattirgi t al - t o-

15 anal og ¢ erter 926. I i L. be reghat e r ammabl e gain
anpl i fi e? cgﬁx-aé'ﬁﬁ%ﬁi”%ﬁ‘h@”h@%éﬂ% pg%ﬁ%%gﬂég?ﬁm%d% %%?5Qﬁ9%8§35| i miti nggt he
scope ofgt hgefeiese AtsuithbRI Slettfénic aniey eiiparlo T2 Bhsed soRULbA Mige Wor kst at i on
conputer 930 can be used to %enerate el ectroni c danpi ng signal 912

wavef orms, Ghe@siatistcof eactyaipreaional A1@ngneutiae eiossiartngt Bbase 932.
The 2 s gt oR HEZERVBLE L ool SRR, BBl S e 10,
t he cont ent mayfintihde datiaiasdfoldZinfdrmatine stichddainthetprotdsesce|92@taami ¢ danpi ng
signal 912 gS Eybaescaiing factor to the digitized waveform prior to the digital-{o-
15  analog converter 826. It will be appreciated that a programmable gain

amplifier can accomplish the same scaling function, without limiting the

scope of the present disclosure.

In one embodiment, a modeling workstation computer 930 can be

used to generate electronic damping signal 912 waveforms, which are
20  then stored in a digitized waveform database 932. The database 932 can

be coupled to the electronic damping controller 910 such that the digital

waveform memory 924 may be periodically updated with the contents of

the database 932.

In one embodiment, the electronic damping signal 912 may be

25 optimized by the user based on the type of user interface device 902. In

regards thereto, the electronic damping controller 910 can be placed in

“learn” mode where the user applies a force to the user interface device

902 and feels for the “key click” tactile feedback. The electronic damping

controller 810 then displays a graphical indication on the user interface
30 device 802 to enable the user to adjust the amplitude, frequency, or other

characteristics of the electronic damping signal 912. Thus, by tfrial and

error, the user can optimize the “key click” tactile feedback. The



25 optim zed by the user based on the type of user interface device 902. In
regards thereto, the electronic danping controller 910 can be placed in

"l earn” mMedeowheesst he user applies a force to the user pCcmiUuseéiames4devi ce
902 and feels for the "key click” tactile feedback. The el ectronic danping
controller 910 then displays a graphi o#l- i ndication on the user interface

30 devi ce 9QZ: 5‘@9"@ 10 sadl : i quency, or

ot her char agﬁjg%ﬁggi S g?é%‘ﬁéaﬁe e%ih%gﬁig%}%;aﬁ%%@igﬁgpén%l%ggglg?\{ hus, by trial
and error, thitahiseanmmng opéffivients whieh'tke eledticohc dampind eorftedidb8dB. The WO
2012/ 122438PCT/ US2012/ 028402, - 27- adj ust ment pr.ocess may be sinplified, by
enabl i ng t hEORESS o §W§§ﬁe§iﬁq¢@8f(‘e %fﬁﬁﬁgnsdg%%é%%i-ci ents which the

el ect roni ¢ dam! pEaCAVIY SldoRt a0 YRkl plir AnaiiAltbE nidiR6 19B0C, daTpi ng

signal 912. FIG 10 1s a I agram of a conputer-1nplenented net hod
1000 5f s cloraresting ralistic effeds f amosdingdo ondiemgbodimamé  énbocbirdente | n

accordance w,th one odi t 1002, t t hod 1000, conpri ses

char act or | 21H1p drReemBoRFtery W2, v etnid 1008 PTRRER ChRAT G 1 ed
effect incl yegediRASENNT THRHRFPSQL RS RIINOGK th¥ ARk é ffeaDfcliceB! acement of
an el ectroactive polyner systemin the tine domain and determ ni ng whet her

t he 10el ect MEASUIING th Botaieratipst weloeity, langsdisplpcesent oban slegtiondtye

mass- spring r I ther. it i . sonant coupl ed
system suchpgg%?rsg%é%%m?%etf’%go%? 3&90‘%'&%]@8@%\5&#%?? stemis

char act €7 i zeRchbohbtivecgaysher kosteRsRINBNE F rRsdiesssond@ier, rahsd-kpesg, and
danpi ng. Any audio effects are also characterized. 15At 1004, in one

enbodi ment , JEMPEREYHBE Q0BLEEEHPIs S50 JdvalwPANARY eavRigdeYsierctyahe pol yrer
reproducti ogg BELECR shghsa‘i Hﬁu%ﬁ%' éggférﬁé.“ At -sg;f{é'n? is &%ra%%zé& hﬁﬁ% ' ng an
ele i've pdlyme direct or r

actuator for the ctroac I system Inertial drive,

t he novi ng regesdg o resospahlieguanyy, nessst sdifnawss shd dahgqukgd Ahgraglicapaci ty,
stroke. This_process, further, 20i ncludes estimating a typical |oad for
direct dri v%ﬁgﬁa 3¢ @i5q eflarariergedyst ems. In other words, estimating whet her

It s audinger tapefoRrinMpledberhbofiffttht, BkGnetNod Y® cdmpfdis embodi nent,  the
nmet hod 1000 conpri ses

determining an electroactive polymer reproduction system for the desired
effect. This includes selecting an actuator for the electroactive polymer
system, direct or inertial drive, the moving mass (or suspended and
reaction mass), blocked force capacity, stroke. This process further
20 includes estimating a typical load for direct drive and inertial drive systems.
in other words, estimating whether it is a finger touch or held in hand, etc.
At 1006, in one embodiment, the method 1000 comprises
evaluating a capacity of the electroactive polymer reproduction system
under dynamic conditions. This process further comprises, determining
25  whether an actuator drive waveform corresponding to the desired effect
will be in the linear or non-linear mode of operation. This process further
comprises, determining whether axis translation is in effect (normal to
tangential).
At 1008, in one embodiment, the method 1000 comprises editing an
30 effects voltage profile until the desired effect output is obtained for
relatively simple effects or effects that are substantially similar to past

results. Although this process may be characterized as trial-and-error, the



eval uating a capacity of the electroactive pol yner reproduction system
under dynami c conditions. This process further conprises, determ ning 25
whet her awoaeoiumb438 drive waveform correspondi ng to thepdedisc@doesshect wil |
be in the linear or non-linear node of operation. This process further
conpri ses, determn ning whether axis tréffsl ation is in effect (normal to
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for rel atlvdéyar@ r&ﬁp@nséfects or effects that are substantially simlar to

past results. %g?g this %ng gss %}Pg cterized as
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1010, in on& enbodfment, the nke I ses generating a tine
domai n, &onhmearﬁfec@/sfbwmm& fﬁnhe:cmrppesemdemng the heezasaef inpets. The

process further _conpris | ecess ut veformto produce
t he desi redW@F’F@é'fn%sqrﬁ ues ﬁ?e‘ge %ﬁl{)kﬁ%“‘gﬁﬁw 9%%# %psfem&'i %Ka realizable
sol ution isazAbk8isNeWndng rédIREBRSsHMBN isSRitainBR! BBSYbbass Eh@prisad | zabl e

solution and reépeating the editing process described in 1008 for fine
tuni ng. Wheimplemsating dbe cealizabte siuiien aod raeitrgi theeditingepiecesess conpri ses

o wii ch endgtHed b T0BTRE L Fline e ceribis potBRARES: on it H G
10 may e i oblsrenties prddesydohiiiseemhadyiethe, rebi’tﬁiu@f&bﬁ@ stégd0 may be
I npl emented in a_conbi nati on of hardware and software. e hardware nmay

conprise, for 15 EG(aTﬁ)IE'éStrateéﬁéY%ﬁmpm%@ém&‘@h@m‘E%Qd"’I‘fﬁis ofdheaccel er onet er
1104, a mc e r NW di spl ay
device 1112. heﬁggﬁ\%g?%ﬁ%éﬁ% cfon?a%'& lér?lr“%@eﬂ§]1% még%ea} ) Eﬁég{\?? editor and
PSPI CE nodelri w:mmhadanﬁ:ﬁs stire treethod t{OO0 maybedmimeﬂeﬂama:al system

nodel 400 and at or. performance del 412 as, descri bed
com ma ion of h%rdware an (fsotj{mare. he hardware may campr:se for

15 example, a general purpose computer 1102, an accelerometer 1104, a
microphone 1108, trigger controller 1110, and a waveform display device
1112. The software 1114 may comprise, for example, a wave editor and
PSPICE modeling program. The system output includes a mechanical
system mode! 400 and actuator performance model 412 as described in

20  connection with FIGS. 4A, 4B and the system for quantifying the
performance of an electroactive polymer module that provides suitable
capability for gaming/music and click applications as described in
connection with FIGS. 3A, 3B, for example, all of which can be executed
by the general purpose computer 1102. The method 1000 further

25 comprises simultaneously recording and playing back both audio and
haptic effects until the designer 1118 is satisfied with the desired effect.
The playback is triggered by physically pressing a sensor 1120, which is
part of the perception process. Closed-loop control of a system model
{(e.g., in PSPICE) creates a voltage waveform 1122 that gives the desired

30 acceleration and is displayed by the computer display 1126. During fine
tuning of the voltage waveform 1122, acceleration is measured and the

waveform 1124 is displayed on the waveform display device 1112.



20 connection with FIGS. 4A, 4B and the systemfor quantifying the
performance of an el ectroactive pol ynmer nodul e that provides suitable
capabi | i twofor2/gassng/ musi ¢ and click applications as destnisbed/opss02
connection with FIGS. 3A, 3B, for exanple, all of which can be executed by
t he general purpose conputer 1102. Th $ret hod 1000 further 25 conpri ses
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Having described the computer-implemented method 1000 and a

20  system 1100 for creating realistic effects in general terms, the disclosure
now turns to one non-limiting example of a general purpose computer
1102 environment in which the method 1000 may be implemented. FIG.
12 illustrates an example environment 1210 that is representative of the
general purpose computer 1102 for implementing various aspects of the

25  computer-implemented method 1000 for quantifying the capability of an
electroactive polymer apparatus, according to one embodiment. A
computer system 1212 includes a processor 1214, a system memory
1216, and a system bus 1218. The system bus 1218 couples system
components including, but not limited to, the system memory 1216 to the

30 processor 1214. The processor 1214 can be any of various available
processors. Dual microprocessors and other multiprocessor architectures

also can be employed as the processor 1214.



now turns to one non-limting exanple of a general purpose conputer 1102
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15  nonvolatile memory 1222. For example, the nonvolatile memory 1222 can
include read only memory (ROM), programmable ROM (PROM),
electrically programmable ROM (EPROM), electrically erasable ROM
(EEPROM]), or flash memory. Volatile memory 1220 includes random
access memory (RAM), which acts as external cache memory. Moreover,

20 RAM is available in many forms such as synchronous RAM (SRAM),
dynamic RAM (DRAM), synchronous DRAM (SDRAM), double data rate
SDRAM (DDR SDRAM), enhanced SDRAM (ESDRAM), Synchlink DRAM
(SLDRAM), and direct Rambus RAM (DRRAM).

The computer system 1212 also includes removable/non-

25 removable, volatile/non-volatile computer storage media. FIG. 12
Hlustrates, for example a disk storage 1224. The disk storage 1224
includes, but is not limited to, devices like a magnetic disk drive, floppy
disk drive, tape drive, JAZ drive, Zip drive, LS-60 drive, flash memory card,
or memory stick. In addition, the disk storage 1224 can include storage

30 media separately or in combination with other storage media including, but
not limited to, an optical disk drive such as a compact disk ROM device
(CD-ROM), CD recordable drive (CD-R Drive), CD rewritable drive (CD-



(EEPROV), or flash menory. Volatile nmenory 1220 includes random access
menory (RAM, which acts as external cache nenory. Mreover, 20 RAMis
avai | abl ewonormny43gor ns such as synchronous RAM ( SRAM , pdynmpoie/ob¥ah ( DRAM) ,
synchronous DRAM ( SDRAM), doubl e data rate SDRAM (DDR SDRAM, enhanced
SDRAM ( ESDRAM), Synchl i nk DRAM ( SLDRAMT- and direct Ranmbus RAM (DRRAM). The

conputer sy : I | 2 o
vol ati |l e/ noﬁ{pggqrévt%%l%ggc(g téd?’%k%ﬁ?%gﬁ“ﬁe%@. @E C—?@ﬁliglol us feriai%aet%, for
exanpl e a dcehknedtionasiehd ARk. stdipgedicaicest 1R 30L the 2 stemebudd218bat i s not

limted to, devices |like a nagpet. i sk ive, fl i sk drive, tape
dlrive, JAZ Eﬁmél C&:ﬁ%i%ln&pﬂg@ov%%feg@% Cfcl 248 ig Ypiﬁﬁiﬁgﬁ%@ard, or menory

stick. 1n additips id be fbRlcAbATANGTIE? A8 SARribBs SuARaRS BAGRISAuTEdI 2

separately or in conbination wth other storage nedia |1 ncluding, but not
limted & o, aamntepnedialy déisleadr issss sudhihadaaicammpader tissiurd®M devi ce

(CD- ROV, recordabl e .drive R Drive), wtable drive (CD- WO
2012/ 122438 rf?@é’d?f‘/%fﬁ 0P %“W’Pvé‘ﬁng&g&d%ﬁ%&%’%ati e di sk ROV
drive (DVD-ReMdeskh b@érating aStehPNREE! TOB plerdtiyy Sjstmsiapgomigievi ces 1224
to the system bus 1218, a renovable or non-renovabl e interface 1226 is

typi cal | y uga®bestoried arotheddigippicsagenf 834t anis ircatraglangediindatles sof t war e

that acts a i ' d..th ' ter

resour ces dgessg)ru ?!géesd&} tﬁég% %ﬁ%rb%&%%gkg# :‘ég\?sé%i af@rﬂ'ﬁ%ﬁ&%lg%%g ch software
i ncl udew) anagpmitage ootieyshaaydRdt oflscanysdly the GeTheng $¢d8m YP2gh can be
stored on the disk storage 1224, acts to control and allocate resources of

the conput ef"3yR BFRAI2TRTIOGYes A3AAnd E@gir@iﬁéjaiéﬁ@?’tﬂ%e@@i%@&é{ht age of the
mrSGETETL g SN YR 08 AU [y 00T

nodul es 123 program-d ore In the system nenory 1216
or on the dappresiated et 28dus compenentsbdesapipeddicatiedanhtzd vari ous

OO & e e S oS n oS P, QUERE e M fh ArL oy coperat i ng

15  systems.

A user enters commands or information into the computer system
1212 through input device(s) 1238. The input devices 1236 include, but
are not limited to, a pointing device such as a mouse, trackball, stylus,
touch pad, keyboard, microphone, joystick, game pad, satellite dish,

20 scanner, TV tuner card, digital camera, digital video camera, web camera,
and the like. These and other input devices connect to the processor 1214
through the system bus 1018 via interface port(s) 1238. The interface
pori(s) 1238 include, for example, a serial port, a parallel port, a game
port, and a universal serial bus (USB). The output device(s) 1240 use

25  some of the same type of poris as input device(s) 1236. Thus, for
example, a USB port may be used to provide input to the computer system
1212 and to output information from the computer system 1212 to an
output device 1240. An output adapter 1242 is provided to illustrate that
there are some output devices 1240 like monitors, speakers, and printers,

30  among other output devices 1240 that require special adapters. The
output adapters 1242 include, by way of illustration and not limitation,

video and sound cards that provide a means of connection between the
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and variations thereon, packet switching networks, and Digital Subscriber

Lines (DSL).
The communication connection(s) 1250 refers to the hardware/
software employed to connect the network interface 1248 to the bus 1218.
25  Although the communication connection 1250 is shown for illustrative
clarity inside the computer system 1212, it can also be external o the
computer system 1212. The hardware/software necessary for connection
to the network interface 1248 includes, for exemplary purposes only,
internal and external technologies such as, modems including regular
30 telephone grade modems, cable modems and DSL modems, ISDN
adapters, and Ethernet cards.
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be apprexi abppedraates ef the shraBe &9 oy agest| digin one @Bputt MYthe "cal cul ating, "
"det er m ni ng, " or the like, refer to the action and/or processes of a
besitiat

conput er or ioRaredw sesrssaily gl peferinglodberssme ageefut i ng devi ce,
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combination thereof designed to perform the functions described herein
that manipulates and/or transforms data represented as physical quantities
20 (e.g., electronic) within registers and/or memories into other data similarly
represented as physical quantities within the memories, registers or other
such information storage, transmission or display devices.
It is worthy to note that any reference to “one embodiment” or “an
embodiment” means that a particular feature, structure, or characteristic
25 described in connection with the embodiment is included in at least one
embodiment. The appearances of the phrase “in one embodiment” or “in
one aspect” in the specification are not necessarily all referring fo the
same embodiment.
It is worthy to note that some embodiments may be described using
30  the expression “coupled” and “connected” along with their derivatives.
These terms are not intended as synonyms for each other. For example,

some embodiments may be described using the terms “connected” and/or
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structure. The scope of the present disclosure, therefore, is not intended

20  to be limited to the exemplary embodiments and embodiments shown and
described herein. Rather, the scope of present disclosure is embodied by
the appended claims.

The terms “a” and “an” and “the” and similar referents used in the
context of the present disclosure (especially in the context of the following

25  claims) are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by context.
Recitation of ranges of values herein is merely intended to serve as a
shorthand method of referring individually to each separate value falling
within the range. Unless otherwise indicated herein, each individual value

30  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
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While certain features of the embodiments have been illustrated as

described above, many modifications, substitutions, changes and

equivalents will now occur to those skilled in the art. It is therefore to be

20  understood that the appended claims are intended to cover all such
modifications and changes as fall within the scope of the disclosed

embodiments and appended claims.



WHAT IS CLAIMED IS: 1. An electronic danping feedback control systemfor
an el ectroactive polyner nodul e, the system conprising: an electronic
danpi ng cwotodi2es3scoupl ed in a feedback | oop bet ween aprBuwamseoizobsni ace
devi ce and an el ectroactive polyner actuator, wherein the actuator is
coupl ed to the user interface device, -3hd wherein the el ectronic danping
controller [s,¢conkigured.tq.receive an actuation signal fromthe user

Rl IR EEAINERIR 10 a user input and, in response to the

actuati on shgnal antdiectrdrf€ HbMPirty £2ABEBK ceAMbIrHYstéh fbsan elctdosienes ate an
el ectronic danping signal to drive the actuator and danpen nechani cal
nmovenment .  ROlyMas m palble systan GoMStngn according to G aim 1, wherein the

ever orms. con Pl Bar Bl 3R T RIRE R oSk e Rl g The
el ectrong ¢ danpi Dgeciffirfadk! Rividebati® af iestioattive yefyoien datostor he nenory t hat
corresponds to a predeterm ned tége of user_interface device and/or

actuation sWgRERIN theagivater is cedpigeio dbm tipel intsriaceretes randhyhewin ai m 2,

further cooe ni%@ﬁcﬁic‘?{a?a‘?&ﬁ@?&Bn{rBi‘ié}ﬁ%gBH?i chilG rbddiGe %fvalaé:?] t{dn“t erface

devi ce based © aracteristics o actuation signa 0 select a
wavef or m f r gignaheomethe ruget adrfacy despe Mlesponae o adeteeinpuiecd! ype of user
i nterface devi ce and/or actuyation ? 25,4.The,fee?§%§k control system

ignal .
accor di ng t BESECRSEI the geiugHen émﬁsitg?ﬁ selronis dRTRING RIAED t9onvert_er
coupl edid 0 géﬁe@;@gﬁthnwgémﬁ]ﬂg%fugngsqg\e%rvb%e%aﬁgtéﬁ@ﬁd 88miedl 09 signal
representation of the 30wavertor el ected fromthe nenory; and an anplifier
coupl ed to tiesheowabmosenentanpl ify the anal og signal received fromthe
converter. -37-

2. The feedback control system according to Claim 1, wherein the
electronic damping controller comprises a memory for storing digital

15  waveforms correlated to an electronic damping signal, and wherein the
electronic damping controller is to select a waveform from the memory that
corresponds {o a predetermined type of user interface device and/or

actuation signal.

20 3. The feedback control system according to Claim 2, further
comprising a processor to determine the type of user interface device
based on characteristics of the actuation signal and to select a waveform
from the memory that corresponds to a predetermined type of user

interface device and/or actuation signal.

25
4. The feedback control system according to Claim 3, further
comprising:
a digital-to-analog converter coupled to the processor, wherein the
converter generates an analog signal representation of the
30 waveform selected from the memory; and

an amplifier coupled to the converter to amplify the analog signal received

from the converter.



5. The feedback control system according to Caim4, wherein the processor
is configured to apply a scaling factor to the waveform sel ected fromthe
menory t ovecal2i2b4se el ectroni c danpi ng signal in accordaocasaiizgaz f orce

i ndi cated by the actuation signal. 6. The feedback control system
according to one of Clains 4 and 5, whdfein the anplifier is a programmble
gain anplifier and is configured to apply a scaling factor to the waveform
selected fromthe nmenory to scale 10 the el ectronic danping signal in

accordance Wi th Fhégesdhddkbchalordyd¥nt Atorgihgad iains 4 oWRkrein the The feedback
control system accordi ng to any one of Clains 1 to 6, wherein the
g

el ectroni c HEIRSSAYT isiapREpUles f@cﬁmisgarsgahmg)famr\ﬁ@ tbﬂévay@f@m seleedr om t he

g o4 =502, B el I g A A S

wherein 4§ heaeb@@t;n@;@ammwmg@tg@mgf @;ghgr is confi gur ed to receive | nput 20
fromthe user to optimze the electronic danping signal in accordance with

a user preference. 9. A device conprising: a user interface device; 25an

el ectroacti e po‘r}ﬂg?ée Z;E&ﬁro?ggﬁ% éé&r&ifﬁg H3%E df as{nﬁga%n@aes“ ce; and

t he el ectroni c danpi n ack c systém according to any one of
Clains 1 tow&erean tﬁ@am’ﬁkéenhs\a pmgaammah!mgahmr@bﬁﬂienaﬁgd slvenégaredhie

el ectroni ¢ da 0 signal s desi gned usi.n nput er - i Ie nted
e hod or GpoNiA SelPgIRRr o s WaRe B el ed rBa e

charactefi z r m WO
S0a2) o5 bals %%‘%'%ﬁ‘%ﬁ%%"gﬁo%g@a@fﬂdﬁbﬁ%&ﬁ%ﬁﬁ@rféﬁ%ﬁ%ﬁziifem for the

desired ef f actugtion signal.

7. The feedback control system according to any one of Claims 1 to 6,
wherein the electronic damping signal is configured to drive one selected
15  from the group consisting of an inertial drive actuator and a direct drive

actuator.

8. The feedback control system according to any one of Claims 110 7,
wherein the electronic damping controller is configured to receive input
20  from the user o optimize the electronic damping signal in accordance with

a user preference.

9. A device comprising:
a user interface device;

25 an electroactive polymer actuator coupled to the user interface device; and
the electronic damping feedback control system according to any one of
Claims 1to 8.

10.  The device according to Claim 9, wherein the electronic damping
30 signal is designed using a computer-implemented method for creating
realistic effects, the method comprising:

characterizing a desired effect of an electroactive polymer system;



eval uating a capacity of the reproduction system under dynam c conditions;
editing an effects voltage profile until the desired effect output is

obt ai ned;wbantk/geserating a ti me domai n non-I|inear syst earmsdek/ 028302
accordance with the desired effect. 11. The device according to C aim 10,
wherein characterizing the 10desired e¥d-ect conprises: measuring

I : L oc] . £t _ " ( g .
and det or i PSSR RIpe RS b8y AEH R 0 Hh DRL B S em ol | ows = 11 noar
second or deévaiﬂaﬁﬁ? 8 Wabasitd aNPe repitiiuRfibA bywleat Dadet dnakhiel ect roacti ve

pol ymer system follows a dual resonant coupled system wherein the

el ectroactive poF§mditionsistemis characterized with regards to resonant
frequency, S t] | . V| : lLhg. t o one of
G aime 10 angting Hgfiochs RoaRlbei e Sespdd BroResu O idhas: | 1
desired gffect, &ogther conprises: selecting an el ectroactive pol yner
actuator for the el ectroactive polyner system r]d estinmating. goad f or
the sel ect edESRERNGRHME/AOHBINMRI-IRRINBYEERM ”2@3% 1@%@%@%@%%&& Bcordi ng
to any one of O?ééf?edlgﬁé& 12, wherein evaluating a capacity of the

el ectroactive polyner reproduction system under dynam c conditions further
conpri ses:

11.  The device according to Claim 10, wherein characterizing the
10  desired effect comprises:
measuring acceleration, velocity, and displacement of the system in the
time domain; and
determining whether the electroactive polymer system follows a linear,
second order, mass-spring damper system or whether the
15 eiectroécﬁve polymer system follows a dual resonant coupled
system, wherein the electroactive polymer system is characterized

with regards to resonant frequency, mass, stiffness, and damping.

12.  The device according to one of Claims 10 and 11, wherein

20  determining a reproduction system for the desired effect, further
comprises:
selecting an electroactive polymer actuator for the electroactive polymer

system; and

estimating a load for the selected electroactive polymer actuator.

25
13.  The device according to any one of Claims 10 to 12, wherein
evaluating a capacity of the electroactive polymer reproduction system
under dynamic conditions further comprises:
determining whether an electroactive polymer actuator drive waveform

30 corresponding to the desired effect is linear or non-linear.



determ ni ng whet her an el ectroactive polyner actuator drive waveform
30corresponding to the desired effect is linear or non-linear. WO

2012/ 122486R0R/12583812/ 028402 -39-- 14. The devi ce accofrdirng2aie/ozs¥y2 one of
Clainms 10 to 13, further conprising editing the effects voltage profile
until the desired effect output is obt3f-ned for si nple effects or for

ef fects thal4ar e Thubl AL Al dp S LhPOrEQRASG S8 U8, iPinel 5. The devi ce

according to any one o alm erein generating a tinme donain
non- | i near sysipemngoatiting theoeffamts aoitageptdiila betildes desided Bffect output t her
conprises: . deriving an input veformito produce the desjred effect
usi ng cl osef ‘P%ﬁ%’eﬁfﬁﬁﬁ‘g’@%@ﬁg%&lgf pse eq@g_thq%%e&g slagtig %%mwgoto any one
of Cainms 1Q340e4gs Wherein generating a time domain non-linear system
nodel in accordance with the desired effect, further conprises: 15repeating
editing $he effects voltage profile until the desired effect output is

obt ai ned. . The device accarding to an ne Cl al 9.to 16, wherein
t he devi ce %é seﬁlgﬁd%a‘cler%f)fﬁﬁ@gé?%i]% 0@&%@?5”?\355‘? 1%* %@Eﬂgcreen di spl ay,
a 20 tabl et gepamuhga tirfle PR nNoATRIEER Bystant@IdRL! B adtRksshccawith Bitkbal |, a
touch pad devic remote control device, a user interface for an

e, a
appl i ance, degjest efedtofuriher cemprisegani ng consol e, a portabl e gaming system
a conputer dj . i i ice, a
mobi 6. phonde g S el At GBlodEe e ERIBAME yolRRmllhl: ot %
gl obal pmsitioni fagdbysk eannlyerei ver, a renote control, a conputer peripheral
and a gam ng peripheral.
16.  The device according to any one of Claims 10 to 15, wherein
generating a time domain non-linear system model in accordance with the
desired effect, further comprises:
15 repeating editing the effects voltage profile until the desired effect output is

obtained.

17.  The device according fo any one of Claims 9 to 16, wherein the
device is selected from the group consisting of a touchscreen display, a

20  tablet computer, a laptop computer, a computer mouse, a trackball, a
touch pad device, a remote control device, a user interface for an
appliance, a gaming controller, a gaming console, a portable gaming
system, a computer display, a hand held device, a smariphone, a mobile
device, a mobile phone, a mobile Internet device, a personal digital

25  assistant, a global positioning system receiver, a remote control, a

computer peripheral and a gaming peripheral.



