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St ates provisional patent appli catlon nunber 61/338, 315, filed February 16,
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FI NGERPAD, " the entir fat F.E ? cor porated by

ref erence. BACKGROUND FANYERH-S pect, the present

di scl osure relates generally to a haptlc apparat us and techniques for
quantifying the capability of the hat i ¢ 15a ar at us. I\/bre specifically,
the present disclos ROS3 RERER =¥ 2ala; >N 1Rl
conmput er -i npl enent ed techni que for det er mi ni ng t he perfor mance of the
haptic appar at usThEI pnlicatien claimping hepelly undecdal StScl19éek BPAMIM) based
on dielectr b 2 sity required
20 to make a g‘pﬁra\“gﬁ% aFQ%rnggEg%aqﬁ)gs ons%@lgﬁgsgghﬂggt Such
EPAMIm bas eEIebIrwdryedBr P01 extitiede AR THEAC 1BE MUSQL@?UA@CT UATEORSBH @R

tacti e ol HAFTEEAGRRS TSy SIS BUAR MR B pUiafliCs cs” ™' &

ef fect s t hapNgTTACTEL BBENSITAVAYTOH THEDSSVNN FINGERPAD magkeAsreM t h such
25 capab| I |t|es may be inproved by nodel i nng t he physical systemin a
r

conputetOto K§ﬁ¥§>l§Pée BFWH!CBt'$6ﬁrQHY 'ﬂ“ﬁ@fﬁ%ﬂ@d refgrepfe. system from a set of
paraneters and initial conditions. The output of the nodel may be passed
through a transfer function to convert vibration into an estinate of the

intensity of the haptic ﬁ@gﬁﬁ&dﬂﬁ‘bﬁ”ﬂlﬁgﬂg@@ﬂ' enced by a user. 30
Conventional conputer no ely predict the
behavior of & phys} Cabssya! HD S@BLHAHESTs LY Qidhl Benlic)xd bty hartic

apparatus and techniques for quantifying the capability of the haptic

156 apparatus. More specifically, the present disclosure relates to a
segmented haptic apparatus and a computer-implemented technique for
determining the performance of the haptic apparatus.

Electroactive Polymer Artificial Muscles (EPAM™) based on
dielectric elastomers have the bandwidth and the energy density required

20 to make haptic displays that are both responsive and compact. Such
EPAM™ based dielectric elastomers may be configured into thin, high-
fidelity haptic modules for use in mobile handsets to provide a brief tactile
“click” that confirms key press, and the steady state “bass” effects that
enhance gaming and music. Design of haptic modules with such

25 capabilities may be improved by modeling the physical system in a
computer to enable prediction of the behavior of the system from a set of
parameters and initial conditions. The output of the model may be passed
through a transfer function to convert vibration into an estimate of the
intensity of the haptic sensation that would be experienced by a user.

30 Conventional computer models, however, do not adequately predict the

behavior of a physical system configured into thin, high-fidelity haptic



WD 2011/ 102898PCT/ US2011/ 000289 -2- nodul es for use in nobile handsets to
provide a brief tactile "click™ that confirns key press, and a steady state
"bass" efwecabittag9senhances gam ng and nusic acti viti es PCTRISMMABY26¥ THE

| NVENTI ON In one aspect, a conpuyter-inplenented nethod of
quantifying the capability of a haptic systemis provided. The haptic

syst em conppisftedbrifskYAMbilet &%@fgﬁ{oyfb%@ﬁgéft%cﬁlep‘kﬁﬁe%gf’ a menory,
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of the haptle @gﬁ'ﬁﬁc "MHS®-det er ni ni ng a user sensation produced by the
haptic systemin response to an input to the haptic system The

conmput er-i npl enented 15 nmethod conprises receiving an i nput conmand by a
mechani c&l system nodul e twﬂﬁwwaﬂﬁem wherei n the input
command represents an input voltage applied to the haptic system producing
a di spl acenent by the mechani cal system nodule in response to the input

command; recei vi hyonéespéstp bavemerter-ingplementecemsithgd pequapifyiog thedul e; 20
mappi ng the _di .ac nt .fo a,sensation experienced a _user. by the

i nlto gnsigty pgg%%ﬁt'ty(ﬂi%%ﬂﬂces,ys% '?)PE)%’L'J%?‘ﬁgﬂt’%bagﬁ%§§$¥%0@8@§?%ﬂ'&ed by the
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The pr e1sent_ invention will now be described for purposes of illustration
and not 1q i ninPat/PepUt itedace fRrreeRivinotand ansmiinedfonpatiosite.and feom1 i s a
cut away vie ti i E I i ; a system
for quanti fmeﬁ%ro? ﬁg@cg'er&oe?ér/r&ahggieéfo r%\gd%s ﬁ%ﬁl” ?fgor@n@gbfgﬁtsﬂgﬁﬁgﬁgw’%es

sui t abl e cap@iehinicg of dre haptingystemi, detarohinihg dike appbircandeokthe Naptic

he  syst om SO AROHEES ARG @ usd! sansdbigh Bl RaglcdySiam model *of
the act uat oin reBpbage tRan Mt eoTHsREBtd @%r@S-TF@c@hp@l’éh@np%édtb@St rates a

per formance npdel of an actuator; 4A illustrates one aspect of a
f1 exur elst agetRgsempPiisehEacsiMRg AN ARRYt GomyBaRd &y;a mechanical system

module that simulates a haptic system, wherein the input command
represents an input voltage applied to the haptic system; producing a.
displacement by the mechanical system module in response to the input
command; receiving the displacement by an intensity perception module;
20 mapping the displacement to a sensation experienced by a user by the
intenéity perception module; and producing the sensation experienced by

the user in response to the input command.

BRIEF DESCRIPTION OF THE FIGURES

25
The present invention will now be described for purposes of
illustration and not limitation in conjunction with the figures, wherein:
FIG. 1 is a cutaway view of a haptic system;
FIG. 2A is a diagram of a system for quantifying the performance of
30 a haptic module that provides suitable capability for gaming/music and

click applications;



FIG 4B is a graphical representation of data of data obtained using

the fl exure-stage systemof FIG 4A with and w thout 1N finger contact
10( poi nt swof2nt/messa second order nodel (lines); FIPGI/US201i180@289
graphi cal representation of best-fit sgting paraneters for the fingertips
of six subjects; FIG 5B is a graphical represent ation of best-fit

danpi ng par amtetﬁefﬁeléa%ﬁar&ﬂeﬁ bideR daraoHBIsgelct shBRNGh 6. 15 2 top

view showi ng a test setup f nmeasuri ng |rrpe ance of the palm
6B is a graphical represent atl on of spring rate and danpi ng of users' pal ns

in nultiple gras t of
segnent ed act uat E?Gc%'msf am%@ajﬁéagﬁyéé&hloﬁ 2 %eaoqiggtpﬁ?rpe amca|l_.| G 7Bis
a side vi eWs;aétetrhﬁwcﬁmgn‘th@@ 2&1Bjator shown in FIG 7A that illustrates one

aspect of an eIe arr ngerre t of the p s wWth respect to the frane
and barsel errentgéfggﬁ@sél'@?‘?fa?(?fa ormance mOdG??ﬁe@ agater 5 side view

|1 ustrating therischRiiuatbtansiit besedlof iifexdfe LR /sterd BRkRge and the

bars to an output plate; | lustrates a ‘'segnmented el ectrode
with a sevefingeigmpedancet print ; FI G 7E illustrates a segnented

cl cctrode with o [rviS EEEREsR PR BBl smatin el pbyabiepbaiBR 311 Sooze0
-4- FtHe ﬂeuareistam ﬁy’:ﬁtem of Syt apt edthodd e NWirder@ohest - segnent
f oot pri i cal representation of strain energy versus

di spl acé@renfp%’i‘tseﬂ%@rﬁrﬁ?‘?‘?%gprd&étmﬂ%('rl?él)’cul ated for dielectric on one
5side of the act HRs 05A WIEGRasHiEA BpRRBHSHichbARML BB sig baramhoRRs al ong the

for the fingertips of six subjects;

FIG. 5B is a graphical representation of best-fit damping
parameters for the fingertips of six subjects;

15 FIG. 6A is a top view showing a test setup for measuring
impedance of the palm;

FIG. 6B is a graphical representation of spring rate and damping of
users’ palms in multiple grasps;

FIG. 7A illustrates one aspect of a segmented actuator configured

20 in a bar array geometry;

FIG. 7B is a side view of the segmented actuator shown in FIG. 7A
that illustrates one aspect of an electrical arrangement of the phases with
respect to the frame and bars elements of the actuator;

FIG. 7C is a side view illustrating the mechanical coupling of the

25 frame to a backplane and the bars to an output plate;

FIG. 7D illustrates a segmented electrode with a seven-segment
footprint;

FIG. 7E illustrates a segmented electrode with a six-segment
footprint;

30 FIG. 7F illustrates a segmented electrode with a five-segment

footprint;



vertical axis and displacenent in nmeters (m is shown along the horizontal
axis; FIG 8B is a graphical representation of elastic forces versus

di spl acerwotonmitoasosymret ri cal actuat or cal cul at ed wher e pConuseotitoodient ons

10(N) is shown along the vertical axis-@and displacenent in nmeters (m is

shown al ong the horizontal axis; FIG 8C is a graphical representation of

vol tage versus diF3@l ACSNBdRFates adeyriBrba icfdtrRBtWIH 8fouhesgmdel t age (V) s

shown al ong the vertical axis and displacenent, x, in nmeters (n) is
shown al ong fedterinhori zontal axis; FIG 9is a gr aphi cal
representation ofse | and
frequency; FIC! Elﬁg’ la%i\bﬁ\ség!aeg égnn%% Ir){a&Fge'geeﬁ \gér;FEQ% predi ct ed

steady stat elis;xiaﬁeimerde)feasmnmetrmﬂalwctdatcsregamnateldg‘ot breléomm pn iotrnb into (n)

regi ons, [ .10 circles) for 10Bis a
r aphi caf 1 Slseeddhe actipopphsiaan anespb Rl deS [ T AhPwe AT oo at o

wi th segnentiptat Qﬁsfa‘h@ltdlémaéeﬂnéh@ln(rﬂété@gﬁn?@shdﬁ@éﬁ)r@ tﬁehoruzéﬂtal (circles)
for the fingertip; 10C is a graphical Trepresentation of

st eady stat @X$ensati ons 25 for the pal m FIG 10D is a graphical

representation of étg@ﬂ%/aatrgﬁmc rggée%@% Jnf’éf %(Q&a‘ VerBus FIG 11A

Is a graphical represe on o de that a candi date
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FIG. 8C is a graphical representation of voltage versus
displacement of a symmetrical actuator where Voltage (V) is shown along
the vertical axis and displacement, x, in meters (m) is shown along the

15  horizontal axis;

FIG. 9 is a graphical representation of sensation level predicted
from displacement and frequency;

FIG. 10A is a graphical representation of predicted steady state
amplitude associated with segmenting the footprint into (n) regions, where

20 n=1..10, (circles) for the palm;

FIG. 10B is a graphical representation of predicted steady state
amplitude associated with segmenting the footprint into (n) regions, where
n =1...10, (circles) for the fingertip;

FIG. 10C is a graphical representafion of steady state sensations

25 for the palm;

FIG. 10D is a graphical representation of steady state sensations
for the fingertip;

FIG. 11A is a graphical representation of predicted click amplitude
that a candidate module could provide in service for the palm and fingertip;

30 FIG. 11B is a graphical representation of predicted click sensation

that a candidate module could provide in service for the palm and fingertip;



FIG 12 is a graphical representation of steady state response of the
nodule with a test mass was neasured on the bench top, nodeled (line)
versus newewnadiofssi nts); FIG 13 is a graphical represearascanoeisobser ved
click data for two Susers (points), andg-predictions of the nodel for an
average user (lines); FIG 14A is a graphical representation of anplitude
versus frequency Ff@r 13 hQrspiiesMEbiddeniaidhi &f st@sdyabfIidponse of  FIG 14B
is a graphical representation of estimated sensati'on | evel versus frequency
for vari ous theomedulenyith apestmass hrasl mgaegredanthegranch top, Modeiad at es an

exanpl e envi [ QR t far_ Ll [\ng various aspects of the
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appar at us. DESCRFR3] (NisCh gfafihitNVEPBsOMtatibh Bi@biseaseindlicdidatd &rune provi des
vari ous aspects of Electroactive Pol%rrer Artificial Miscles PAM based on
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are descri b&equendy for vReous sogpeting haptie kechnofdes 83; 7, 368, 862; 7, 362, 032;

7.320, 457 7, 259_503: 7 294 106: 7..211 937: :
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6, 940, 221; ©ell$ frisgiiency 8&Ivatibls don®ingdtEptic,t8cltndlddiesbakd 2, 624,

6. 809 462 6. 806 621" 3,781 284° 6. 768, 246: 256,£gz,2§6- 6664, 718:

6. 628 049: 6 586Fi58915 Blushiateszay exgnis’ epvirongasit forjimplergentind 971 and
6,343, 129; gafbida e%tstJméé&}ﬁgu@%rﬁgkm&a%tha&ma%ﬂa QRO1855;
2009/ 0154053;  2008/0180875; 2008/ 0157631; 2008/ 0116764 2008/ 0022517;
2007/ 023022 2ap 20 lity/cd 2008 amBUAG200467: 2007/ 0200466: 2007/ 0200457: 30
2007/ 0200454: 2007/ 0200453: 2007/ 0170822: 2006/ 0238079: 2006/ 0208610
2006/ 0208609: and 2005/ 0157893, and U.S. patent WO

2011/ 102898PCT/ US2011/ 000DESCRIPTION OF THE INVENTION

15 The present disclosure provides various aspects of Electroactive

Polymer Artificial Muscles (EPAM) based on dielectric elastomers that
have the bandwidth and the energy density required to make haptic
displays that are both responsive and compact.
Examples of Electroactive Polymer (EAP) devices and their

20 applications are described in U.S. Pat. Nos. 7,394,282; 7,378,783,
7,368,862; 7,362,032; 7,320,457; 7,259,503, 7,233,097, 7,224,106,
7,211,937, 7,199,501, 7,166,953; 7,064,472; 7,062,055, 7,052,594;
7,049,732; 7,034,432; 6,940,221, 6,911,764, 6,891,317, 6,882,086;
6,876,135, 6,812,624, 6,809,462; 6,806,621; 6,781,284, 6,768,246,

25 6,707,236; 6,664,718; 6,628,040, 6,586,859, 6,583,533, 6,545,384,
6,543,110, 6,376,971 and 6,343,129; and in U.S. Published Patent
Application Nos. 2009/0001855; 2009/0154053; 2008/0180875;
2008/0157631; 2008/0116764; 2008/0022517; 2007/0230222;
2007/0200468; 2007/0200467; 2007/0200466; 2007/0200457,

30 2007/0200454; 2007/0200453; 2007/0170822; 2006/0238079;
2006/0208610; 2006/0208609; and 2005/0157893, and U.S. patent



application no. 12/358,142 filed on January 22, 2009; PCT application No.
PCT/ US09/ 63307; and WD 2009/ 067708, the entireties of which are

i ncor por avedohieeson by reference. In one aspect, the presens2adiisci2esur e
provides thin, high-fidelity 5 haptic modules for use in nobile handsets.
The nodul es provide the brief tactile "click"” that confirnms key press, and

the steady %B?i’écgaetir'??arﬁfgzﬁgé?%? filddPdn 94 QZQQ%QQPﬁmgéﬁon N, anot her

aspect, the cl osure provides cofputer-i1np t echni ques for
nmodel i ng t h@GIHYS084330apand WHs2@08/067 Eh ihe eptikaties tof whidf atehe behavi or of
t he haptic ﬁ,}/stem&%ﬁroms seft of parameters and initial conditions. The

nodel of th CSFR&’P ?‘fgﬁﬂ %r%%q "i's conprised of an actuator, a handset,

and a user. The pubiétspéct! tie plagehtaiscidgateproviicsabredighafigely a transfer
function to convert vibration into an estimate of the intensity of the

haptic senshePdnmegyias ionsied ibinatie Nasdisetsa thriodytestpiryide g trighedance
versus bt L e ORAERSHERES I ) b8! 8 1 ighidy shteBadimeigce of L he

pal m hol ding a set. An ener ased no actuat or performance is
deri ved andthedlenbaacedamangl andenasic.uin anotheoaspedt, ithe present disclogered hapti c
performance_ |l n, one aspect he nresent .di sclosure . irected toward high-
0" per f or maRE B e N el e fiE SErnty s ol BOdaing B BV ERser o The
potential ohaglicspnémite elabid pravictant sfahebehhadr BEETE BxRicsyRterhor ot her
types of haptic displays, for exanple Braille, _as described by Lee, S.,
Jung, KO kBem 3 set piparametersigyyd inial cgadtions. Theamedel of higipeyical H. i n
"Braille Di G | Pra hamgQsessy ef TBBI E 5385, 25
368-379 (20(@%@13n g@egrcgmﬂgggﬁgfaﬁ%tugg ’daes%réﬁdgﬂ(g/a%%ﬁznacher, C.,

Bi ggs, J., 6uipnt obthemhysical systeheisi pdssediteioughra tramsfes funebonAet uat ors For

Wear abl e Hunman- Machine l.nterfa v Proc.. SPI 8 - 38 ). The
bandwt dt h AR LTgARaiBlE " Bttty oL RE nehei BERE idedielBrsaRE™ hem an
attractive exgsdriznicegbyfthe usebi lhembdsdsiirgent@dimpgsdahces/easwibattery vi ew of a
hapti c system The haptic systemis now described with reference to the

hapti ¢ ToduPEessdercethsaliztaled it dataces s MARsEseg It feinalm MPlR80 - 7- sI i des
an out put pﬁé‘ﬁ@sé@% (&#ﬂg-b%{sbg'ﬁ&délﬁffa?g?loﬂﬁéﬁédﬁ%cb%@ef'ibé@gnﬁl ate 104

(e.g., fixed surface ates 102, are separated by steel bearings,
and have f ecglibrated; bad theastuatorgemwetneisttuned foregateshaptes direction, limt
travel, andpg\nr'fct)rrrlﬁgn%réq drop tests. For integration into a
In one aspect, the present disclosure is directed toward high-
20 . performance haptic modules configured for use in mobile handsets. The
potential of dielectric elastomer actuators has been explored for other
types of haptic displays, for example Braille, as described by Lee, S.,
Jung, K., Koo, J., Lee, S., Choi, H., Jeon, J., Nam, J. and Choi, H. in
“Braille Display Device Using Soft Actuator,” Proceedings of SPIE 5385,
25 368-379 (2004), and wearable displays, as described by Bolzmacher, C.,
Biggs, J., Srinivasan, M. in “Flexible Dielectric Elastomer Actuators For
Wearable Human-Machine Interfaces,” Proc. SPIE 6168, 27-38 (2006).
The bandwidth and energy density of dielectric elastomers also make
them an attractive technology for mobile handsets.
30 FIG. 1 is a cutaway view of a haptic system. The haptic system is

now described with reference to the haptic module 100. The actuator



5nobil e handset, the top plate 102 is attached to an inertial mass or the
touch screen and display. In the enbodinent illustrated in FIG 1, the top
pl at e 102wof2otie28vapt i ¢ nodul e 100 is conprised of a sl ipdirus2eunb@ee t hat
nounts to an inertial mass or back of ayiouch screen that can nove
bidirectionally as indicated by arrow 106. Between the output plate 102 and

10 the fixe one
el ectrode 18;&'3'%3%% %Lgégtjt %'Ege Ji(;lét?/)lk g féﬁﬁfgb%&%@ as%sﬁ)(s)ang&% ?%%12 t hat
attach to t H4(a gl figed aufface), TEhegplatasht0z, dyﬁ@retwpla@éledﬁxyas’reeland di vi der

h f d f pl 04. Th
hant i 0. modult6eIb6 ahd balE ailis D8t bF i rbvemainae e de B oy

15Arti fi ci aldifdesioh enmm(travéwhh,wmfstésumawpatbgts Gbor iReyatidryint®aThe Haptic
Capability O A Md with reference tog FIG 1, nmany of the

desi gn vari dBPkile B@an’r?é W&ﬁ?P@'%d&z\ésf@GCh?‘é“@a” ineriiakmass o thsot pr| nt) are
fixed by thqohgedsresh dﬁbd&ikﬁlagntlﬁ%éléﬁ{b%dlrﬁ@ﬂ iMiHEdtEd (P F FRG. 1, HERES

dielectric layers, operating tage) are constraine y cost Sl nce
act uat or ge@ﬁ@tﬁﬂﬁzo the haptiocaedwe 160 i$ comprisad of @ slldglgjswqumhat ng

structure v v I ric - L Npa ost nuc is a
reasonabl e %@ﬁ%%?ﬁ ﬁ?glsgb%%r%f?@gkg’?%?ﬂg%gﬁaﬁgcthﬁﬁm%%gﬁ o this
appl i cati on.diréetigmaltyeas indlidaed bg avfowd106 € Betwe@t thnb@pupprRE 02 @nd t he
pr esent 62 di scl osure descri bes three nodels: (1) Mechanics of the

Handset /10s ethesfixed plate 3P4 athe harsic Peduis 1AM eRMPESRE atlpaskeie Sensat i on.
Toget her, thes8 rotdé"‘ﬂ% %W%%E%IQ?QHW 631 éeﬂgggte(gné BB} i®HLKd process for

estlnatlngthe haptic ca ity of candi esi gns and using the
esti mat ed h&tech t@én!fabildmg pudace, e.9., $he mptplatdnaml Eraieelaynd d;udEabI e for

d | ' h | f ds of
o tects onboniRied 48 AR e Mtk Sy, S0 e boaun Rlat A, o)
" Capabi | i t y'habtic mwﬁ@amowwaeﬁéwaﬂ&ém&aufe& déi@ldﬁé%ﬂgherel n as the

maxi mum gensatl on a nodul e can produce in service. 2A is a

di agr am!®f @@@%@'é\%‘%@@"F%r(AMJbrﬂflsr%ﬂ“MQal?hQAperfor mance of a haptic nodul e
that provides Sudmtiﬁ,lﬁ%ﬁ'ﬁglmé&% éQﬁaﬁlﬁQ@"f‘A@@ﬁdﬁiﬁéc and click. As shown in

FIG 2A, the output of e system 2 Is’sensation (S) versus frequency (f)
in response to asidlwﬂyreﬁer@neelt@ﬁ@ 2maam@fwetda$lgneratlablnpwtfthze)4 into an

oLl o BB ke i SRRt RS R el RSB £ et
a fingerti pmuulé me@@fors, and others (e.g., number of dielectric layers, operating
20 voltage) are constrained by cost. Since actuator geometry — the allocation
of footprint to rigid supporting structure versus active dielectric — does not
impact cost much, it is a reasonable way to tailor performance of the
haptic module 100 to this application.
To gauge the merits of different actuator geometries, the present
25 disclosure describes three models: (1) Mechanics of the Handset/User
System; (2) Actuator Performance; and (3) User Sensation. Together,
these three components provide a computer-implemented process for
estimating the haptic capability of candidate designs and using the
estimated haptic capability data to select a haptic design suitable for mass
30 production. The model predicts the capability for two kinds of effects: long

effects (gaming and music), and short effects (key clicks). “Capability” is



10applying an input pressure to the haptic nodule 100 or a pal mportion 210
squeezi ng the haptic nodul e 100. Applying maxi mum voltage to the actuator
100 at diwbenant2gsequenci es produces steady state anpl PCudms201A000289 n t he
actuat or nechani cal system nodule 206 fghat a user will perceive as
sensations S(t). An intensity perception nodule 212 maps displ acenent 15 to

have i ntensCETE (AT ea 8 mbne Sl AR EABAAR S RINEY T e gam ng

capabi.l ity eérvicedesi gn. The click capability can be described in a simlar

way. The anplitude of a transient_respons t) to,.a pulse at full voltage
is mapped to seng!ﬁ‘-i I3 A dipgABLPia S’fﬁﬁm f@éﬁﬂ%ﬂ“ﬁé’?@me nmost i ntense

"click" the i ; i j i f iBR¥bpg capability
| cver ages T ESaonRneEet tfégﬁ‘*ﬁﬁ‘c"g&é@tﬁ?%@%f%ﬁ?@b'&aﬁ@b“‘%pl G 2Bis a

lity.
functi orfal paming/diusiyramd elick. ohs shewsyr FEm 200theThdpglicofdhe isystesit) i s

duced i . ] [ \/ tuato
mechani cal - 208TeR Renod S SRR By BB R 2 a0t 78 T esponse 1o
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15Accounting For The MecChani cs FjO‘ The Handset And User '
20 the most intense “click” the design can produce in a single cycle. Since

gaming capability leverages resonance, it can exceed click capability.
FIG. 2B is a functional block diagram 214 of the system 200. The
sensation S(f) is produced in response to a steady state input command
V(t). The actuator mechanical system module 206 produces a
25 displacement x(f) in response to the input command V(f). The intensity
perception module 212 maps the displacement input x(f) to sensation S(t).
In accordance with this approach, a model is constructed for
quantifying capability of the haptic module 100. Also described is a
calibration of the actuator mechanical system 206 in which the haptic
30 module 100 works, which includes both the fingertip portion 208 and the

palm portion 210. Sections on actuator performance cover a general-



FIG 3A is a nechanical system nodel 300 of the actuator nmechanical system
nodul e 206 shown in FIGS. 2A-B. The actuator nechani cal system 206 shown in
FI GS. 2A-woisiieopmaded. Dashed boxes indicate paramnet er #cofuscda/odizagertip
302, palm 308, and actuator 310 that 2@were fit to data. In service, the
haptic nodule 100 is part of a larger nmechanical systemthat includes the

fingertip 3 t r 04 ndset a 308. The
mechani cal gg'&%s%%n%@r gggﬁ%s%%b@%f gﬁ%’é‘&%@ﬁiﬁiﬁ%gdt %ttgg%)gr oximate this
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t he pal m 308 hol'ding a handset-sized nmasS. TheSe neasurenents add data to
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tractions op t j I : . CO el | i (on of only a
f ew exanpl e&ea%@aeﬁﬁ%@tgvgﬁ) t@ﬂ?ﬁ%ﬁ?@&'&%@?@igl n@'%éﬁ%&%@‘”;b%}’% e,
Lundstrom R, "Oeeadpplichtiet bbimterest (Pt Mddd) 28 aHART/ Nétd aickile00289 - 10-
Mechani cal | npedance of the Human Hand's & abrous Skin," Journal of

Bi omechani c9de¥ige, w@f?alhﬁptlejggql)ll? t%‘jﬁ"ﬁﬁs antough sgreesfgrallyrelpfive to

"ldentificay iicalmidge £ Labi P, " ASME
Journal of EsPp amEBRIARYES mad oA RARYYS  ATREIELALLAGE ARk P, A

A., CholQ Stougshdcresns iH.different matlierdeyidesiprpeiden ceswied ine mendbleol di ng a

Pr oceed; ngs TP ElYer s o abfaR et RS 45 b d e Bege 31 um on
Hapti c | nt eapprosinétely W0 yremhs EMiesonakies repséat agipifidamt pSpalkation, 55- 60

(2007). 10FI G illustrates a performance node] 312 of the actuator 310.
Act uat or fo?E@Og% dguiges put ﬁ@“'F’gaé”(E@)a'@é%fﬂfQﬁheﬁ BSYEOWFPU[MS r st ni ne

par anet er s) gcf8akcs TREU G EfdtenRNdaRlifg bydtéRls) Properties. A geonetry
vari able, n (dashed circle), repreSents a variable that nay be varied

duri ng & nul at i oAgcduntingxfzorplee Megbanics 2t Tdre BaodsetrAndkUseeat ed as a force

15 source in par ] i.n n i ng.a ddi ti onal

danper, this. oneeﬁl:}’ﬁgé&%ﬁ%ﬂ@&g\’g?% ’E@Bﬁ%‘? %@ec%‘fﬂi%ﬁ"gu on to neasured
per f or mancemec&héanigebsigitén rmbdlibe20scshonroin BIBS dA-@. nesactubtorbl ocked force
and passive spring rate. A Neo- Hooke%gaémdel descri be rlagagg hani cs of the

dielectric @GSP%’&%@'QGW’&@-%'?‘M%W viAB 1§ FxPepPeed 2 EF, shear

modul us (G ingk@te patdrRéRESEr the ftrgréﬁid 802! g %5368 A adtBS{oP 316Nnsner gy nodel
yi el ds a conpact expression for force as function of actuator displacenent

and vol4ageweSkefiirtertatag In serviest the baptinmedule) 18@ it parhsf allarg@s t he desi gners
b B L e BBl o PR e MRAL B B a0 L ok o0
overal | syshavdset casd G061 red paid308f THeembalpanicalnmydtaresnodel 300
shows lumped elements that approximate this system and the actuator
inside it. The fingertip 302 and palm 308 are treated as simple (m, k, ¢)
25 mass-spring-damper systems. To estimate these parameters, the steady
state response to proximal/distal shear vibration is measured at the index
fingertip 302 during key press, and at the palm 308 holding a handset-
sized mass. These measurements add data to the growing literature on
haptic impedance, particularly tangential tractions on fhe skin where space
30 constraints allow citation of only a few examples. Examples of such

literatures includes, for example, Lundstrom, R., "Local \/ibrations -



Fi nger Mbdel FIG 4A illustrates one aspect of a flexure-stage
system 400 to neasure finger inpedance. Since touchscreen interaction
commonl y W8Oi2nuoloxe@s t he i ndex finger 402, it is chosen fram/usadiiloo@s? on. The
test direction was distal/proximl shegf. as indicated by arrow 404 as

subj ects pressed a WD 2011/102898PCT/ US2011/000289 -11- surface 406 with

three diff efRntaf@beieddhcd oftnd Hin) HindLGRBrE ek [haggr 402, The
subj ects were a adult's and 1 nclude i ve nen and one wonmen tn total. In
one aspect , Bidmeedhatdes 17,nM31-14021984); bajiam eatZ&drsHews| RgDe, 5 r esonant

mass/ spri ng/,danper system The test. fi re i ses t . 408
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direction (RsWE JNBGERST BiomEhahical EMgheerifgh R, & 0boT e (B Candt14 with
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directi dn (lsray. A Ahoi & 8oddmn, H. .. Merrhang@s Bppedanasnef theddand only nor nal
10 variatio Jr S8 i r . _needs to be
made to conBPgwq Hgsé}ﬂegﬁ%lgﬁz?‘ilﬂo%t eﬁf’ela'%ﬁ'g %éag?g?ﬁk@d%@w{]?ﬂger 402. In
ot her aspecLevel$ h@roceddimgs obimecbeddrel Joipt BlroHaptitd € dnfislexcéianger 402 may

be controlled. During the tes rocess,, subjpects sinpl eed to pretend
Doy o 6 pr SkEpRSUE BpaRtE BlsTEcRs TonuirR D BRI oy ethind SERoREREB! ot ne
static 15 fg an@gg_@l@dﬁgdout 418 can be used to keep finger force

within 10% of the desired | evel while the dynanic force source drives the
st age tHhgenti al F\G.\w@B Huatretesna pefivinanke wiodel 3k ef thaeantudtosdQ0 Hz to 250

He_over aboyl 30, S660NGS o DUBNG AN TENRPol BOLOSACLORRAR et . The

stage 408 can riven’w thhan ' nger S SO t he nmass,
Spring rat epanathetany)) steearanodhdué i G) tandosiebtricabplegecties. uhigeadwdrydat a. |1 n

accordance wth such an approach, the mass,. sprjng rate, and,, danping of
the stage AGHIABk MEARERIEIR G RIEqTE A FPRIRGr 11235 Mated B9 hg  he
| oaded condgiki@atior], eGVtnSIB! YrHEctG otk 31 bWah®ie Réateleas 4 Reree 402. 25FI G
4B is a gr aphi cal representation 420 of data obtained using the

f | exur elst agures &1 paialiel witta spring and damper-t Agding1an ad@genalctert (points)
fit to a Seﬁ%‘gngpggﬁra%gﬁ:gﬂé\é’g%agﬁﬁﬁdvé%gﬁb%ﬁt#@és%&éa (mm) is shown

al ong the vertical' axis d ency I'n Hert own al ong the
hori zont al perfamaiitiel Ghedeometry @f phactabtorgdi0adetatrainesth&bakedbest - fi t
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mechanics of the dielectric subjected to pre-stretch (p) with one free

20 | parameter, shear modulus (G), was calibrated to tensile stress/strain tests.
An energy model yields a compact expression for force as function of
actuator displacement and voltage. Segmenting the actuator into (n)
sections allows the designers to trade off the available mechanical work
between long free stroke and high blocked force, and also to adjust the

25 resonant frequency of the overall system to match the needs of the haptic
modules.
Finger Model ' ,

FIG. 4A illustrates one aspect of a flexure-stage system 400 to

measure finger impedance. Since touchscreen interaction commonly

30 involves the index finger 402, it is chosen for calibration. The test direction

was distal/proximal shear as indicated by arrow 404 as subjects pressed a



WO 2011/ 102898PCT/ US2011/ 000289 -12- NNmis shown along the vertical axis
and press force in Nis shown along the horizontal axis. FIG 5B is a
graphi calwoepriemesygat i on 510 of best-fit danping paranererastan/oodze
fingertips of six subjects. Effective-tnping coefficient (ci) in N(ns)
I's shown along the vertical axis and press force 5in Nis shown. along the

hori zontal ~gxisce 466 WAWArdediffelent fSBe8, (025, 61.092.0Y N, uShgahe itdécket ed by
lines marking +/- one standard deviation. After data collection, a solver

can be usedfingere2. nthesubiecisgverst @l agidtsearmhinsiusgddiveanen apd A t hree

touch force ; ach of the six test subjects. Apparent mass of the
fingertip i@°ﬁﬁq}{f‘§5ﬁaﬁe noi se, and too small 10 to estimte in accordance

wi th the descri brdoms asgpsa, theéandex fiogebsd2weay ubpatetisas s sigiedent in spring

rate and danpi ng coeffjcient. On average ressing harder increased both
spring rat e"%ﬁ?&aﬂb’ﬁ‘ﬁﬁﬁﬁpr'”g/dampPAéIYE{eIg'bgpgﬁ?ﬂ%ﬁ%&&?%‘?féﬁe&&s’tﬁgﬁgerti p

Versus presgog 8hGRxurdia il dhpeblicMbdestatit fdroBldage MrxinaKenaarayal ues  one
standard deviation. 15 TABLE 1 0.5N 1.0 N 2.0 N~ 847 378 1035 1226
direction (e.g., Mecmesin, AFG 2.5N MK4). A dynamic force source 414
with displacement monitoring is coupled to the stage 408 in the horizontal
direction (e.g., Aurora Scientific, Model 305B). In one aspect, only normal

10~ variation during handset use is of interest and no attempt needs to be
made to control the inclination of the tip 416 of the index finger 402. In
other aspects, the inclination of the tip 416 of the index finger 402 may be
controlled. During the test process, subjects simply need to pretend they
are pressing a touchscreen. In one aspect, visual feedback from the static

15  force gage 412 readout 418 can be used to keep finger force within 10% of
the desired level while the dynamic force source drives the stage
tangentially with a 0.1N amplitude sine wave swept from 10 Hz to 250 Hz
over about 30 seconds. Dynamic data may be recorded for each test.

The stage 408 can be driven with and without finger loads so.that

20 the mass, spring rate and damping can be fit to both loaded and unloaded
data. In accordance with such an approach, the mass, spring rate, and ,
damping of the stage 408 can be subtracted out from parameters
estimated during the loaded condition, leaving only the contribution of the
finger 402.

25 FIG. 4B is a graphical representation 420 of data obtained using the
flexure-stage system of FIG. 4A with and without 1N finger contact (points)
fit to a second order model (lines). Amplitude in millimeters (mm) is shown
along the vertical axis and Frequency in Hertz (Hz) is shown along the
horizontal axis. ‘

30 FIG. 5A is a graphical representation 500 of best-fit spring
parameters for the fingertips of six subjects. Effective spring rate (k) in
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N/m is shown along the vertical axis and press force in N is shown along
the horizontal axis. FIG. 5B is a graphical representation 510 of best-fit
damping parameters for the fingertips of six subjects. Effective damping
coefficient (cq) in N/(m/s) is shown along the vertical axis and press force
in N is shown.along the horizontal axis. As shown in FIGS. 5A-B, average
values are bracketed by lines marking +/- one standard deviation. After
data collection, a solver can be used to estimate spring rate and a
damping at each of the three touch forces and for each of the six test
subjects. Apparent mass of the fingertip is within the noise, and too small
to estimate in accordance with the described process. Variation between
subjects is evident in spring rate and damping coefficient. On average,
pressing harder increased both spring rate and damping.

TABLE 1 below provides average fingertip versus press force. The

values provided in TABLE 1 are average values * one standard deviation.

TABLE 1
05N 1.0N 20N
LS 847 + 378 1035 = 1226 =
510 619
C1 1.72+064 |223 + 2.76 +
0.68 0.95

Palm Model

FIG. 6A is a top view showing a test setup 600 for measuring
impedance of the paim 604. FIG. 6B Methods used for the palm 604 are
similar to those used for the finger tip. In one aspect, in accordance with
the present test procedure, subjects hold a 100 gram mobile device 602
(44 x 86 x 21 mm) in the palm 604 of the hand. Again, because only
normal variability in service is of interest, in one aspect, the subjects’
grasps do not have to be standardized. In other aspects, however, the
subjects’ grasps may be standardized. In one aspect, the test subjects
may be simply asked to pretend they are about to press a key on a
touchscreen. The mobile device 602 may be held in multiple ways. The



FIG 6Ais atop view showi ng a test setup 600 for neasuring 20 inpedance
of the palm604. FIG 6B Methods used for the pal m604 are simlar to those
used for wbeoftimoge®s tip. In one aspect, in accordance wprCh/ush@1po@sent test
procedure, subjects hold a 100 gram nogjj.e device 602 (44 x 86 x 21 nm in
t he pal m 604 of the hand. Again, because only nornmal variability in service
is of inter ol t oyt j ' na do not. have to be
st andar di zejﬁbplrllé g?ﬁgg @?Bﬁ% ?e gc\;\%\gtegpg%ﬁg Fiébjgécgsrgrﬁaéggsrsgteﬁg?p be
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pal m 604. The nobile ce 602 is attached to a dynam c force source 606

and fr eq@encinesnelertiverrpasy pf thedpals iseioglbcorapangd: thehe testrapjectt daand
danpi ng are 'é@,{s f Or 1| | gy 6 ) Lects, 5 since
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sense of w tdevicest@? fartoneawn mbreoaddiiobaldrals. may re-grasp the nobil e device
602 for one or ditional .trials. FIG is a.graphical
representation gtli:r& g S'5rd W@p%mr%ﬁsﬂgﬁﬁ?%g%ﬁﬁ%gg'r 1AM in nuitiple
grasps. |In prinpiedlofUsetd"BaBhs Y r 14N fhidsers' pal ns
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danpi ng 10c2)represrntaiios)610ofsursup’ palmsdhalding wetdl gedm axdbyledrandset ect i ve
spring rate ndi S I ] i | i The average
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i ndependent ovierdtafd e dVRRETForRB bk iedd Ble é@é’r‘a\gé%ﬁﬁﬂp%t@w igf | uence the
range of these independent variables, many of the variables becone defined
and desi'g§ne®244re1399 N/ry and dre pveragedasapiog cesffisientcamease!$ 0 :Thé chal | enge
is to adj USIN/QH/%@G few paraneters to create a design that is both

e

functional an onomi cal. Voltage is a critical design constraint for
el ectroact i YetyaibyBesign Constraints

In general, an electroactive polymer actuator has a significant
number of independent variables. However, when external requirements
20 influence the range of these independent variables, many of the variables
become defined and designers are left with only a few adjustable
parameters. The challenge is to adjust these few parameters to create a
design that is both functional and economical.
Voltage is a critical design constraint for electroactive polymer
25. actuators. Laboratory investigations of electroactive polymer actuators
have required significant voltages to operate, typically 2-5 kilovolts. Hand
held mobile devices are space-constrained and require compact
electronics. Accordingly, AMI has developed materials and manufacturing
processes that enable operation at 1kV. Circuit designs have been

30 completed that meet volume requirements. Future materials may bring



25actuators. Laboratory investigations of electroactive polyner actuators
have required significant voltages to operate, typically 2-5 kil ovolts.
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el ectronics. Accordingly, AM has devglI ped materials and manufacturing
processes that enable operation at IkV. Crcuit designs have been 30
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naxi num openxindnyepératfg ¥bitdGH0f Y00 Soe@wasalet. Anot her design constrai nt
for any actuator is volune. Both footprint and height are Preci ous to

nobi | e devi ce deéingthardesian eanstiaintifagannecivateris yalume Bsttiootpriy) .
However, a qi vie] I [dre LS AtRS: tor designers’
r esponsi bi | gbyq{é(')d‘rgp %r%&é\% Bﬁ?ﬁbﬁlg%&%% ﬁ%?%dérggraﬂjcrﬁﬁgﬁ&g se an actuator
footprind obclRGtomdiym@6s oritices Hostevenda giveactalahembibghallaziatéd 5 nm was

set. Wthin this footprint, . regions can he..allocated to,riqid frame or
wor ki ng_di ePBQt'tr'%he E{‘@é‘?r&esﬁﬂﬁrﬁrrﬁﬁ%@s'ggﬁ' 19 %ﬁ'ﬁﬁ@ﬂthﬂjyﬁ'aﬁjoﬂyf'?ng this
al | ocati on, paRrtufarBRkBem AQLadeFaipRAt GR3PMES BR78MNALWESs sGean@ahat i on
Method FIG 7A illustrates one aspect of a-segnented actuator 700

confi gured PRUaterdeightch\P.gayRwvas setsayitein thisgoetrsinkdegionsrcardee wi thin a
15¢gi ven foo i kot | i OM i t he

passi vo sti Prached B SAmB R MaRRoRIEILHRS AulElor pRbAhales bafes

di el ect 10 c airest myradjusirdg thss bédchtiom, phd@emiethcal for gothgned isrprakentedt def i nes
an external frame 704 and one or nore wi ndows 706 within the frame 704.

I nsi de each@ndow 706 is a bar 708 of the same ri gid frame material, and
on 20one or shailensatitrsmethdde bar 708 are el ectrodes 710. Applying a
potential difference across the dielectric elastoner 702 on one side of the
bar 708 creates El@ctAdbistiates pneasped qf @ sagnentad @stHatonf@0 t his pressure
exerts forc .ban agagﬁlﬁ [ ine, R E.,
Kor nbl uh, R$°@w£§§ n?%sbeag%?rax : ,éﬁ%l gggpg@?ﬁ? ﬁ?gﬁﬂugor%d;ﬁg@h%eel ectrics
25 W t h1%onpivearvotgriet into (lssetsioAs PravidesOh Method fonsgttingGrespassivnd

A A 77-8 . _Thef he b ith th
o foct i ve cribiessany phERTd fares SLIEPETeRo o PRt riebP AT e Ry bases
linearly w bfastdieenTODR heldl i pRITeBySa figdl matsial efatwefinds addsiémat he wi dt h

(yi). The passive spring rate scales wth n2, since each additional segnent
712 frame 704 and one or more windows 706 within the frame 704. Inside

each window 706 is a bar 708 of the same rigid frame material, and on

20 one or both sides of the bar 708 are electrodes 710. Applying a potential
difference across the dielectric elastomer 702 on one side of the bar 708
creates electrostatic pressure in the elastomer and this pressure exerts
force on the bar 708, as described, for example, by Pelrine, R. E.,
Kornbluh, R. D. and Joseph, J. P., “Electrostriction Of Polymer Dielectrics

25 With Compliant Electrodes As A Means Of Actuation,” Sensors and
Actuators A 64, 77-85 (1998). The force on the bar 708 scales with the
effective cross section of the actuator 700, and therefore increases linearly
with the number of segments 712, each of which adds to the width (y;).
The passive spring rate scales with n?, since each additional segment 712

30 effectively stiffens the actuator 700 device twice, first by shortening it in the
stretching direction (x;) and second by adding to the width (y;) that resists



30effectively stiffens the actuator 700 device twice, first by shortening
it in the stretching direction (x1) and second by adding to the width (yi)
t hat resiw0=2011V¥2$9811/ 102898PCT/ US2011/ 000289 - 15- di splpararseori/00@82 h
spring rate and bl ocked force scale |itRarly with the nunber of dielectric
| ayers (m. FIG 7B is a side view of the segnented actuator 700

shown in Fl Gisplsehiadt. iBdthepring esteQiR BdpRSEd forte @6a|@|lm©bflgfwi4|h tagr angemnment
of the phases 5 with respect to the frame 704 and bars 708 el enents of the

act uat or 700YMPEEOf digleddrig layepe()-ew i | | ustrating the nmechani cal coupling
of the frame 704gj® ?‘Bl?saﬁlgfﬁéaﬂéﬂc;fép%%gg%%%&&%&ug%m vtV iPefc Pl ate

716. Wth reference now to segnmenting the actuator 700
det er mi nes YAdhef flestrates onesaspeehgt &n éleclriaall atraegemepd sf the repesnt ed

L0act uator 18R kol e AP e b 5h e Bl e SH gt 8p, ) )
inﬁ) % hgng_ >O<I i ir:lecgﬁ%%s 7 sidd (igwlillustPdtmgitha)medhaniddt colipliy okthel ffarh8¢ogoot pri nt
to a backplane 714 and the bars 708 to an output plate 716.
With reference now to FIGS. 7A-C, segmenting the actuator 700
determines the effective rest length (x;) of the composite segmented
10 actuator 700 in the actuation direction 718, and the effective width (y;) of
the composite segmented actuator 700 according to:
(xf —(Q2e+(n-1)d + nb))

X, = and
2n

Y, = nm(yf - 2(e + a))
(1)
15  where:
xris the footprint in the x-direction;
yris the footprint in the y-direction;
d is the width of the-dividers;
e is the width of the edges;
20 n is the number of segments;
b is the width of the bars;
a is the bar setback; and
m is the number of layers.
Simulation data in accordance with the present disclosure are
25 based on d = 1.5 mm dividers, b =2 mm bars, e = 5 mm edges, x;=76
mm x_footprint, and yy= 36 mm y_footprint. Other values related to the
dielectric and geometry include, for example, shear modulus G, dielectric
constant ¢, un-stretched thickness zy, the number of layers m, and the bar

setback a.



yf is the footprint in the y-direction; d is the wdth of the dividers; e
Is the width of the edges; 20n is the nunber of segnents; b is the width of
t he bars;we 20s/tob®sbar set back; and mis the nunber of Payars2011800m89 ati on
data in accordance with the present diggl osure are 25 based on d= 1.5 mm
dividers, b =2 mmbars, e = 5 mmedges, xf = 76 nmx_footprint, and yf =

36 My footprin I A\ r | el o t

i ncl ude, for exaﬁﬁ;g 9@5%‘,6{@#%3%legéﬁé‘f‘é&ﬁ)&eﬁ@%rﬂ@%&ﬁ%ﬁ?%@{lﬂE,ﬁltﬁﬁ?ﬂfr re%/ched
thi ckness z@, 61 be4 segivents frespaativelym Inqadtidutar, BHE. EBtilheastiates a WO

2011/ 102898PCT/ US2011/ 00028% - 16- Fl GS. il ys exanpl es of
segnent i ng tsﬁgmﬁt%ﬁdp?'ieﬁfrop‘ﬁt 40nvith q,seg,en-acagqmgggfgmlgt; ré%ﬁt ively. In
particul ar, nﬁkﬁgteé% sé#m&glfeg Echogeyan Wigfa 8lxesddrasst f63fhrintt FIG.

seven-segnent footprin illustrates a segnented el ectrode 730 with
a si x- segmedf ilusttates atsegmanted pieqtiadest40awish afivecspasperidoetrs®t.r ode 740

wth a fivesegornf f Li I d el ectrode
750 with a fi‘%r@é@;‘ﬁé%&?é&%@m ndtgd g!efééﬂior?te ner\g&/ﬁ%/gggﬁg%%%h uat or
Per f or mance fookpgntf ol | owi ng description still references FIGS. 7A-C, which

10i I'lustrates one aspect of a segnented actuator 700 design. For
i nconpr essi StRiKEseiy Model@f efuater Pedormance,e gescribed with a Neo-

The following description still references FIGS. 7A-C, which

10 illustrates one aspect of a segmented actuator 700 design. For
incompressible dielectric materials that can be described with a Neo-
Hookean hyperelastic model, an energy balance method makes good
predictions of actuator performance. The dielectric material is given an
equibiaxial pre-stretch and then mechanically constrained using a frame

15 704 structure. Along with the dielectric material properties, both the pre-
stretch and the frame 704 geometry determine the performance of the
actuator 700. An energy model is now described to account for the effects
of both material and geometry.

The Neo-Hookean strain energy density depends on the shear

20 modulus and the three principal stretches in the dielectric elastomer:

W) =2 [0 + @) + () 3]
)

where:
25 G is the shear modulus; and
A1, A2, and Az are the principle stretches in the dielectric elastomer.
To describe a particular actuator, the energy density (Joule/m?) is
converted to an energy (Joule). Multiplying the strain energy density by
the volume of material captured between the actuator frame 704 and the

30 output bar 708 gives the elastic energy w stored in each half of the



Hookean hyperel astic nodel, an energy bal ance net hod nakes good predictions
of actuator performance. The dielectric material is given an equi bi axi al
pre-stretwb 2andioedsen nechani cally constrai ned using a fPaRS2&10d0289
structure. Along with the dielectric nayerial properties, both the pre-
stretch and the franme 704 geonetry determ ne the performance of the

act uator 70GenffloCrey.0YhaRARKgY Sepeissse H1d AR LOLAREANSERN hitfe of f ect s

of both material and geonetry. Hookean strain energy
density depeonmaferialy t he shear 20nndu|us and the three principal stretches in
the dielectric elastonmer: W(F) $§§ éq21)2 +(22)2 +(23)2 3] (2) where:

25G is the shear rmdulw(% =a[3451 %L,ZO QGA(’;{ £ ,t ]’I nci ple stretches in
the dielectric el astoner. déscribe a partl cuI ar actuator, the

energy density (39)ul e/nB) is converted to an energy (Joule). Ml t| pl yi ng
the strain energy ‘density by the volune of material captured between the
actuator5frane 704 and the 30 output bar 708 gives the elastic energy w

stored in each half of the V\q 011/ 102898PCT/ US2011/ 000289 -17- actuator
700. The energy 44560 &% ¥arol e ymp A HISIRENGnd stretch in the material :

W2) [x. yo zoG is(the shdatnmfodfiius?ahd(23 )2 - 3] (3) 5 where (xoyo.zo) is
the vol ume of dielectric; Gis the shear nodul us; and
A1, A5, and A; are the three principal stretches in the dielectric.
- As used herein, the term stretch has the usual meaning of stretched
10  length compared to relaxed length (I/ly). Rewriting this in terms of relative

actuator displacement x and equibiaxial pre-stretch p gives an actuator

energy that depends on displacement. For the geometry of the actuator

700 in the haptic module shown in FIGS. 7A-C, which moves a distance x

from an initial pre-stretched length x; this yields:

. N2 .
15 w(x):[ﬁ..&.zoJ.g. [p,(l+i)j +(P)2+ __1__ _3
pp 2 X, 2( xj

4

where:
p is the pre-stretch coefficient.

20 Still with reference to FIGS. 7A-C, for a symmetrical actuator 700,
the stored elastic energy in each half of the actuator is a function of
relative displacement of the output bar 708 and can be calculated using
expression (4), and may be plotted for a given geometry and shear
modulus as shown in FIG. 8A, for example. The minimum energy on one

25 side occurs when displacement of the bar 708 relaxes the pre-stretch. Itis
not zero because the pre-stretch is biaxial, and the transverse component

remains. The force that each half of the actuator 700 exerts on the output
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FIGS. 8A-C are graphical representations of strain, force, and
voltage versus displacement of a symmetrical actuator in accordance with
the present disclosure. FIG. 8A is a graphical representation 800 of strain
energy versus displacement of a symmetrical actuator calculated for
dielectric on one side of the actuator where strain energy in Joules (J) is
shown along the vertical axis and displacement in meters (m) is shown
along the horizontal axis.

FIG. 8Bis a gra'phical representation 810 of elastic forces versus
displacement of a symmetrical actuator calculated where force in Newtons
(N) is shown along the vertical axis and displacement in meters (m) is
shown along the horizontal axis. A plot of force versus displacement for
each actuator half illustrates this relationship. The net elastic force on the
output bar is the difference between the two forces on either side of
actuator output bar
(FerasTic, a- Fewastic ). In the case of a symmetrical actuator, this
differential force is actually quite linear and is also plotted.

Adding a pair of compliant electrodes to the dielectric on one or
both sides of the bar creates an electrically controlled actuator. Applying a
potential difference across the dielectric creates an electrostatic pressure
within the elastomer. This electrostatic pressure exerts a force on the
output bar that acts in the desired output direction. The force as a function
of displacement must produce work sufficient to balance change in

electrical energy. For this geometry that balance yields:



20Still with reference to FIGS. 7A-C, for a symretrical actuator 700, the
stored el astic energy in each half of the actuator is a function of
rel ati ve wogpliziwesyent of the out put bar 708 and can be ealrash@t@028%i ng
expression (4), and may be plotted for__given geonetry and shear nodul us
as shown in FIG 8A, for exanple. The m nimum energy on one 25 side occurs
when di spl acenent of the bar 708 relaxes the pre-stretch. It is not zero
because the pre-stretch is biaxiagl,.(ang Ame-w%g-ﬁ@e,rvﬂeer@onponent remai ns.
The force that each half of the actuator 700 exékts on the output WO
2011/ 102898PCT/ US2011/ 000289 -18- bar is qixr)ed by differentiating the
stored energy w wth respect to G(9p a5 '¥%+~—Jhe force is given by: X,
y, f11AS77C (X) =[ - - Z0] GPP 1 \xAx)p 1+ X, X,

X, +x

(6)

5 where:
Vis voltage;
C is Capacitance;
& is permittivity of free space;
¢ is relative dielectric constant.

10 Differentiating this equation gives the relatively instantaneous force:

F...(V x)sz'é'o-gr.yl_.pZ.(x’.+X)
ELEC\Y > P

i

(7).

‘ 15 FIG. 8C is a graphical representation 820 of voltage versus
displacement of a symmetrical actuator where Voltage (V) is shown along
the vertical axis and displacement, x, in meters (m) is shown along the
horizontal axis. Voltage adds an electrostatic force to the balance that
displaces equilibrium to a new position. The instantaneous force that the

20 dielectric exerts on the output bars is simply due to the elastic forces on
both sides, and the electrostatic force (Feiastic s - Ferastics +Ferec). For
the static case without an external load, an equilibrium position exists.

- However, a closed form solution for this displacement as a function of
voltage does not exist. A closed form solution does exist for calculating

25 the required voltage as a function of displacement, and is plotted in FIG.
8C.



(5) 5 FIGS. 8A-C are graphical representations of strain, force, and
vol tage versus displacenent of a symetrical actuator in accordance with
t he presew02digobgysure. FI G 8A is a graphical represenrariusn0i3000284 strain
energy versus displacenent of a symetmpigcal actuator cal culated for
10di el ectric on one side of the actuator where strain energy in Joules (J)

I s shown al ; I Gal | n | ’ | ters (m is shown

al ong the ho(%’llbtr ?Hé.A%?uaté?(Nﬁao% Q’ Cb n?lgq\yl@éguré%e representation 810

of el astic forcesThemetiodalspleaprmvidds atjoad buselid for alctiatdbustifieseal cul at ed
vertical axjis and

' 15 ' h l th ]
G <t acomonteHORR.of SopayIoh NSHRRR. BIOGINE § BBOR RIS IRLAERN. TR pl ot of
force versusgprdpemy aféﬂi@fﬁerﬁoﬁhaﬂé‘é,ha&cnﬁé'@tdeﬂS'iﬁbfmb%élé'%Js@tb%sadcﬂ‘%c?er ence

relationship. The net elastic force on the output bar is the
bet ween the Rampingriesss &r agtuaters sansange tiemuinesr velocitydepandant 1p§s v

oy ot o7 87ADeeL oL 58 BBl SHIEHEL 68 SR} Pl °
Addi ng a paias desccibeplbyabodsattH ddedelchémd. Ri,eEttiontedhaniva¢ or | biotn h .,
ot ent i al diPEiee JaEr SEly e Grar el tork s 19ROk Bettin ot o
pressure 25whédeiNomly Firgt] et 4BIN JrabPvElbeRy §8%hH erPsSnsdr e exerts a force
on the considered (FIG. 3, ¢3, c43). Coulomb friction terms were ignored because
AMI modules use ball bearings that make friction negligible compared to
velocity-dependent damping sources.
A few similar actuator designs were tested and the data were fit to
an actuator model. The linear damping term was small (less than 10%)
15 compared to the quadratic damping term in the frequency range of
interest. The quadratic damping term was roughly independent of the
number of segments, because the total amount of actuated dielectric was
roughly constant across design variations.
Sensation Transfer Function
20 FIG. 9 is a graphical representation 900 of sensation level predicted
from displacement and frequency. Displacement in decibels re 1 micron
peak is shown along the vertical axis and frequency in Hertz is shown
along the horizontal axis. The output of the transfer function is plotted for
four sensation levels, {#=20,m=30, A =40,0=50} dB, superimposed on data
25 from Verrillo, R. T., Fraioli, A. J. and Smith, R. L., “Sensation Magnitude Of
Vibrotactile Stimuli,” Perception & Psychophysics 6, 366-372 (1969).
Since fingertip-specific and palm-specific reports of sensitivity to shear
vibrations of different frequencies and amplitudes were unavailable,
measurements based on normal vibrations applied to the fleshy pad at the
30 base of the thumb adapted from Verillo were relied on. It will be



out put bar that acts in the desired output direction. The force as a _
function of displacenent nust produce work sufficient to bal ance change in
el ectri cavoenargysIsFor this geonetry that bal ance yi el deCT/UA11/000289
2011/102898PCT/ US2011/ 000289 -19- FELEgfV,x) = 0.5. V2 aC(x) , where ax +X)
C(x)= sec, (6) 5where: Vis voltage; Cis Capacitance; e0 is permttivity

of free spacg, LS oy | | afgaf lating this
equati on gi \Clagjé) rt lgﬁerd et gﬁ%éﬁgﬂaﬁbﬁgh[éaf%rea‘gﬁé;ﬁ %ﬁ%gp | hébg{/?’ﬂ%eas: V2 So Sr
Yi  p2(xi +entzdy tie 6#pnd FehGendCdeperdancapdfiumhan tqpuoksent ati on 820 ?{/) _
vol t age versus displ acenent o symmetrical act or whe Vol t age S
shown al ong t he \ﬁ r?Fl?i‘F’? Qi fgvgn%rpéi%rg%%%me,reﬁﬂq Weﬁ@tJ@?% TEFITE shown
al ong the heriragesteptunatios. THelihR@aoaHE srafBfct f@edtiopss Mdchdnite to the
bal ance that di splaces equilibriumto a new position. The instantaneous
force that tdgplacement of a given amplitude and frequency. The output is an
~ estimate of the strength of the user’s sensation (S). Over the region of
interest for haptic displays, (20-55 dB, 30-250 Hz), the fit matches

sensation data within 5%. The expression has the form:
10 S=¢y+¢,(20log, (A) + e, f +c. /2 +c,.f° (8)

Where S is the user sensation level in decibels compared to
threshold (0.1 ym at 250 Hz), fis frequency in Hertz,' and A is the
amplitude of the vibration in microns. Parameters are ¢y, =-18, ¢; = 1.086,

15 ¢2=0.34, ¢3=-8.16E-4, ¢, =-2.34E-7.
Implementing The Model

The passive spring rate, related to (EQ. 5), and the blocked force

(EQ. 7) were calculated in a spreadsheet (e.g., MicroSoft® Excel). Least
squares fits to the palm and fingertip measurements were also made in

20 Excel. Additional actuator stiffness due to dielectric between the ends of
the bars and the edges of the frame was estimated by finite element
analysis using a simulation environment such as COMSOL Multiphysics®,
which is a simulation software environment that facilitates all steps in the
modeling process - defining geometry, meshing, specifying physics,

25  solving, and then visualizing results. The dynamics of the actuators were
simulated in a simulation environment such as SPICE or PSPICE using an
admittance analog for the mechanical components, where SPICE and

PSPICE are simulation software for analog and digital logic circuits.



20 dielectric exerts on the output bars is sinply due to the elastic forces
on both sides, and the electrostatic force (FELAspc,a - FELASTIC b +FELEC).
For the swatwroi/wa®e w t hout an external |oad, an equil i lpCTuse@o®dE280N

exi sts. However, a closed formsolutiggmfor this displacement as a function
of voltage does not exist. A closed formsolution does exist for

cal cul ati ng 5dt S oction of displacenent, and is
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sensation | evel predicted from | acenent, and frequency. Displacenment in
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function is or four sensation |evels, {.=20,0=-30, =40, 0=50} dB,
superi n‘tﬁ)sedemtl@at(ﬁl@Si(ﬁ@fﬁ)Verrl llo, R T., Fraioli, A J. and Smith, R

L., "Sensation N?Hgln]i éje(? p%dlcted that a ten- segment actuator design would

produce the maximum sensation, at 190 Hz, but at a substantial loss in

low frequency sensation. Since gaming capability depends on those lower
frequencies between 50 Hz and 100 Hz, a six-segment design was
20 selected to compromise between peak intensity and strong bass ’for
gaming and music. |
Transient Response — Click Capability
FIG. 11A is a graphical representation 1100 of predicted click

amplitude that a candidate module could provide in service for the palm
25 and fingertip. Amplitude in um, pp is shown along the vertical axis and
Frequency in Hertz (Hz) is shown along the horizontal axis. FIG. 11Bis a
graphical representation 1110 of predicted click sensation that a candidate
module could provide in service for the palm and fingertip. Sensation in
dB where 0 db is 1um at 250Hz, is shown along the vertical axis and
30 Frequency in Hertz (Hz) is shown along the horizontal axis. To evaluate

the click capability offered by candidate designs, full voltage pulses were
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FIG. 13 is a graphical representation 1300 of observed click data for

two users (points), and predictions of the model for an average user

20 (lines). Displacement in micrometers (um) is shown along the vertical axis
and Time in seconds (s) is shown along the horizontal axis. To assess the
ability of the model to predict 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

25 was a haptic 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

30 the “phone” and “screen” (FIG. 13, points) were tracked with a laser
displacement meter (Keyence, LK-G152). As shown (FIG. 13, lines) the
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Todul e Boul ' pr otle 44 K@ Blariaca g (asentalion 8 B sapl | Tude i
pm ppis Sh@&ﬁeﬁéy‘)ﬂwv"ah@ué/%ﬁrip%ﬂf&?%bﬁc?é@m%!@ié’é?nl%dh[hdéelhtZ (Hz) is

shown al ong the horizontal axis G 11Bis a r@phl cal representation
1110 of prefieroad (M, OR) iseshawn slongHhe vertcahaxigA FIWUBBCY:U’UHQFtpr ovide in

service for a 0 db is | pmat
250Hz, is sﬂll%kﬁsgﬁongaepﬁeéver é'&:%a t?i%%géaﬁoé)gb‘iir quygr}) |c,ea|1|n Hertz (Hz) is
shown al ongrdpresdrtaticondad ofiestimalen mamhee\téwetﬂuxf«eqlm&blfbtty of fered
by candj date designs, ful] voltaﬂng ul ses_we

2011/ 105B98KRHY helipbabi teg neloginta; Xl maier SensAtion et (qRir%sd was
one-quart er uky olsHof i it iR the ePtPAGK an F el Aty fAHERPEAG) B9 on the

desi gn. Peak displacenments weré converted into estinates of sensation
| evel . Resushewn@tangstheihagizontsa! aixiss Estinatedsgmpations at thegere segnent s

decr eased a%'piliﬁfﬂgg’ar%%equencies are shown. With reference to FIGS. 14A-B,
bench testing of two AMI actuators driving a 20 gram test mass, and two

20 commercially available actuators vibrating the handset screen (piezo), or
case (LRA). Performance margins of standard and premium AMI modules
are shaded. To put AMI haptic modules in commercial context, the steady
state response was measured of two off-the-shelf handsets driven by other
technologies — piezoceramic benders in one, and a linear resonant

25 actuator (LRA) in another. The measurements were bench top tests, not
handheld, since this is how module integrators currently assess them. For
the piezo-driven handset, screen displacement was measured with the
case fixed to the bench. The LRA-driven handset came with a testing
protocol that we followed. Per protocol, the case displacement was

30 tracked as the handset rested on a foam block.



5i ncreased sensation. Measured Modul e Performance Versus Model ed

FIG 12 is a graphical representation 1200 of steady state response of the
nodul e wWiwb 2a11®3898mass was neasured on the bench top, moaaiSed1(bi2ae)
versus neasured (points). A six-segnenpgactuator design was 10 sel ected for
production because it offered a reasonable tradeoff between steady state

gam ng capabi li t% %{rb&et&géstgﬂtdm% &&@g@ﬁédéu tof a(hbGie ﬂt&%hc d&\gcst eady

state response o S1 x-Segnment uat or le wth a Mass was
measur ed on habddeanmiasémted. The mqtﬂnlmtcﬂ&deanmﬂngtwwedtsgbedaa@veerrent with the

system nodel (FlI 2, .li,ne). Anplitude or e benc e rrulat'on
a?/rpl i tude (gp&e 3?(5‘? ‘1168&%99@)08%&53 %é@t‘ﬂap%?g?r‘.“rﬁa‘?%%°éf‘?§t‘§§°§g drcﬁirrpl ng, |
and rel ati vgyaRweRIdel Riakel &t RedsiBlamsl desigael inodule that wilFdélivet the s a

gr aphi cal represent ation 1300 of observed click data for two users

(poi nts)5 adeésiseegapabilitydnsender fbadradesit Betwassy cligk rasReNSERNY nes) .
Di spl acemen? \&-?rieg'ughggﬁag—[@%é%ggﬁ b%%%sgr%lé’a\'g 'Ftt'eeg#ﬁgheﬁé’an t@ﬁé@nand Time

i n seconds or1zont axi s ssess e ability of
t he nodel t dorpwieali mattets € pedapabnde ofthefharidsetindthedand, sot iste, two users
tested a handset nmocku

Eac ser, hel d handset amt est
mass) as t h&FTRHA2AGE PEB"'eC@P H a?f?tiﬁbme'éa 8,1?9FHeCh@g§?9'H§g% was a
hapti c ”Ddulr?%st RSt @t RIS BoHPBLSN¥MMPqsaRTRBle. 2Phgannlysrss,
approxi mating t "screen."” The user touched the "screen”™ with a fingertip

and -0. 30N mrew\twnheee iscp plaskomaeiving thakeipbigss. A vol tage pul se was

he resonance of criiAsier iy S PERIRAC Tl BRT BV ER, B M) F0 Y na”

"screen” (Flgeomklriepthattaipwuhe eietsrgaekecdtrade loffblbcleast fordes phaifresent net er
(Keyence, LK-Gl52). As shown FIG,K6 13 i nes
2011/ 102898 PEPKRISHD 2RPIRAISLS "fztet'ﬁ%&%@‘é’é@‘é%’%é‘?%\”&dé&”ﬁ%% of the

click trans:pfam é#&‘%%ﬁ‘st&ﬁ&)%ﬁ@ﬁés@ﬁ@?élcﬂaﬁ:eds@ﬁardhwmwhad the screen
whi | e support the phone case in the palm It appears that these two

grasps had |amb¢atms|lﬂfg hagpties, te@me\rﬁrgnetoraa#tﬁqlfgdrfatqeo%nq fia® Sfrﬁee nodel did
as would be ; §8h3ﬁte%% }/%t ﬁ%s%%h%@ﬂmc’ld&ﬁ%?eﬁntant friBguémsle! was based

on average va and ring rates danpi ng coeff|0|ents
varied substdahtplmy | ahd esesiebtespensghage mnteyelated stfees omtheend( FI G 6). AM

2 o e R S e B A 0T € 147
help guide system design.

20 In the case of AMI modules, the design optimization produced a
haptic system that can replicate crisp key presses, intense gaming effects,
and vibration to signal an incoming call that eliminates the need for an
LRA. Transforming the system response into estimated sensation
significantly altered the design picture, and influenced design decisions.

25 Further improvements of the disclosed model could be adapted to
other modes of operation, for example thumb typing and multi-touch
systems, and all such improvements are within the scope of‘the present
disclosure and appended claims. Also, capacitive touch screens and force
sensing technologies are reducing the required amount of force to detect a

30 touch and may lead to revised finger models.



frequency for various conpeting haptic technologies. Anplitude in mcrons
(pm pp) is shown along the vertical axis and Frequency in Hertz (Hz) is
shown al owgQ 20tie10bg98i zontal axis. FIG 14B is a graphi calPCraseesasmi2at i on
1410 of estimated sensation |evel versus-frequency for 15vari ous conpeting
haptic technol ogi es. Estimated sensation level (dB re 1 pm 250Hz) is shown

al ong the verti cahddibhalBRfbréVaAERRON ué‘er"é%rnfsén&ﬁ'é)sd §re%0|ﬂ’{iﬁéﬁé0n9 the
hori zontal axis. Estimated sensations at these anplitudes and frequencies

are shown. \§eaper@fithe resentsisulasire pnd- @pe@éﬁdwlalmuﬁghmghttm AM

actuators drj %Hr:‘ﬁ y avail able -
actuators VI ¥bl ?%‘Sagﬁe&% fﬁscr FOV' pi ez%og%??%ggf&h . Perfornmance
mar gi ns of sdlepﬂdaemeanmt@eeﬂmumdﬁ%nsrmdnl&&@walwﬁmveﬂ'@sw AM haptic
nodul es i_n commerci al context stead aﬁate resgonse was measur ed of

two of f - the- ?H@?W‘t'ﬂé’ﬁ@&%ﬁmq %‘iﬁ’B?’Pl IB afswitindge ssope of Bcer ani ¢
benders in offesedt@ls@obiikemd &ESENREY claﬁnécmﬁi’él?ﬁeééu%eh& gnot her. The

measur ements were bench top tests, not handheld, since this is how nodul e
i nt egr at or s t@ngertialisgnaiivis Jor ﬁéampﬁoncamb@ @ﬂgzdﬁdjto were fragdemties scr een

di spl acenent H@?m légegs%galé&emclg at vve%f'o% '&‘iﬁgﬁﬂgh The LRA-d riven

handset cane a testing protocol r~protocol, the
case di spl ade:annmﬂslrﬁﬁedarmé@fdheﬁarwabmmbsatsmmtadT@dﬂ A Theesndliock. WO

2011/ 102898P S2011/ 000 ete m nodel  of one
aspect ﬁg ?ﬂﬁlog %HﬁBQ%éWEét'HB&eH@@n prpéggﬂmeao %?%gﬁﬁﬂ'éq’ JOiREI udes
many aspect %&rb%pﬁ@@bbn‘féfeﬁ@é‘%hﬂ' Jhﬁp&@@ft{!'& As h@?fﬁ%ﬁ%’esafo‘? \AgOQsti c about

actuat or technol ogy. The system no makes It possible to design a nodul e
that will ddinv@enmem @ddE@lW@@a@Hp%\\tﬁtﬁimSy%-ﬁOs(éQO?beUIrld'fheCtaraije off

dosi gner carcEe T Eb R e RUpHbE ENGY: I XS SRR R & n e
hﬁnfjl not j Uﬁldelﬁefg)mmnﬁzﬁ (ﬁOG&)yeammBudr?s 0? anbeSrirgvadan, M. Aas Eeen

n ng . Lnt T t t t t n
O g0 e SR ONES AL OB i B o SVOTRES ¢ hat
probl em For PrE&%ﬂquTa‘éﬂfeOSéné?é%fbanz’l‘b%Eéa|'h§§t1©‘t5n S?nfbo‘éﬂfnh ShH&ticdi T erent

geonetries that allow the designer to trade off bl oCked force and free
stroke. |n dpisripess fon\élﬁMﬁbE@VImene@*qLﬁﬂdeT@ﬂ@Qerat@' Systemdef2hd@8(val ves or
punps for |g G‘EF)CE) the designer's choice is straightforward. In
15applications Ti ke haptics, however, not only bl ocked force and free
stroke are inpor Samsitivity he vesyistefrolicke ppizesete. g nohedo tyeeaseraitalés equency,

RS AT SR A A S
glrllogﬁc?ésgefébgéﬁué@ clafB5N ThaGefdtve htritiofRAYhe palnk NBrlRtheTingBEIgT zati on
to sensation in handsets is also considered to be within the scope of the
present specification and appended claims. Testing specific haptic effects
on users is a further step. Designing for capability can insure that the user
25 interface designer has a nimble and powerful instrument on which to play
haptic effects. User testing facilitates the creation of effects that are both
useful and pleasant as described in Koskinen, E., “Optimizing Tactile
Feedback for Virtual Buttons in Mobile Devices, Masters Thesis,” Helsinki
University (2008).
30 The standard AMI module has the desired advantage in gaming

cépability (50-100 Hz range), and can deliver strong bass effects for



haptic systemthat can replicate crisp key presses, intense gamng effects,
and vibration to signal an incomng call that elimnates the need for an
LRA. Tramnwbannirogeoshe system response into estinmated seRreaELSEN1/000289
significantly altered the design pictye, and influenced design decisions.
25Further inprovenents of the disclosed nodel could be adapted to other

nodes of operatio r.ex e f.h | . [ - ens, and
all such i X Efen@%?%l%gr'gpear\r'ﬁﬁsnﬁ'gﬁgpgé%‘g%%aq@ﬂetﬂ%{)&r@eeh%%ﬁit}gi‘?%ure and
appﬁndled cl aiisralso/&ﬂtabl_edaparrr]érttin&ifipammh‘d ofsince:em;f eiﬂti. fmetstageaﬁd ng 20 ]
t echnol ogi es are reducing the required anount of force to detect a t ouc
and may |eaH‘qu'erBRﬂVéC@‘é tg?ﬁ%éﬁ’v% pg at eéﬁtflci%ézycf%ﬁ@‘ﬁ}%?il/ 000289

-26- Additi ltp d EldRy | S hhRLH 4t he scope of
t he present Q@lﬁsﬂ(‘: (P)ﬁgﬁg\eéﬁand agggﬁﬁfeﬁﬁﬁgﬁd %Iﬂ?ﬁgbgwﬁlt%ﬁsgwg?gg?gsed aspects

of the rbdepremiow twdalenwitha@ddiional layersoefrdielgctiicsanchadaitionali nt o est i mat ed
sensati on, {:&? B'”eti/at i ve effectiveness of 5tangential versus normal
di spl acenen C'so within the scope of the present disclosure and

appended cl ai ns. Haingi ddscribeg ttie sempsitarfimpisroentedadrosesssfori vity, for
exanpl e, can be _extended to nore frequencies and anplitudes, as descri bed
in Israr, Advamrifyng tke caﬁabwref%arz!qap%emmcg@mer%%méheof t he Hand

Hol di ng a Sghey.l |, rrat 9] [ % r Stinmul ation
Level s, " Prsglggrg F%gga-\g?urtn%etogg%on !ﬁ@f%@%r@kgg%gﬁcg’ﬁ%gr ence and

Synposin oanveganientlinmdri¢rathespriosess/mayue inmpiementenE|Gnth iMastcatesr at or

Systens, 55- 7). Lch, 4 G M., "Haptics;. Perception,

Devi ces andarggéé'i%?eoé?w%%ﬂg"eﬁo @gﬂpﬁﬁ%r\qﬁ%’&”g@g&éé?ﬁo&é@g(2008); and
Bi ggs, J., ecnmdpGeriinpksaentedimeéthod ¥6r quangifying athe Yapashiity Ndranmdptid spl acenment
O Skin: Rel at ipverllzf pectivgngs Igor rP(:}rqd ?iﬁng T%ct?l e %Sasatipon,"

Pr oceedi ngs@RRATRIUSy SR SYSigD i 1012 pekdes aPreersser ed 4l @ B¥serbnment s

and Tel eopefghidry 163685d a@%téﬁ%u@%@ﬂ%). -T@%téﬂn\’dl}s\’ﬁﬁ ¥&lipledri ef click
pul ses, (e.g., ohe to three’'cycles), also 20i's considered to be within the
scope di5 t heysterosempasants includingrbuimet limited to, the system memory 1516
to the processor 1514. The processor 1514 can be any of various
available processors. Dual microprocessors and other multiprocessor
architectures also can be employed as the processor 1514.
The system bus 1518 can be any of seVeraI types of bus
20  structure(s) including the memory bus or memory controller, a peripheral
bus or external bus, and/or a local bus using any variety of available bus
architectures including, but not limited to, 9-bit bus, Industrial Standard
Architecture (ISA), Micro-Channel Architecture (MSA), Extended ISA
(EISA), Intelligent Drive Electronics (IDE), VESA Local Bus (VLB),
25 Peripheral Component Interconnect (PCI), Universal Serial Bus (USB),
Advanced Graphics Port (AGP), Personal Computer Memory Card
International Association bus (PCMCIA), Small Computer Systems
Interface (SCSI) or other proprietary bus.
The system memory 1516 includes volatile memory 1520 and
30 nonvo|atilé memory 1522. The basic input/output system (BIOS),

containing the basic routines to transfer information between elements



appended clains. The relative contribution of the pal mversus the fingertip
to sensation in handsets is also considered to be within the scope of the
present swecbfiwatoson and appended cl ai ns. Testi ng specipCirwskapoiwesef f ect s
on users is a further step. Designing2gor capability can insure that the
user 25interface designer has a ninble and powerful instrunent on which to

play hap“%.ﬁ{] .w;é H%?ér sh/%&trm 123}, H%@H@ﬁ nd 86 aﬁar@us%ls@@reafmeffects t hat

are both use OFeasant as descri skinen, E., "Optimzing
Tactile Feerd:lmoletrlle)mcMwmnyUbﬂZZBLEQrmrmMel\mblrI@VDlaIﬂ%meﬁ@Zscarhey s,

Hel si nki Uni versit t andar the desired
advant age |'ﬂ°'59?nrﬁ%d %’Q& I’?@ 18@%Wd3;§8@n@§§ del i ver strong
bass effeCteﬂeétﬂéallmo@%ﬁhﬂ&?@WEPW}/&@&HBQIWér'ésameSROM Because it
provi des hi herageak sensation than the piezo or is also suitable

for silé&nt ( Mht POTAST MERQIN YPIEE F&emqfﬂ(é%%oa'ﬁélg#dﬁsrfﬁﬂgl?r@ provi des
th d d
ese advarfa grggnniéranmeﬁ ac{:s"\)ﬁ’:s é?l%h‘lé?%rabﬁéﬁ‘n%bﬁ/ tiaerdined an

budget for ‘€X ects so nmakes a 5prem um nodul e with
addi ti onal R/aylassavaﬂableeh @camy formacSua;dcaStsy@nhrormpdbi\M SRAM), Havi ng

of " hapt | OVGRRAF BAIG (EURMRVAHFioaBhE TR GRAREE de gl E T one *

non- i m ti rgDRAMIEDBROSDRAM) RHHhEACSD SDRANNESTRAR) v@yradhlihk ®RARICess may
be inplenmented. FIG 15 illustrates an exarrpl e envi ronment 1510 for

i npl emdt i (§LRRAMLandgiErat Ranbus RAM BERREM)-rpl enent ed net hod f or
quantifying the fap éamg?fsg&e%hawa@s&aeraa@wémoeasrémﬂ er system 1512

i ncl udes a processor syst em nenor , and a system bus 1518. The
syst em bus réﬁﬁﬂ/abm,lwbmlldlaoswstaém cmnpcte@rstt@'agecme@ianiledﬁ not limted to,

of var i ous IARASHI B Broteles A TRRRE T o ABLHERERE e, °" T

nul ti procesagudas %ttugﬁbﬂrmﬁe@k@Qje;weshme@mia@yaedc ausktmeprﬂoppyssor 1514
The system bus 1518 can be any of several us, 20structure(s)

i ncl uditlg tdiek ﬁﬁYﬁ)rt?PBGé'VSrJ%%Y%ﬁ 2B ATivel 4%1% dJ"’;?e%?ﬁ'PléW%mo%‘éargr ext er nal
bus, and/ oro 3, L0GRA) LS SIS he AldkEdtdragl 524 taPIRIIESstorage

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-

20 RW Drive) or a digital versatile disk ROM drive (DVD-ROM). To facilitate
connection of the disk storage devices 1524 to the system bus 1518, a
removable or non-removable interface 1526 is typically used.

It is to be appreciated that FIG. 15 describes software that acts as

an intermediary between users and the basic computer resources

25 described in a suitable operating environment 1510. Such software
includes an operating system 1528. The operating system 1528, which
can be stored on the disk storage 1524, acts to control and allocate
resources of the computer system 1512. System applications 1530 take
advantage of the management of resources by the operating system 1528

30 through program mo'dules 1532 and program data 1534 stored either in
the system memory 1516 or on the disk storage 1524. ltis to be



architectures including, but not limted to, 9-bit bus, Industrial Standard
Architecture (I SA), Mcro-Channel Architecture (MSA), Extended | SA (ElI SA),

I ntelligewb2Drivwesokl ectronics (I DE), VESA Local Bus (VLBrI/&2Rand@ser al
Component I nterconnect (PCl), Universagg-Serial Bus (USB), Advanced G aphics
Port (AG P), Personal Corrput er Menory Card International Association bus

(PCMIIA) ny;?é@%? ééeaﬁpbpteafsf@é‘s%nsé@%}e.ﬁrcaﬂtﬂaer proprietary bus.

The system includes volatile nenory 1520 and 30nonvol atil e
menory 1522implemebtest with Nprious oppratingysystamsg Br gsnpinatinnaiohiopgrating basi c
routines to_ transfer information between elenments WO

2011/ 102898¥519M82011/ 000289 -28- within the conmputer system 1512, such as

during start-up, AiysepbRfe?s comni@mideinfdrmatisAtty t&é&mmr@mle the
nonvol atile nmenory 1522 can i ncl ude read onI i é@ pr ogr ammabl e
é#@\vyes P36 indl

ROM ( PRAM) , 1%1%&1@9%!”9%" FEVGEEEHIRS0e TV 4da. Byt er asabl e
RCM 5 (EEPWQ%ZQ.{A@@E@ TRIng dé@&éguéﬁa blisd: Ibb R aighag, random

access nmenory as externa cac e 'menory reover, RAMis
avai | abl e itouschmadf beytmasrdcﬂmiciepquﬂ;Hoyﬁ‘(bhsgmMF(aSRAMelhtdyiMm c RAM ( DRAM) ,

SRAM ( ESDFEH oG, N T TETRATP 18 O DA e QP L/ FAEB G2 AR ( DRRAN)
The conput esng i 8. 1ﬁie?eeaérswotmlumpiﬂaievmmhebmrtherpw@éﬁser 1514
vol ati | e/ non-vol atil e conputer_stora ilJustrates, for

anrrpl 3 10 dihsqualt teazysterg s 118 yad %§?5$ Qﬁg(s.ﬂé'%ﬁsr ndISIERTa%%ut i s not
k
imted to, %gﬁsgﬁ; inchGe? fHPfigK_‘thfé dg:s;elgaﬂ??e&p&}a%pgo&@ Letedri ve, tape

drive, Jaz drive nmenory car menory
stick. In aullttdroha unh!ersalslerlsthxm(jéS!}SzTLheautnuﬁdbuae(sétWQ@&mdl a

separately or I n . conbi nati on th other .stora i ncI di ng, but not
linited to,S e&‘) %%ﬁ’ma.%&e ST'NIPQ&S ?ﬁé@PLﬁs&eg'ngﬁp{ﬁg aT devi ce
(CD-ROV), Gxdmagler dUBR® pdrtindgy belidddlbipreyide @putavihd abinputrisyster®D- 20RW
Drive) or a dlzgl tal versatile disk ROM drive (DVD ROV. To faC| litate

connect1®n H113 aed &p eutpst U}f‘é@éatd?é\/fr@’é‘sthﬁme e"t%"%’?s"t%% A 1518, a
removabl e q HB{‘% \ﬁE%{%%eé\nn&ﬂ ﬂté??s#flstyrB\/fa%UtM iMR@Gte that It IS to

be appreciate des es software that acts as an I nternediary

bet ween usethsreaare $¢1‘eelm1$ptd daqumt‘ls&wr ldeompoiters2speriers. dutiplintess,sui t abl e

operating enr\rlubﬁgrc]) er oqup&t dev cuecsh1 é&H {h\g?rréaquire special adapters. The
output adapters 1542 include, by way of illustration and not limitation,

20 video and sound cards that provide a means of connection between the
output device 1540 and the system bus 1518. [t should be noted that
other devices and/or systems of devices provide both input and output
capabilities such as remote computer(s) 15644.

 The computer system 1512 can operate in a networked

25 environment using logical connections to one or more remote computers,
such as the remote computer(s) 1544. The remote computer(s) 1544 can
be a personal computer, a server, a router, a network PC, a workstation, a
microprocessor based appliance, a peer device or other common network
node and the like, and typically includes many or all of the elements

30 described relative to the computer system 1512. For purposes of brevity,

only a memory storage device 1546 is illustrated with the remote



i ncl udes an operating system 1528. The operating system 1528, which can be
stored on the disk storage 1524, acts to control and allocate resources of
t he conpuwenosy®esdm 1512. System applicati ons 1530 t akePatinsntiageo2sd the
managenment of resources by the operati.gg. system 1528 30 t hrough program
nodul es 1532 and program data 1534 stored either in the systemnenory 1516

or on the dicsle 8K 80sAb 2fne timbi dohBteriP1303 { IRERORGHLERALY 000289

-29- appreci at at vari ous conponen cribed n can

i npl enent ed the chmpatéraystap di5dRithpughst pevark interfbced648 mpddhemper at i ng
systens. A user. e i nf.ormation into ut.er system
S50 ¢ hr ougHFiRBI SHEF R R S s3m HiEk e hasDPE do8Bs ST mFRH bt ar o
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tuner cafd, ”GM‘P&"&I( Norang wige sireanebwerks (ALAL: LANdechnaiedias and t he | i ke.
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syst em bus VI a |nter ace port rface por 1538
incl ude, forntedacel(@D0Y), sethemlet/ticE 802. parakehdRingdEEE 80Yamadgbet, and a

uni ver sal i a us The ,0 devi 540 . SQ f the sane
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out put 51Q|apta€Fj VfS'@EOF%tWQQ“O@P ebsyitehiag ngtworkgaand Rigital SUbssdRY out put
devi ces 154 k@g{_gnltors speakers, and printers, anong other output
devi ces 154 tha quire special adapters. The output adapters 1542

i ncl ude, by way the|ddnumunia:atiolmcannlect'@tn($)i15&06Jteifens to 2i0e hiactvearahd sound

cards that provide a neans of con cti e devi ge 1540 and
the system gagwﬁagmpreyegﬁ&ﬁo&nsg St@gwf’ﬁ‘d %ﬁj bét‘r?dly“go1 "systens
of devices pyiild #He detruhitation @adn@amsmamwd fo@ﬂl@ﬂ@hv@@larnmt e

conput e%‘l(és) 1544. The conputer s¥stem 1512 can operate in a networked 25

envi r onhent Im%@quﬁréﬁfﬁ& PHhdt ¢an alse berexsinal fe s eorapwigit er s, such
as the rem%%t@ﬂ{mﬁfrfﬁé h%ﬁiwareTébﬁrtv&af?HWe%egé’éPkafégé&%?echéﬂ‘%o be a

per sonal ter, a server, a router, a ne a workstation, a
m cropr oces setwdmsraiérfap@l1i54&cmludeq)éelr exbmplaey purpmisberon@omtemahahdor k node
| udes ma enent

d the lik
Goacribed r Ertert) sbefididuied sk ps FRoBRindhoBio regbids TeieBhERE Biaus’sy (.
only a menomodehe, axaeleimtiéms%%& rhbdiéwt! B adabtert hend EfErBet

20 cards.

As used herein, the terms "component,” "system" and the like can
also refer to a computer-related entity, either hardware, a combination of
hardware and software, software, or software in execution, in addition to
electro-mechanical devices. For example, a component may be, but is not

25 limited to being, a process running on a processor, a processor, an object,
an executable, a thread of execution, a program, and/or a computer. By
way of illustration, both an application running on computer and the
computer can be a component. One or more components may reside
within a process and/or thread of execution and a component may be

30 localized on one computer.and/or distributed between two or more

computers. The word "exemplary" is used herein to mean serving as an



conputer(s) 1544. The renote conputer(s) 1544 is logically connected to the
conputer system 1512 through a network interface 1548 and then physically
connect edwoi2a111028981uni cat i on connecti on 1550. The net weck/uspaiend@se 1548
enconpasses comuni cation networks suclyqas | ocal -area 5 networks (LAN) and
w de area networks (WAN). LAN technol ogies include Fiber D stributed Data

Interface (FE ] i . t f ) net /| EEE
802. 3, Token%ﬁ%??%%%%&??gmghg%ﬁg Fﬁx%sb%ﬁrtogegﬁ%rg oglr}eusediﬁ?léggﬁde, but
are not |i mastbxemplpg!' ig ndtonguassarilyitobe, canistrasd tasswiefertechgr net wor ks | i ke

I ntegrated Services Digital Network I N) 10and vari ations thereon,
packet swi F&d"ﬁ@%ﬂﬁ%r%@f othef ﬁp&c?saqgr ‘%Dj%l%'ﬁ'i ber Lines (DSL). The
communi cati on Cowwr%ussmu&%@/er@heﬁénél@lérhéntaarogw 8locksf pregegmenpl oyed
to connect the network interface 1548 to the bus 1518. Wile the

comuni c&t i JnodwirBeand sifcuitssdesasibeddngonaectian wigh the asreds disciapedsi nsi de
the conputer st . i t uter system
1512. The ha}}%\}/é\g]r@%gtj)oéﬁ% rléérrnﬁgg%s@ ry C?g}e%é}éﬁﬁ]g %ntgﬂalt%ﬁ?ﬁggﬁetmrk
interface 19t8césedrua&igitdl SigeaidmptessorgDSH)sas AppligatiomSpeciit and ext er nal
technol ogi e uch as.. nod i.ncludi requl ar. tel ephone nodens,

cabl 6 mogenaMEHR A C HORESIC) PR ATpR T AR GrEeNTaY (H00a 86, As
used her ei n,othBEploRFammALRTRIYICHbvice, G¥SetThaRs tHAIBidtbKRgiaistrse refer to
a conputer-relatedentity, either hardware, "a conbinati on of hardware and
sof t war d0 sdfardwate campebenisapeany cexdnationrtheiaef dagignedito perform

el ectro-nec i . devj r a i's not
2511 ted to BATgO s deEined MerdiT AboGherd BBRRER SR R R 1<

obj ect, an axigesgrabéssorpbtitinehd attbrraatiee Ltheqrocesguor ogaiyabe aagd/ or a conput er.
By way of illustratign, both an application rani ng ??3 co utermﬁnd t he
comput er carfaseqt ﬂ%e;ﬁSpr,cgfglt lef RIS QAR NN OF SIS MR Bhin a
process and/RbcédiRdnte SaeoHhi @AM sytORASEMNE0 HRY Peseilnlepzaki zed on
one conputer and/or distributed between two or nore conputers. The word
"exenpl dby" Rost ingbgomennieates withaa user inteTiacgs apd whigh receives

2011/ 102898P: =31 ' 581 My at hon. Any
aspect or dec%ﬁ%g%#\%ggé%ﬁear glgphr’ gé@gg!(%%?g?y. |§Wn%fg'hé%t£&sg\?% 1)'3 to be
construed asthercdEnpachbis siadage) taageansonvaccess memasy)dbaisstoresdesi gns. The

various illustrative functional elenents, |ogical bl ock rqgr.am 5nodul es,
and circui tseﬁ?fetEQﬂ‘? B@Hrmﬂ'%'ﬁﬁ %A PRPRM ﬁ\%t 895?—?3‘?% UBS@%&H@E@ qg]gar ein may
be i npl ementigd pescdaRbf AREREHNESAmungMBhalia Y PRSEnteHaee poM, and DI gi t al

Si gnal Processor (DSP), an Application Specific Integrated Crcuit (ASIC),

a_ Fi el d2Pr ogtidemautpet %@t@rwu@_ itsFatayt Wa aswHend pf wEramviRHdoIBat ¢ devi ce,
discrete gate or #{ARRLEEN of A VariclsFGh&idhal elements, logical blocks,

program modules, and circuits elements described in connection with the

aspects disclosed herein may be performed through the use of dedicated
hardware as well as hardware capable of executing software in

25 association with appropriate software. When provided by a pArocessor, the
functions may be provided by a single dedicated processor, by a single
shared processor, or by a plurality of individual processors, some of which
may be shared. Moreover, explicit use of the term "processor" or
"controller" should not be construed to refer exclusively to hardware

30 capable of executing software, and may implicitly include, without
limitation, DSP hardware, fead-only memory (ROM) for storing software,



10 hardware conponents, or any conbination thereof designed to performthe
functions described herein. A general purpose processor nay be a

m cropr ocwe0r1/10k898 in the alternative, the processor MRETHS2@EN00289
conventional processor, controller, mgsocontroller, or state machine. The
processor can be part of a conputer syStemthat also has a user interface
15 port that conmunicates Wt ser_interface,  and i.ch receives
commands ent’%’?%ﬂ“@ﬁcﬁs%worﬁgw’Iaggﬁonéﬁ%gﬁg%?rﬁgf\é%@er hard drive or
ot her conpahafd\faret 86REHhtioRBAaAdBH BILRAE §ray ARBWE hcludet. Bieriady el ectronic

information including a programthat operates under control of the
processor a@dywhitshesshowndathefigyies arasonseptupherlys dheirfynetionnm@ya 20vi deo

out put that _pr y £V, 3 i f Wi 0 : t.
The T unct s o GrHEE Bul fofofdl Rk opeBuBRYr bl dfia iobic] Boldt BRtickpid™ -
(rjr_odu: es, % aRdbgi@:,rtbtdmbtabemte:adio@gﬁmgbgmdn bnzﬁdm&td?djnam@dtlhgicgerh asgect s

i scl osed herein may be perfar t hr ough t.he use edicated hardware as
wel | as har G¥&R& 1 @e&arﬁgﬁgu{q%'%%%uag éefer‘ft%%e gggh%i ation with

appr opri at e 5 plhVEHtEr ayWiite RpRYHESH BidérsRIoadrsAaRe cbhxt.unctions may be
provi ded by a S|n%le dedi cated processor, by a single shared processor, or

by a plurality off henirigugdanctipneteleseenis, legival BipcCkhiRrAgIRRY MR WS ed.

Mor eover, e i it ; il the | ke oul d not
be constr ueé%ocwrcé\‘téejgééﬁécrlﬂ%ls,a% \?Féﬁé/éq bnoéar gv\greé Wé@c@%%%e%f&lgélg%%@i ng

sof twar €0 amdreiRynaypdmptisé » procéssimg umit foroexecuting saftwarg pogramar dwar e,
read-only nmenp sof twar e

ry,q()RO\Q for storin , .-32- rando cess nmenory
(RAM), and HSHUGHPRS 19 BrQVids: GaPu %@Pdiﬁ’é?%ﬁﬁéf@,o%%ﬁgg'ﬁ? fgdﬁﬁ? and/ or
custom may cghRitdieard HeUr8Gstrial BrtRAIeY. Aﬁﬁ&u@%ﬁéﬁ%ewﬁmmmé}ﬂe figures
are conceptual ‘only. Their function may be carried out through the

oper ati on ofngiudeya sindle grecessar aigiedeide dhmay b5 arpreciated gAY he

i nteraction i Cﬁfﬁgi [ G, Ryl 1y, the
particul ar tsgfé%tﬂlé%é@%@gfbﬁ%‘éhﬁeggpgaq\gﬁy he |ﬂ|a§g% @#rrep%% E?yg@crmr e
speci fi tal | yn acctedshoodithtbendeberimexhaspeacts. In one a$pecty the presessingt i onal

el ements, | ogi.cal 8' ock roqr am nodul es, ,and (Hancuits el ements descri bed

in connect i JATFIPHOE fAPLESRNIED UFING:F SUYF THURISTP R85 Y mpri se a processi ng

unit for executi TBeSOhEMHCORRE YaABUS REidtivakl SlBMehts, Pogivaldgosi@put i ng and
processi ng operations for the conputer and the industrial controller.

Al t hough t heregraee@erilesuand cirayits alements deseiRpdingasrestion Withdhet ect ur e,
it my be a L a it ad ; sl nd/ or any
Ui T abl o nuABer otV Bl b e Rl Rt e S o et e
| n one 2Gpecbmpuler gxecatztde Mptuctionsysuchasi sgfivarencadralsnodyles,si ngl e
i ntegrated process e functi ont% of the.vari gugi f unc{i onal

dzr - Th d | _
elenents, | 8fcA" ?fdeﬂtg,mﬁﬁ’w&?ﬁ}?ﬁ‘dm AL CHECRTILUME SAEERYs descri bed
i n connecti gBftWhid) coRBoPmdatlcS, Hghs laPrrst IBgicehodumay intudémahgnent ed in the
general context of 20conputer executable instructions, such as software,
control nodgplware element arranged to perform particular operations. Software,
control modules, logic, and/or logic modules can include routines,
25 programs, objects, components, data structures and the like that perform
particular tasks or implement particular abstract data types. An
implementation of the software, control modules, logic, and/or logic
modules and techniques may be stored on and/or transmitted across
some form of computer-readable media. In this regard, computer-
30 readable media can be any available medium or media useable to store

information and accessible by a computing device. Some aspects also



| ogi c, and/or |ogic nodul es executed by the processing unit. Generally,
software, control nodules, logic, and/or |ogic nodules include any software
el ement awoanpew?2898 perform particul ar operations. Soft maras2@ond0269

modul es, logic, and/or |ogic nodules ¢cgn include routines, 25prograns,

obj ects, conmponents, data structures and the |ike that perform particul ar

t ask i npl ' ar. : i ol -3t d f th

sof tware, oo e PraBfibed (BRI EaRbuHR} Sol¥eRenEWhER AB RS B0y

be stored oaregpelfermdd laysne tor etbraaensde pooreskimgnd eficesotinati bex limkeaddabl e
dia. In thi d, mput er- 30 dab). e .nedi b i | abl

Ted m of  nBiPUS1 SRBTBUREELYSH BeRYArk: ThpiciA BT eCaRAT o by a computi ng

devi ce. SonEnAfRRdrst, 8bfRare/\CortéihbadRABRGI, HRAKI6GRIASRIeShay My be

practiced in distributed conputing environments where operations are

per f or néd blye tnvatent imipoth leeahsing reMmie somuyteresiprage Media iaekidinghked t hr ough
a communi cati ons net a distributed conputing environnment, software,
control modl ‘?’Y|Sg°d?’§,é%§ﬁdf%8r | ogic nodul es may 5 be | ocated in both | ocal

agg r enot Iel COWPUAGdSitiGhQIL)@@tGiS m@dbeadpmﬁd:iatﬁdrtgan&mh speetsadeg&ibcdael\t/)i ge?‘ :

Addi ti ona , 1t _is to be appreciated that the aspects describe erein
illustrate gifpllestrats) @??é‘?ﬁgt"i“d%?e%\tﬁéo?%ﬁ”dttﬂ@?&l?n{':‘f‘icg‘?féq el ement s,

| ogi cal bl oglkments 995iRE1 BIBEKE, BFogrdind! middufdd, lahdeliRURS klerfiBits #Rayl Be _

i npl enented 1 n various other wayS which are consistent with the descri bed

aspect s10 Fuimplementes! intvasiosiseatben ways paidhorreepnsisteniomt thecdessinikedel enent s,
| ogi cal blo r u i 1 conbi ned

and/ or sepa%;‘feecégf grghﬁé%ﬁ@%hkﬁn%?%%ﬁ%ﬁ%@%ﬁ#@%%bﬁar&;/jehzu'g@?b o(r?mad by a
great er nundlements,flegeal iookes prograco Muaiued, andreirthijis eteraemtsoaay bs. As wil |

be apparent to those of skill, in the. art. ugon readin he present
di scrgsure,C%EWegfaWdzg §q{iﬂrg§e@[}8[ AL q ﬁ’é‘?@ﬁ%lﬁ% §&Y 19 st rat ed herein

has di scret g gAY hgrabtr neBEreT fAREChuMBYr BEcoRpdhéntsorpar ated from or
conbined with the features of any of the other several aspects wthout

depart ity fprogramenedwpe é¥s wildeparpasant teahase of sldllirethesdry upesi t ed met hod
can be carrjed. o i f e i r order
whi oh i 1 oy e et ASelphut, oK B el BENE BhnpBstioibell CLOT
"one aspectandilusaateaspEein haedissrdtd gbngopants and featlirestwinieh nsdy bet ure, or
characteristic,_ descri li)e in connegti gn W{&{éft hf aspect i-i i ncluded in at
| east one aJSPELY SCRAGIGSITORLALFYRRESH! FArESR % PRY 8 gqea?;tﬁ‘g{:t " or "in
one aspect "sdyrhnRpeReCith6@t dephrin$ frift theasepealfithy prédentef erring to the
sane aspect. Unless specifically stated otherw se, it nmay be appreciated
t hat 20 disclosure. Any recited method can be carried out in the order of events
recited or in any other order which is logically possible.
It is worthy to note that any reference to “one aspect” or “an aspect”
means that a particular feature, structure, or characteristic described in
connection with the aspect is included in at least one aspect. The
25 appearances of the phrase “in one aspect” or “in one aspect” in the
specification are not necessarily all referring to the same aspect.
Unless specifically stated otherwise, it may be appreciated that

"o

terms such as “processing,” “computing,” “calculating,” “determining,” or
the like, refer to the action and/or processes of a computer or computing
30 system, or similar electronic computing device, such as a general purpose

processor, a DSP, ASIC, FPGA or other programmable logic device,



terms such as "processing," "conputing," "calculating," "determning," or
the like, refer to the action and/ or processes of a conputer or conputing
30 syst emvoaniigionsdBar el ectroni c conputing devi ce, suchPas/is2generad

pur pose processor, a DSP, ASIC, FPGA o340t her programuabl e | ogi c devi ce,
WO 2011/ 102898PCT/ US2011/ 000289 -34- discrete gate or transistor |ogic,

di screte harglyges § Q?éﬂs‘?stopfo R YicPERRi iR are &%ng&ggg% §ﬁ‘fd to

performthe functi ons escri bed erel n that mani pula ransf or ns
dat a r epr estneinatonpthaseofdesigned ta perforirethg. funetiens dmrtb)edvhe:rhlnn registers

quant t1 o5 W RN RhofE dorbidn ok b RSRRE ST BRTed et T
storage, tr ey elecwonioy withisplegisteigvaresr memories ihfo otEeM@aﬂal‘ymﬁlarmot e that
some asp cts may be descrlbed usi ng the expression "coupled" and

"connect 8d" TEPEITENIRS &S PR¥sIFalqBANEES Wibin ﬁé‘é‘@"loé'reﬁsreﬂ%eﬁo?r ?th€Ended as
synonyms forsu%ﬁqnfo%aﬁén sF&ag@xmrﬁlss@wm dléb@y%e@%és may be descri bed

using the terns "connected" and/or "couple to Indicate that two or nore
el ements are in di Ismrtl'phs%n@talthairscuhe@spe@almasoheai@scmbemuelagnhet her. The

ai roct cont SePTeadlt caunil oo SBnfEGRe” dBhe MR Pl dRFafi T RbEcr wiin |

each ot her. t¥rhdarespenterideds $ymorgnisier eaehbsherf For@xampie,sdhe term
i nterfaces, applicati on pr ogram

"coupl eg" may refer to i terﬁ% ssa e
interfad® ( )‘:‘Ctsé%}‘lgﬁdr éé‘ﬁﬁ@s eéﬁ&“%cpof”@rePWd and/or " ceupief] tq,
appr eci at ot ihdgiteltaBRVEbE irofd eldind g 2 in Wréétspbﬁl 28l 6 biecfiry) s vari ous

arrangenents which, alt ou%h not explicitly de d or 20 shown herein,
embody the pontast wl’@seaqh ether. preéemm mcwlleﬂs’uln@nlamr mray alsemesnd wit hin t he

herein are. ghat i SrfbRPbBmde af AEPL el PafBR W SiRh Sy ISHART The
principl es délcoidpetaterortihteractagitneach otheds With msspethe suftwrpt S contri but ed

to furth rin the a and are to be co rued 25as being w thout
limtation 'Eﬁ%tﬁ é%@é‘?m%%ltﬁ? t?'@&?‘f%tp "e‘ia{ﬁﬁy ERrenintfREeS ons.  Mor eover,

al | staterreraﬁésslagé%t@rffaeéstémﬂ.caf.bﬂﬁw&rsm.nmt(ﬁpna@%ﬁé@ﬁ%s as wel | as

speci fic exanpl esS thereof, are intended to enconpass both ctural and
functional &wREsageerd shéorof . Additionally, it is intended that such

caqui val ents 1ol g bt I GuUCLAI oo BN B LR (highy! V2! ents

devel oped in the fu
devise various arrangements which, although not explicitly described or

20  shown herein, embody the principles of the present disclosure and are
included within the scope thereof. Furthermore, all examples and
conditional language recited herein are principally intended to aid the
reader in understanding the principles described in the present disclosure
and the concepts contributed to furthering the art, and are to be construed

25  as being without limitation to such specifically recited examples and
conditions. Moreover, all statements herein reciting principles, aspects,
and aspects as well as specific examples thereof, are intended to
encompass both structural and functional equivalents thereof.
Additionally, it is intended that such equivalents include both currently

30 known equivalents and equivalents devéloped in the future, i.e., any

elements developed that perform the same function, regardiess of



el ements devel oped that performthe same function, regardless of WO
2011/ 102898PCT/ US2011/ 000289 -35- structure. The scope of the present

di scl osurwp 20tieresosre, is not intended to be |imted toPCHa@Sexamm2ayy
aspects and aspects shown and descri beggherein. Rather, the scope of
present disclosure is enbodied by the appended clains. 5The terns "a" and

L and ¢ BuodRe! ThEscRbe LI BRIsRNHIREIGkd e RtEek!ndliniehBed eoen!
di scl osure (especiallyrn FRe CoRtext of the O|?OWI ny cr?alms are to be
construed t ¢ bevietiteddbhhé keesiplayylaspeatscanidhasgeats ahown@indskesotibed wi se

i ndi cated herei.n gr .clearly contyadicte context,. Recjitation of ranges
of val ues hePER'H %@t?ﬁarr ey%/qqp(ee ugsed éaééurggsgnm%ﬁ%cfwgl’m nmet hod of
referring iggdhah@etpblyméo each separate value falling within the range.

Unl ess ot herw se_i ndicated herein, each individual value is incorporated
into thedspecifi daeitermaiga’ignd tanvand “thedianddiaiipy refeenteusedinethg. Al |

met hods desgy | rel . fAQ i i ANl ess

ot herwi se i ﬁébt%gfcejﬂt%ﬁ rrgls%?t(';ﬂr@d;?ﬁgevﬁ éggg?ﬂ:}g'rn ﬁ@gc%ﬁk‘%)g%:f g%ée)@%' cont ext .
The use of salymanareatiol beezamgitues, toarovex boihl theysihgulguangye teepigral, " such as, "

"in the case,” "by way of ex e") provided herein is intended nerely to
better !IIuWE&?ﬁ??@?%Wm?%% SP%”(%& aﬁxtco}gﬁ'gglcéeci F’Yncf)aﬁxgn on the scope
of the i nveRdcARioH BEfaNges of vaiudBtherdp ik afsreRiftdriiedhe sepachgcat i on shoul d
be construed as indicating any non-cl ai ned el'enment 20essential to the

pract i ct0 of shorhangd, metheshof reférriagfindividenliv ta each raparetevalkgifalingay be
drafted to ' opt.d aent . : LS i S DEYiud S

i nt ended to%@lrn\e{ea%argnéﬁt g}cr{é%egﬁ%thgg@lgg%%F%gﬁer%%ghﬁéﬁﬁggl |ve l"féer m nol ogy
as sol ely, wihgomodateddntoitke specificatieT &s ifrit wetehindhaedualyireeaitedhersin.cl ai m

el enments, or use of negatjive Limtation, 25G.oupin alternative

el enent s orAﬁé‘ﬁ%@Pgsgie%'%b%‘LBerﬁén &am Qrpe?'fﬁ’('}'f”eginﬁg'yégﬂ@ﬁeﬂge&s
linitationsynfgas s gt MeiResd RBikiRBr beietivisetcibarlpBohteaditelthy ndi vi dual |y
or in any conbination wth other nenbers of the group or other elenents

found htd ei aontext.i Bhanse of pay éadiaikexasmrlies, orpfamplanbenguage £ §roup may be
Lo | iy 5 T 4B 58 AR eloROL6E7RRD ReRoRtshsege andlor
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
20 essential to the practice of the invention. It is further noted that the claims
may be drafted to exclude any optional element. As such, this statement
is intended to serve as antecedent basis for use of such exclusive .
terminology as solely, only and the like in.connection with the recitation of
claim elements, or use of a negative limitation.
25 Groupings of alternative elements or aspects disclosed herein are
not to be construed as limitations. Each group member may be referred to
and claimed individually or in any combination with other members of the
group or other elements found herein. It is anticipated that one or more
members of a group may be included in, or deleted from, a group for

30 reasons of convenience and/or patentability.



While certain features of the aspects have been illustrated as descri bed
above, many nodifications, substitutions, changes and equivalents will now
occur to wbasa/wksoBl ed in the art. It is therefore to becuns$esigoonds t hat

t he appended clains are intended to coygr all such 5nodifications and
changes as fall within the scope of the disclosed aspects and appended
claims. WD 2011/ ; / 5 > IS 1. A
conputer-inpleneR&@ggggﬁﬁggg§ﬁ9é%gﬁ?ﬁ%éﬁﬁaﬁgngwgégghﬁpgbéh%f 2 hapti c

syst em t he desgribed spsvenmaoppnodificafioms, agtstduttons, thangespoder 5 conpri si ng
a processor,_a.nenmory...and an i t/output,interface. for recejving and
transmtti ngeq%\fr%‘?mtvf"gﬁ‘of’voo%%wm%et?@Feﬁir '8%@ ,I?{shtg‘eﬁgﬂfﬁjtoel?e provi di ng
an envi r onneiHderstoodithat thbidppehbied Trimartre sntehdéd o barsr 411 S em

determ ning the performance of the haptic system and determ ning a user

sensati oR proedifeations anbchandescas fakwithin the seormettheadisejosed i nput to the
haptic syst %(%beE&eaﬁd)HﬁHér%é | dBlggent ed nethod conprising: receiving an

i nput command by a nechani cal syst'em nodul e that sinmulates a haptic system
wherein the i nput comrand represents an input voltage applied to the haptic
system 15produci ng a di splacenent by the mechanical system nodule in
response to the input command, recei ving the displacenent by an
intensity perception nodul e; mapping the displacenent to a sensation
experienced by a user by the intensity perception nodul e; and 20produci ng

t he sensation experienced by the user in response to the input conmmand.

2. The conputer-inplenented nethod of claim1, wherein receiving



an i nput command conprises receiving a steady state input voltage 25
defined by an anplitude and a frequency. 3. The conputer-inpl enented

met hod ofwol2aimmo2s9swher ei n produci ng the sensati on conpPCITAS2q1000289 Ng a
sensation whi ch depends on the frequengyr-and the anplitude of the steady
state input voltage, wherein the 30 sensation has an intensity expressed in

deci bel s anowiegF1$ lesAIMERf§ N0/ nusi ¢ capability of a haptic system design.
WO 2011/ 102898PCT7T USZUTI/ 000289 -38- 4. The conputer-inpl emented nethod of

claim1, wherein receiving an i nput conmand conprises receiving a transient

i nput vol tage def 2) L wdth, 5 .5 The

conput er -inp enen'%‘gg%&g%%@g] pﬁ%@f‘iﬁ%‘iﬂ%@fﬁ@ﬁﬁ@%ﬂﬁ ﬁ'ﬁf’?q{@yé%ﬁsati on
conpri ses prrmmu:lsygtetrhetheehmisystemﬁcbnfprdewdactmﬁtdrhﬁwe’v\dfmhbnﬂéde and
duration_of the input transient %{ﬁut vol.tage, wherein the sensation has an

intensity exRRLYA0APRELsIRL @M B%I@Egﬁ”UBB”'éOlé?PPE!@t%’fR%Jle lity of a
haptic syst e@ceRfigind trnsmiteng MG &ion mmaﬁﬁﬁerﬁéé&% ?fth@' aim 1,

conprising simlating, by the frechanical system nodule, ingertip
appl yi ng an qaipRiteppeyiding anenvirenment for siystating the mechamm of the

conputer-i I at| aflngertlp

appl yi ng aﬂ %R/E%é‘gg%%ﬂ?ﬂ gﬁh%hd@rfl ’é‘\g{sﬁ% éﬂ?%b%ﬂ? §)é measuri ng
a steady staieiemap@rhsesétosmmbmﬁrbdiucédaﬂ)y tHeeladiptid éys@érhqrﬁl rédpuhigeed by a
fingerti imatin araneters of a fingertip

[ ring and 20es
model by BapgP AtigPY e e SeHE §Yseande SORPLWBEIDEn s melhoch
mass- spri ng-@@ﬁm@‘,n ystem approxi mation of the fingertip. 8. The
conput er -i npl ement ed met hod of claim1, conprising 25 sinmulating, by the
mechani cal syst erffee@uingen @pphcwmr@etzy agnethanicgl systegystogime thadt The

conputer | TRRLRA A MBSl Sk g R R R R ST
steady st at éenpusjoitage appliga wthmlhaipﬂ@sﬁterahear vi brati on produced by a palm
squeezi qg the hapt roé:uml){gS cpéplacement by the mechanical system module in
' response to the input command;
receiving the displacement by an intensity perception module;
mapping the displacement to a sensation experienced by a user by
the intensity perception module; and
20 producing the sensation experienced by the user in response to the
input command.

2. The computer-implemented method of claim 1, wherein receiving
an input command comprises receiving a steady state input voltage

25 defined by an amplitude and a frequency.

3. The computer-implemented method of claim 2, wherein producing

the sensation comprises producing a sensation which depends on the

frequency and the amplitude of the steady state input voltage, wherein the
30 sensation has an intensity expressed in decibels and describes a

gaming/music capability of a haptic system design.



WO 2011/ 102898PCT/ US2011/ 000289 - 39- estimati ng paraneters of a palm
nodel by applying the neasured steady state response data to a

mass- spriwg-2dampessssyst em appr oxi mati on of the palm 51®CThEs2011/000289

conput er -i npl enent ed net hod of claim lggconprising sinulating, by the
mechani cal system nodul e, an actuator of the haptic systemas a force
source in parallel with a spring and danper. 11. The

conput er Ti npl enent ed net hod of claim 10, wherein sinulating 10 the actuator
of the haptidc syFhemsoropqter-freplesegied metgod béclath dawmdereintreceiviag

predeterm ned footprint into a plurality of sectjons 2. A segnented
act uat or f o@Nd "R qrﬁméi?gt(‘@mpri%é rggﬁ'Wﬁt%{fa%'?Ug'f‘BPt X%'ﬂﬁﬂ% %?fs d 15a
pre-stretched A shpfludeGarR apuREBKidRpuUpl ed to a rigid frame; at |east one
wi ndow within the rigid frame; at |east one bar fornmed inside the at |east

one w ndbw, and at | east one el ectrode di sposed on at |east one side
of the at | gast ; rel ' nt,J di r e across
t he diel ect r%l“c oﬁﬂg h%?égut%&ﬁﬁ?leﬁ%ﬂé&té@ eéﬂé 'P ﬁce:laﬁﬁeg%wh%lrﬁee'qﬁ;e{rg%(ﬁ@gt es

el ect r ost at tige pemsstionecamprises priodlieingrthe sehsatiansewhicb depends anftbece on t he

t |east bar . 3. Th yent ed act laim 12  wherein th
bar i< f or neRicEsARg LiatoN e g MR ErarLr g Btade MR TN o0

actuator of sghghtiBnlias 6ATENSHYExFeBed Bl ddoibélb, aryaBSEed SpMSed Within a
predeterm ned footprint, wherein (xi) is the footprint in the x-direction

and (yef0i s cepabifiynf@ haptiq systera MT-ection. 30

6. The computer-implemented method of claim 1, comprising
simulating, by the mechanical system module, a fingertip applying an input

pressure to the haptic system.

15
7. The computer-implemented method of claim 6, wherein simulating a
fingertip applying an input pressure to the haptic system comprises:
measuring a steady state response to proximal/distal shear
vibration produced by a fingertip during key press; and
20 estimating parameters of a fingertip model by applying the

measured steady state response data to a mass-spring-damper system

approximation of the fingertip.

8. The computer-implemented method of claim 1, comprising
25 simulating, by the mechanical system module, a palm squeezing the

haptic system.

9. The computer-implemented method of claim 8, wherein simulating
the palm applying a squeezing pressure to the haptic system comprises:
30 measuring a steady state response to proximal/distal shear

vibration produced by a palm squeezing the haptic system; and



WO 2011/ 102898PCT/ US2011/ 000289 -40- 15. The segnented actuator of claim
14, wherein the force on the at |east one bar scales with an effective
Cross secwDan110f2898e segnment ed actuator, wherein the foPCe/USpein®oERes
linearly with the nunber of segnents, ggch of which adds to the width (y)
inthe y-direction. 5 16. The segrrented actuator of claim14, wherein a
passive spring r ; nunber of
segnments, wherei Engsga mQZ)(‘?IrtQ{IHgF]%rfsfo gmant e Iét&%éﬁy@ﬂgﬁé ggr']ss'}rtgﬁe act uat or
first by shoteady stgte tespaosedata td a mans-springtddrnper systent i on (x,) and
second by addin &Sto thef owi dlth (y) that resists displacenent. 17. The
segnent ed a@PRy 'F”aHPncﬂ 19PN wherein the pre-stretched dielectric

el astonmer conprises a plurality of layers (m, wherein a spring rate and

bl ocked force of the segnmented actuator scale linearly with the 15nunber of
di el ectrPc 1"8yer Ihergomputer-implesrgnied methpd é’frﬁl@ﬂf@d FEMRS$ING simul ating a-
segnented a t efined a
plurality o%@%ﬁ@ﬂt S ’%)'%%ghﬁﬁlgégﬁs%%ﬂghed ?{r‘%%ra(ﬁg?@%gpgcoupl ed to
a rigid framsysteddas lafopreesauncetin padaligi witbcasprmgeémdamer.corrprl sing a
plurality of layers (n); at least two windows within the rigid frame and a
di vider | ocated between the at | east two wi ndows; at |east one bar forned

i nsi de each wi ndCIWe @mb@éﬂmpm@h@@hﬁad@d of 3!@@1361@ Wheaéinl siastatioge si de of
the at | east one bar; a frane edge; and a footprint where xf is the

foot pri P ihe ﬁ@tuﬁi%qfé'&? |h6Ht'%tﬁM5 fn %PB"%%S*?%B?B?”%“Q CWAOry - di rect i on;
t he conput er, reXelos i nput / out put
interface forlﬁ‘?gggn\g/?én%r@ln tra Enﬁtr']ttlarlagﬁ[]%;h%yr%atl gﬁﬂtso and fromthe
processor, the conputer providing an environnent for sinulating the

SoOTent e a6 oL e el S e e RSB B, [

the processepmpaRirgf.f ective rest length (x) of .the segnented actuator in an
actuation direction and an effective width (yi) of the conposite actuator;

deterni hfng, by eHIeptRichaddiclectds ?WW@W&W'%F&?F‘Q'%@W@@ 5 segnent ed
act uat or AeIISTbAL RMInd & ifHin MGG a?fé' me:@ stored el astic energy of
t he segnmented el ectrode as a tfunction of at1ve displacenent of the

out put bar strai at &t gpe hanformed inside the at leasdl enerwindowygandy t he
processor, the f% ﬁaas{ hﬁé e?eac‘!trod%fdiggoese%egnngp fe%gt %r?g ng%aéfQEe%)f?éés? on the

out put bar; and
one bar;

20 wherein applying a potential difference across the dielectric on the
at least one side of the least one bar creates electrostatic pressure in the

dielectric elastomer to exert a force on the at least one bar.

13. The segmented actuator of claim 12, wherein the bar is formed of
25 the same rigid frame material.

14. The segmented actuator of claim 12, comprising a plurality of
segments disposed within a predetermined footprint, wherein (x;) is the
footprint in the x-direction and (y#) is the footprint in the y-direction.

30 |



determ ning, by the processor, a force as a function of displacenent to
produce work sufficient to balance change in electrical energy when a

pot ent i alwoi2bfieresyse i s applied across the diel ectric elaSiusaen/ob@ser eat e
an electrostatic pressure wthin the ehgstoner, wherein the electrostatic
15pressure exerts the force on the bar that acts in a desired out put

direction Th 'FJ{S d I sing:
determ ni ng]1t%he gp%ceggtﬁm%t?gsgp eng(%fﬁ(q?'ﬁfq %Pﬁ%lge@n@rﬁ%@ ~%Tafator in an
actuati on dieastbnerbansdalesevidf ae effectvercrbish seg)iombf tHeeseg:mqamiedte 20act uat or
according to expressions: f .- (2e fe: 25xf is the
footprint iAC { Ofy ¥ elr%lettﬁe)iorcgflnqréaﬁ%fl@%q{i%\pthMheH %‘ﬁ@rﬁ direction; dis
the width oke h\encb \da@RIof whidts alide toMHE Wideh ( ﬁtﬁé?@re&!ﬁgﬁ, n is the nunber
of segnents; 30b is the width of the bar; 2011/ 102898PCT/ US2011/ 000289

-42- a 9s the bar setback; and mis the nunber of layers. 20. The

conmput er - i ene | t he
strain energ?/ de%?%ywaﬁ%%%gte%@n e%ééncgﬁamtg%%@éﬂg(?raggﬁlé%rtpghg rate
expr essi on: ofNHe) actu&or isalep2vith (h2Xsquaire of &8 h@mbat of segments wherein
each additional segment effectively stiffens the actuator first by shortening
the actuator in the stretching direction (x;) and second by adding to the

10  width (y)) that resists displacement.

17.  The segmented actuator of claim 14, wherein the pre-stretched
dielectric elastomer comprises a plurality of layers (m), wherein a spring
rate and blocked force of the segmented actuator scale linearly with the

15  number of dielectric layers (m).

18. A computer-implemented method of simulating a segmented
actuator for a haptic system, the segmented actuator defined a plurality of
segments (n); a pre-stretched dielectric elastomer coupled to a rigid frame,
20 the pre-stretched dielectric elastomer comprising a plurality of layers (m);
at least two windows within the rigid frame and a divider located between
the at least two windows; at least one bar formed inside each window; at
least one electrode disposed on at least one side of the at least one bar; a
frame edge; and a footprint where x is the footprint in the x-direction and
25 s the footprint in the y-direction;
the computer comprising a processor, a memory, and an
input/output interface for receiving and transmitting information to and from
the processor, the computer providing an environment for simulating the
segmented actuator for a haptic system;
30 the computer-implemented method comprising:



2 where: Gis the shear nodul us; and 10Al, A2, and A3 are the principle
stretches in the dielectric elastomer. 21. The conputer-inpl emented nethod
of cl ai mW6,20tiops98si ng: determ ning the stored ecagSeaipmesyy of
the segmented el ectrode as a function-#f- relative displacenent of the bar
strain energy density 15according to the expression: ( \ 2 x WwWXx)=Hy

zo G- P P2 wWhgeRmifkihg2by thePplotdssart ah R¥féctivet rest Rerigth 1xX¥ok the

segmented actuator in an actuation direction and an effective width (y;) of
the composite actuator,;

determining, by the processor, a strain energy density of the

5 segmented actuator

determining, by the processor, a stored elastic energy of the
segmented electrode as a function of relative displacement of the output
bar strain energy density;

determining, by the processor, the force that half of the segmented

10  actuator exerts on the output bar; and

determining, by the processor, a force as a function of displacement
to produce work sufficient to balance change in electrical energy when a
potential difference is applied across the dielectric elastomer to create an
electrostatic pressure within the eIastomerJ, wherein fhe electrostatic

15  pressure exerts the force on the bar that acts in a desired output direction.

19.  The computer-implemented method of claim 18, comprising:
determining the effective rest length (x;) of the segmented actuator
in an actuation direction and the effective width (y;) of the composite
20 actuator according to the expressions:
B (xf —(2e+(n—1)d +nb))
' 2n

and

V= nm(yf - 2(e + a))
where:
25 xr is the footprint in the x-direction;
yris the footprint in the y-direction;
d is the width of the divider,
e is the width of the frame edge;
n is the number of segments;
30 b is the width of the bar,;



X, pis the pre-stretch coefficient. 20 22. The conputer-inpl emented net hod
of claim 18, conpri sing: determ ning the force that half of the
segnent edwacbuatiesysexerts on the bar according to the ePpras3eian00289
ELAS77C (x) =[--Lx "XL zo]G p p (, X4+ P2 3 Xi(p x4 1+- X X
WO 2011/ 102898PCT/ US2011/ 000289 - 43-

ais the bar setback; and

m is the number of layers.

20.  The computer-implemented method of claim 18, comprising:
5 determining the strain energy density of the segmented actuator

according to the expression:
G .
() =2 [0 + (@) + () -3)
where:

G is the shear modulus; and
10 A1, Az, and Az are the principle stretches in the dielectric elastomer.

21.  The computer-implemented method of claim 18, comprising:
determining the stored elastic energy of the segmented electrode

as a function of relative displacement of the bar strain energy density

15 according to the expression:

w(x)={ﬁ--&-zo}
p P

where:
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p is the pre-stretch coefficient.

20 22. The computer-implemented method of claim 18, comprising:
determining the force that half of the segmented actuator exerts on

the bar according to the expression:

(1+—)-C—J |
X;
O]G. 2, .

X i
Frasnc(x)= l:— -z
P p




23. The conputer-inpl enented nethod of claim 18, conprising:

determ ning the force as a function of displacenent to produce work

suf fi ci enwotolibmbsaace change in el ectrical energy when acpatseotioad289
Sdifference is applied across the dielggtric el astoner to create an

el ectrostatic pressure within the el astoner, wherein the electrostatic
pressure exerts the force on the bar that acts in a desired output
direction, wherein the force is determ ned according to the expression:
FELEc(V, x) 230. 5 The aﬁaplxtbr-nraptémentédlmelth@dm) cla@radl BMeenprismg: s vol tage; C

is Capacitance; 15 Er .is r tive diele tr| const ant; and
permttivity of PP@%@B'&Q&EG%WC?H"@ %g-ffﬁ%PBro ARp %Q?é‘ﬁ?@dorﬂ’é?qﬁ&? Werkel ai m 23,
conpri si ng: syfficient to banarfé@t&faﬁgel.n@éd%dl@%?@Wﬁswspét@ﬁﬁéﬂ as a function

of displ acerrent 20according to"the exPr essi on: (V, X) =V2 SO er Y,
P2 (x, ¥ xyiffesenge is applied across the dielectric elastomer to create an

electrostatic pressure within the elastomer, wherein the electrostatic
pressure exerts the force on the bar that acts in a desired output direction,
wherein the force is determined according to the expression:

2 9C(x)

E;'I,I:'(;'(V? x) = 0‘5 .
ox

10 and

where:
Vis voltage;
C is Capacitance;
15 . & is relative dielectric constant; and

& is permittivity of free space.

24.  The computer-implemented method of claim 23, comprising:
determining the instantaneous force as a function of displacement
20 according to the expression:
P (x,+%)

FI:‘I,I;‘C V,x)= V. o &, )it
Zy " X,

i




