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(57) Abstract: A method for fabricating a
piezoelectric macro-fiber composite actuator
comprises providing a piezo-electric material
(20) which has a first side and a second side.
The method further comprises cutting the
piezoelectric material to provide a plarality
of piezoelectric fibers (26) in juxtaposition.
Two electrically conductive films (28, 42) are
then adhesively bonded to the two sides of the
piezo-electric material. The first film (28) bas
first and second conductive patterns (30, 32)
formed thereon which are electrically isolated
from one another and in electrical contact with
the piezo-clectric material. The first and second
conductive patterns of the first film each have
a plurality of electrodes to form a pattemn of
interdigitated electrodes. In one embodiment,
the second film does not have any conductive
pattemns. In another embodiment, the second
film (42) has a pair of conductive patierns (48,
52) similar to the conductive patterns of the first
film. In another embodiment, the piezoelectric
macro-fiber  composite  actvator  further
comprises a pair of anisotropically conductive

32
34

sheets (210, 212) each positioned between one of the electrically conductive films and one side of the piezoelectric material.




pi ezoel ectric material to provide a plurality of piezoelectric fibers (26)
in juxtaposition. Two electrically conductive filns (28, 423 May@004hen
adhesively bonded to the two sides of the piezo-electric material. The
first film(28) has first and second conductive patterns (30, 32) forned
thereon whi ch are el ect ri cajye) OBAFEAY Al O ﬁlhlﬁﬂl[ﬂ#liﬂmlliﬂHIII[IIHIHIIIlIlIEIﬂI]IIIﬁIIIRHHIIrltcal
cont ac ctive
patterns of the first f|In1each have a pIurallty of electrodes to forma

pattern JV;ﬁﬁﬁg |£ﬁ Jﬁ%@ﬁﬂﬁggﬁ?ﬁﬁgﬁ?dﬁ n one enbodiment, the second film
does not | ﬁ B GoD e S Y ETHS I'n another enbodi ment, the second
f|In1(42) as a pair of conductlve patterns (48, 52) simlar to the

conductive patterns of the first film In another enbodi nent, the

pi ezoel ectric macro-fiber conposite actuator further conprises a pair of
ani sotropi cally conductive sheets (210, 212) each positioned between one of
the electrically conductive filnms and one side of the piezoelectric

mat eri al . 28 May 2004 WO 01/33648 PCT/ US00/ 18025 PI EZCELECTRI C
MACRO- FI BER COVPOSI TE ACTUATOR AND MANUFACTURI NG METHOD ORIG N OF THE

| NVENTI ON The i nvention described herein was nmade by enpl oyees of the
United States Governnent and nmay be used by or for the Governnent for
gover nment al purposes w t hout



t he paynent of any royalties thereon or therefor, BACKGROUN ﬁEWTHE
| NVENTION Field of the Invention The present invention is g aﬂopﬁ
related to piezoelectric fiber conposite strain actuators. Description of
t he RelateHQMH@“@bnventional pi ezoel ectric fiber conposiRCEEEYI$MS0rs are
typically manufactured using a layer of extruded piezoelectric fibers
encased in protective polyner matrix material. Interdigitated el ectrodes
et ched or depopjiRIEONCPREC MAEROIFIBER €OMEOSITE ACTUATORANIE top and
bottom of the fibers to formaNUEA@rURENG METHOICt Uat or | am nate.
Protecting the fibers in a matrix polymer strengthens and protects the

pi ezoel ectric material. The resulting package is nore flexible and
conformabl e than actuators fornmed from nonolithic piezoelectric wafers.
These actuators can be easily enbedded within or placed upon non-pl anar

st ruct ur eSQREGIMOOF FTRBVIBVENINGN manuf acturing techniques. In addition, the
use of interdigitated electrode poling permts production of relatively

| arge, directi linvepfiqn| dgsraibedcherein wanmaderbyiepployers of theUsited States  nat ure of
this act uaghang ri Gl f afjﬁ ' .amﬁ St i
deformati gﬁls) In élé??u%%yﬁ&régga%n#gﬁtﬁéng{)e y,éﬁ?ﬁ)gbgrr\%t 0 gaﬁgé&lxrgggu tg(g%uri ng

convent i onthk ppireenbef] apy tayelges théreon orgberposi t es typically use relatively high

cost, extr Q%Q R Gﬁi idﬁfibers. Moreover, alternative nethods
of manuf ac “—which are mlled from | ower cost

nonol i t hi cFipidef delleehtionc waf er s, have been unsuccessful due to the
difficulty of I gni ng. individual square fjbers during actuator assenbly
G thout shi Tt eSO sty ' sesmeuir aiiode pletiai gt SorRa PR Ee o BBs o onarp
corners angkheglges which can sever the interdigitated el ectrode |ayers

during the_final process of actuator assenbly. Both the round and square
fiber ap 44 vi dual handl i ng of piezoelectric fibers

during assembl ygonl bR YiedRIVBY BE0DntpoliRSidtubioRhrt ﬁqn{c?@%\ﬂﬁk%r&i@ﬂ .

manuf acturing costs. Another di sadvantage of conve I piezoel ectric
fi ber conpdkyeref eduded pezpelestric fibers pregssidneprotectiefpolyaicamatrialmatdriagh oper at i ng

vol t ages. ﬂ'te%lgl?at&%r e%cjcrgges\épchéaa&ed%p&ritgd 06 %ggmgpﬁlglrlgy%%ca% placed on the top
and bottom of the fibers to form a relatively thin actuator laminate. Protecting the fibersin a
matrix polymer strengthens and protects the piezoelectric material. The resulting package is
more flexible and conformable than actuators formed from monolithic piezoelectric wafers.
These actuators can be easily embedded within or placed upon non-planar structures using
conventional manufacturing techniques. In addition, the use of interdigitated electrode poling
permits production of relatively large, directional in-plane actuation strains. The directional
nature of this actuation is particularly useful for inducing shear (twisting) deformations in
structures. _

Unfortunately, the methods of manufacturing conventional piezoelectric fiber
composites typically use relatively high cost, extruded, round piezoelectric fibers. Moreover,
alternative methods of manufacture using square fibers, which are milled from lower cost
monolithic piezoelectric wafers, have been unsuccessful due to the difficulty of aligning
individual square fibers during actuator assembly without shifting and rolling. Rolled square
fibers tend to expose sharp corners and edges which can sever therinterdigitated electrode
layers during the final process of actuator assembly. Both the round and square fiber

approaches require individual handling of piezoelectric fibers during assembly, thereby



electric fields which are sufficiently strong to propagate éggpu%ﬂ éhe
protective polynmer material encasing the piezoelectric fib ay¥he

el ectrode voltages are several tinmes higher than those theoretically
required to produce a given strain in,jhe unprotected piezoelectric
material. Additionally, round fibers “have a | ow contact area with the

el ectrode, thereby causing | osses and decreased efficiency. To conpensate
for these | osses, increased voltages are required. Conventional techniques
for applying electrodes directly in contact wwth the piezoelectric fibers

have &ammnﬁghragﬁv@eﬁﬂmpﬁﬁﬁﬂadﬁﬁngcbgwls therefore an object of the present
invention to provide an inproved piezoelectric fiber conposite strain

act uat or an%ﬂoéhmsﬁéwﬂﬁﬁe ofragdivegtienatpiez@tlgdttic Gberqomypopiscactuaterd intlieant ages

of th I S

O ppay SeRUiRRRl o MERTE M brlcatlnld VA dos 251 PeiiRe RDfal s neked B

ot her edﬂmn&cﬁadﬁwﬁlcadvmifﬁ@aaly stiving lio polphgaee thapupdr e protéeti08 fol§mes idaterial N t he
art, are achjeved in the present invention which is directed to, .in one

aspectencasingheg B%fz%?le‘i'fl%lﬁl?‘?fé atheag eiaﬁm@ze@aeeem seveshimes highershan those
CONDI isglPEtidali§ r 163 1P brodlcd) ggﬁérpara% ﬁltthyﬁﬁé}'%gacteﬁg)mﬁélgé B g?atémﬁm' Ithic

pi ezoel ectric’ ma erla havi n I rst side econ provi ding a
backi rglditieellyraundfbens hadhelbwenticterea pithithe electngle] thereby cansing lossen ahde
backi n the first side of the ggructure I s.attached to the

heet ch t
dhes|C%8r%§§e§§f€$eqcl¥ejfﬁﬁ‘&‘wﬂ§m§l‘f‘é"e esedOiSes ARFTEPOURIPESE ME reqielt ure
POSi t iCQREntRMal fREnPGEs 'f&%p?ﬂ@@é elE&rdﬁ'éQHfrE’&lﬂn %Mﬁ&'wlwm% aa&ﬁ Gbbs! C

fibers in juxtaposition he plurality of "piezoelectric ers avi ng
flrstlaﬁﬁﬂ@eéﬁm@tbﬂmesmant correspond respectlvely, to the first and
second sid e struc [ov, rst,fil.mhaving a fir.st

conduct ; ve piatrar e a6 o Bisa PGt AMioR 1 Rioviie por BRI PrEPUBHI  he
first fllenciifpdsite segihtabtor Bl AfclRITbEGaKInE8hhy. | sol ated from the second
conductive pattern, the first and second conductive patterns each having a

plurality ofillgtherobiseisand sdvansagspef deareseniripyentian yall iepart be obviewraidgyillat ed
el ectr, 9 p]f’IP‘IYé lend & §§&9@g B{II m bonding the second filmto the second
t he

side o urality of prezoelectric fibers; renmoving the backi ng sheet
fromthe first side of the plurality of 28 May 2004 3 piezoelectric fibers;

and b i he fir filmto the first side of the plurality of

piezogﬁﬁﬂﬂﬂ&éxﬁﬂﬂﬁﬁﬁigﬂgﬂg£ﬂﬂﬂ the conductive patterns of the first film

el ectri cal iy eGBRAG Jithe oBldifs®hli b¥vatkages, which will be apparent to one of skill in the
art, are achieved in the present invention which is directed to, in one aspect, a method of
fabricating a piezoelectric composite apparatus comprising the steps of: providing a structure
comprising a monolithic piezoelectric material having a first side and a second side; providing a
backing sheet having an adhesive side; positioning the structure on the backing sheet such that
the first side of the structure is attached to the adhesive side of the backing sheet; cutting through
the structure positioned on the backing sheet to provide a plurality of piezoelectric fibers in
Juxtaposition, the plurality of piezoelectric fibers having first and second sides that correspond,
respectively, to the first and second sides of the structure; providing a first film having a first
conductive pattern and a second conductive pattern formed thereon, the first conductive pattern
being re electrically isolated from the second conductive pattern, the first and second conductive
patterns each having a plurality of electrodes that cooperate to form a pattern of interdigitated
electrodes; providing a second film; bonding the second film to the second side of the plurality of

piezoelectric fibers; removing the backing sheet from the first side of the plurality of



pi ezoel ectric fibers. BRI EF DESCRI PTI ON OF THE DRAW NGS The_f eatures of the
i nvention are believed to be novel and the el enents charact & M&¥200%¢ the
invention are set forth with particularity in the appended cl ai ns. The
figures are for illustration pur poses, only and are not drawn to scale. The
invention itself, however, both as to ~organi zati on and net hod of
operation, may best be understood by reference to the detailed description
which follows taken in conjunction with the acconpanying draw ngs in which:
FIG | is a perspective view of a typical piezoelectric wafer. FIGS. 2-7B
are pegisjeicirdcdiberswhd bbidisg thetfirardilpre ey filgesidesMNhe phk ARG oPpickiedii@sent
invention for nmaking a piezoelectric macro-fiber conposite actuator. FIG 8
is a ti#srpruch that i ondedive patiens potde Sirs fibw| clastriqally sertae-the plaralignabosi t e

act uat gzoe{%@mcr}gj gg ectrically conductive extensions attached thereto. 28
May 2004 WO 01/ 3648 PCT/ USOQ 18025 -4 FIG 9 is an expl oded, perspective
view illustrating an actuator fabricated in accordance with an alternate

enbodi f t f e _present invention. FIG 10 is an expl oded,
per spe&iﬁ%%FéﬁlﬁP + Ngﬁ@%ﬂﬂ&éor fabricated in accordance with a

further enbpgd feRBtes %g &fehﬁ‘véﬁﬁ%ﬁ% il oM es6aank [ﬂi’eeéf'ignjgé}ﬁs cl!:a!r%?r?]stik oS an

expl oded, perspective view illustrating an actuator ricate

accor dhaowenlianarg eet fart withrpagivobadityrisrthe appentied deino@The figtdee aerfes ent

i nvent.j,on. .. FIGS. 12A.and, 12B are rspective views, i strating an

et oarh¥atip pREost G S fariran i HRFehe PRl bR RO tohe

et hothr@dniZdtion Rh& SRfMod dToRBation mayHelbdEdeREodRyRE N thEldelaliMENTI ON 1 n

describing the preferred enbodinments of the present invention, reference
wi || plescripdiga viuehefollows takeg dn canjurmtion withithe aecamipagsing dramtingstin whieh: nuner al s

refer to |i t . i ion . Best Mode for arrying Qut the
| nvention Fgg é§ frasfar%{a&%%cﬁleg‘?lg%)f?ﬁ%ﬁ&ﬁPlse?m%}%c]erécgf%elrhe nmet hod of the present

i nvention efG8l L9B d4re puispieciige aicharillastatieg prifa@redah@ho®fepsufthexasp e, waf er
20 is fabri c?t ed from unel ectroded, )
invention for making a piezoelectric macro-fiber composite actuator.

FIG. 8 is a top plan view of the assembled piezoelectric macro-fiber composite actuator

having electrically conductive extensions attached thereto.



pi ezoel ectric material. In one enbodi ment, PZT-5 pi ezoel ect%@l cgros
material is used to fabricate the wafer 20. However,

under stood_t hat any piezo-electric nmaterial nay be used to fabricate wafer
20. In a pr&t8PPeE enbodi ment, piezoel ectric wafer 20 haZCHUSOi®khess

bet ween about 0.002 and 0.010 inches. Referring to FIG 2, the next step
entails disposing piezoelectric wafer 20 on a relatively thin pol yner
backi ng sheet 22. In a preferred enbodi nent, the pol yner backing sheet is
nmoder atel y adhesive so as to facilitatethandling during the subsequent
steps of the fabrication nethod of the present invention. Referring to
FIG 3, the nedlGs? smneupipdadseasspreivaiviey iduspriinganiagtpator fablicgted ibr  channel s 24

on pi ez0el gebibdcolRhh agamtgmedb&émﬁﬁéh%éthaéo%gggenftmgmgﬁ substantial l'y

the entire t ness 0 not co etely slice the
under | yi ng pol )Ftiﬁr 1higek exodst grspaive Tiwslhstrapg an egudtosfabrivateti® creat i on of

a sheet of | el.ectr r bers 26 attached to the
pol ymer bat {’rﬁg‘“?)(’“ﬁ qﬁrzﬂper?%gc’élm?net E@F & e)rgrt‘)%%cﬁees?n MYFBL 24 are forned by
a machi ni ng prRiGesslstahaxplmespeaspe@mlewulaisirgam@\aanbtahbefamﬂﬂﬁﬂﬁ:er controlled

di ci ng saw. wever., ot her ttln be used, e. | asers. In a
ot of o bsehaensin yokalbihec fltodse Shogetad Yool Gisrdatus

PCT/ US00/ 18025 Fléssmsar@mtzaadré yeraﬂaaweamsmudmmgmhaiimr&“aﬁieatwﬁ]n about

0. 001 and O. 005 i nches. each slot 24 can have a width | ess than

0. 001 i nchassprdance it yet ‘h@ﬂhg ng‘mﬁtrpftheﬁméh%‘é"ﬁlﬁﬁf%‘;ﬁm IRMERERS ment , each
macr o- f i beppZANAS DRSWRINOREOMERIR RRAWTIGRE (1) and (2) two tinmes the

t hi ckness of piezoelectric wafer . However, each macro-fiber 26 can have
a width that idndesssbing Hhemraférecdiemboitiments obthe piesenbiivention. refewngeowill2e or

greatér t ARl i otlﬂgs. 5 I]flﬁ %?ﬂ%%r r,ggés@ Frﬁlglfirﬁcr}uﬁe?ais\'@eﬂo li%glfeaﬁﬁé orfliﬂeng to

FIG 4, the next S non-conducti ng
fil m el emremtentibinat w I I be bonded to macro-fibers 26. One such film el enent

is film 28, . Fi I%] éf{ !c?n ﬁe f.abrj zatgd from any type of electrically
non- conduct! Png % the electrically non-conducting
materi al is falRdfa@ahed Hig.amir fpokiep o e mefBog ofmuptea&iitmvsmio%maﬂls i's

Kapt on(r) msme act ured and Hf?r ket ed by Dupont In a preferred
embodi ment PrOYIINGA SETHEECAC WARE R JL8 exstlie Bidfen %&tfawcef% omigelertigded.i nches.

Pr ef er abl YpieddeleBiric material. In one embodiment, PZT-5 piezoeleciric ceramic material is used to
fabricate the wafer 20. However, it is to be understood that any piezo-electric material may be
used to fabricate wafer 20. In a preferred embodiment, piezoelectric wafer 20 has a thickness
between about 0.002 and 0.010 inches.

Referring to FIG. 2, the next step entails disposing piezoelectric wafer 20 on a
relatively thin polymer backing sheet 22. 1n a preferred embodiment, the polymer backing
sheet is moderately adhesive so as to facilitate handling during the subsequent steps of the
fabrication method of the present invention,

Referring to FIG. 3, the next step comprises forming a plurality of slots or channels 24
on piezoelectric wafer 20. While the slots 24 extend through substantially the entire thickness
of wafer 20, they do not completely slice the underlying polymer backing sheet 22. This step
results in the creation of a sheet of side-by-side piezoelectric macro-fibers 26 attached to the
polymer backing layer 22. In a preferred embodiment, slots 24 are formed by a machining
process that uses a commercially available computer-conirolled dicing saw. However, other

cutting methods may be used, e.g. lasers. In a preferred embodiment, each slot 24 has



28 has width and | ength di mensions which are |arger than thg wi dt h and

| ength of piezoelectric wafer 20. The reasons for this con ?@ﬁW&ppﬁn w | |
be di scussed bel ow. Referring to FIG 4, film28 conprises two electrically
conduct i veVBB¥ths 30 and 32. Conductive pattern 30 cdifIYSIULSE

| ongi tudi nally extending portion 34 and interdigitated electrode fingers
36. Conductive pattern 32 conprises a longitudinally extending portion 38
and interdigitated el ectrode fingers 40. In one enbodi nent, conductive
patterns or electrodes 30 and 32 are f-s+nmed on film 28 using a

phot o-resi st -and-etch process and pre-bonded polyim de-copper sheet

| am nat e (sbgantBlipthat{ms widih; ahick {srbetvecep peout 01080 addAnd0Iatakesy . Hdwever, egghef er r ed

nmbodi t, t t hi ck f .th heet i.al s b bout
0 0005 andlotF et Ve ERGER 1% el § gf B r SRS S i dsuftn, 435 REFIRET, Shness of
3bout 0. QOﬁx?b_ddhﬁém, leach maerofibed 2d hgapalidttetstlden abdit bhoU Y ind (Dprvfoaintg @hen g

escri pt I on

.is in_ ter of conductive patterns _30_and 32 bejng. fabricated
from coppetickhisee! RIGEOBFFIEF WAt AL Hegyet _ea?‘ RIS e by &2 W@?‘gﬁhﬂt ol d,
silver, etfggs tRARhethiRndi€ otisi&eledNE wRR) Y0 57 Sen&ARMUGLd IR thBkREI G | ami nate
may also wutilize an el ectro-deposited conductive |ayer instead of a

pr e- bondedpiewnlgeiee WpEr Sheet , such as rolled and anneal ed copper. Referring
to FIG 4, in gpLaleime &W@Mg& i’sg}q gﬁ%&%&f@%ﬁ%&ﬁﬁl&%oﬁgﬁﬁhﬁggm

| ongi tudi nal | y extendi ng portions 34 81s a SIX tinmes t

t hi ckness fifn grasntsehas ol becbonded rmRM-filbane26. Henesspelchilmeldyentie Elm 28. Film
interdigitated,electrodes or "fi rs: 36 and 40.is about. 28 May 2004 WO
01/ 33648 PEREBPTRESETSR St e nP e B S p e et 1 o v er
20. The cesadiniat, clerdletrcapatini®ndicting magtialudiatidatey fiext cpulyimige pOnE | ons 34
and 38 and interdigitated electrodes or "fingers” 36 40, however, can
be ot her  t HAGBEEFPEOKe FanyRRATRL AP ?et?fﬁév Wwﬁgﬁ PBHEE i ve
patterns 3éniatned? filfYs AavEehRikiesSbrivedal sBow ociods aked. 601 ihdhgs. t Brefet 69, fildr 4,
film22 has width and | ength dinmensions that are |l arger than the wi dth and

| ength of # ksoudhand epsthamension ichease lagecpthanihe tifth o lpmivafpicoplectri
- Longi tudi ngld.yao, eiﬂe%@ﬂb&qbpéﬂfstcbmg%@%n%ﬂbéd&?&%d g&&@.UCt ive patterns 30 and

32, respectively, away from piezoelectric wafer 20. This configuration
signi ficantly |Refgapgtotiie. pdilmBicainpfise twa elediioally endugiwe potersiirasd 3% caused

by highly BS’JHuHﬁUefp‘Rﬁgﬂl%b%S&Hns%E‘L IC}fn.éi?lla%aﬁ} é&éédﬁ'}étpiomﬁniﬂ aﬁfﬂi[e?ag’ita?e%neat h

electrode fingers 36. Conductive pattern 32 comprises a longitudinally extending portion 38
and interdigitated electrode fingers 40. In one embodiment, conductive patterns or electrodes
30 and 32 are formed on film 28 using a photo-resist-and-etch process and pre-bonded
polyimide-copper sheet laminate {e.g. Dupont® Pyralux® copper clad laminates). In a
preferred embodiment, the thickness of the copper sheet material is between about 0.0005 and
0.001 inches. For example, a copper sheet having a thickness of about 0.0007 inch has
provided good results. Although the foregoing description is in terms of conductive patterns
30 and 32 being fabricated from copper-sheet matenal, other types of sheet materials, e.g.
gold, silver, etc, may also be used. The polyimide-conductive material laminate may also
utilize an electro-deposited conductive layer instead of a pre-bonded conductive sheet, such as
rolled and annealed copper.

Referring to FIG. 4, in a preferred embodiment, the center-to-center spacing of
longitudinally extending portions 34 and 38 is about six times the thickness of piezoelectric

wafer 20, and the spacing between interdigitated electrodes or “fingers” 36 and 40 is about



and "adj acent to the longitudinally extending portions 34 and 38.
Additionally, this packaging concept affords a seal ed eIec?%W@¥@09§sten1
protected fromthe environment. Referring to FIGS. 4 and 5, -a second film
42 is fabrveav¥e4s n accordance with the steps descri bed®CABENESN one
enbodi ment, film 42 conprises conductive patterns or electrodes 44 and 46.
Conductive pattern 44 conprises longitudinally extending portion 48 and
interdigitated el ectrodes or fingers 50. Simlarly, conductive patterns 46
conprises longitudinally extending potg.ion 52 and interdigitated

el ectrodes or fingers 54. Conductive patterns 44 and 46 of film42 are

"mrror i negass tRithielRGUE bicy et 203 Thabshted do-cert@Spaitigiorel y, of film
28. The next step conprises positioning filps 28 and 42 as. shown ;r{@ FIG 5
such t hat lprgindipalycstiopdinmpartionei4and 8 and ipterdisigfed glechresles Ph P& AN fi | m 42

confronts fRow@lh@hin & HRer tanMR&ckiBed dH86E. SFuternford) @Gl rRaiduervas 30 and 32
of film28 are directly aligned wth conductive patterns 44 and 46 of film

42. Thus, reteasd? pyd3Zyanthevaany3oitalwidth. are in "mirror-i mage" al i gnment
wi th conductiv : i | bers
%e?}?ﬁ:iget}r?gG 42-@’1%‘3&@ h?i\é@ﬁlsanhl é%h}[ﬂ:lﬁ&@%ﬁ?thgtf ardBfgePhak

26. Al though fi een ScCri Int oregol ng description as
havi ng cothelwidth wel Ipath efipizotlbenewafer 20 Jors 4@ perant theeplaementgf agitwdintalput  any
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acrylic, etc. rring to FI 6A, the first step in the bonding process

i's to coatconrpt efferds # ergled plseiEicd systam proteptefifion the PRITGRTE y thin 28 My 2004
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sheet 22 and nacro- ers 26 are then pl ace_gl on fi such that
macr o- f i bedes@®ed abrvac insonetembegimest, flonteebninsists condustienattome of ¢l¢aiodss 441 i ght
pressure, jndicate g 6 . - Je cuumto
partially %"@?fg‘ t Oggluecgg?(@aﬁeﬁlgyéﬁowgpegg%%ﬁﬁ?lﬁ%ﬁr?gt%?déé [ l-ééér}'s‘?sta\éﬁeI ectrode film
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bot t om el egdtieAd@4 and 46 of film 42 are “misror images” of conductive patterns 30 and 32,
respectively, of film 28. The next step comprises positioning films 28 and 42 as shown in FIG.
5 such that ﬁ]rﬁ 28 confronts one side or face of macro-fibers 26 and film 42 confronts the
other side of macro-fibers 26. Conductive patterns 30 and 32 of film 28 are directly aligned
with conductive patterns 44 and 46 of film 42. Thus, conductive patterns 30 and 32 are in
“mirror-image” alignment with conductive patterns 44 and 46 across the thickness of macro-
fibers 26. Although film 42 has been described in the foregoing description as having
conductive patterns thereon, film 42 may be configured without any conductive patterns.

Referring to FIGS. 6A, 6B, 7A and 7B, films 28 and 42 are bonded with an adhesive

to macro-fibers 26 to form a flexible laminate. In a preferred embodiment, the adhesiveis a
two-part liquid epoxy to bond films 28 and 42 to macro-fibers 26, An example of such a
liquid epoxy is Scotchweld DP-460 epoxy manufactured by 3M Company. However, other
types of bonding materials can be used, e.g. urethane, acrylic, etc. Referring to FIG. 6A, the

first step in the bonding process is to coat the electrode face of film 42 with a relatively thin



film42 by the epoxy. An additional coat of |iquid epoxy is_now applied to
macro-fibers 26 in order to fill all machined slots 24 bet%@ﬁyggﬁ‘hcent
fibers 26. AB |ication of epoxy in this manner serves to substantially

el i mi nat e 4P P3368ket s bet ween adj acent, alternately chaf§E@SVEI8EE: r ode
fingers 36, 40, 50 and 54 in the final assenbly. The elimnation of these
air pockets substantially reduces the probability of electrical arcing or
per manent shorts which would render the actuator inoperable. Referring to
FIGS. 6B, 7A and 7B, after slots 24 arg-filled with the epoxy, the next
step is to apply a relatively thin coat of epoxy to the electroded face of
upper fi | nay28of Iiyedtepoxyf iRefr to F1Q! 6R; ahkeePbanyl rsdcotefiston?d wathen plaeedpmevi ousl y
coated surface o cro-fJi be 26 such that caonductjve el.ectrode patterns
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al i gned. ThasnetidiGitebyarbaisbsandmMehtytrd\gpiaaia hah@upl 10 patialy curd ik epdxgd by
arrow 58, and heat to the assenbly of sheet 22, filnms 28, 42 and
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relatively thic conducti1ve pat s or electr and 44,
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| i ne between the unel ectroded.portions of filnms 28 and 42 (i.e. the
portions ° ptanpplpgedisesy apwgg}\'&wﬁfje%ca&fﬁ'aaef pey@ansat BPﬁYg’ﬁhH’OFlidbers 26 is
suf fi ci entrbpgef ihe Ghuitor keRPabld 1 | M8 28 and 42 attached. This process results
in a |ongitudinal node piezoelectric fiber actuator 10. As shown in FIG

8, conductive pBaferingie FIGS. 5B 742047R, afiepypid dd agifitlnd vith therepeat thy 198 My 2004

Vo 01/ 336%@?&&#@2‘3@&%@%&@% cgﬁgﬁ\é}gcg(x?\f@th%)&egﬂ?édeﬂ%e@ﬁﬁ:@ﬁp‘?lzpz& Next,

respective g operation, ernal power supp not shown) is
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substantially aligned. The next step entails applying moderate pressure, indicated by arrow 58,
and heat to the assembly of sheet 22, films 28, 42 and macro-fibers 26. The heat and pressure
are applied in a vacuum until a substantially complete, void-free cure of the epoxy is attained.
Application of this pressure also forces the relatively thick copper conductive patterns or
electrodes 30, 32 and 44, 46 to contact and rest upon the flat surfaces of the macro-fibers 26.
Such contact between the relatively thick copper conductive patterns or electrodes 30, 32 and
44, 46 and the flat surfaces of macro-fibers 26 creates a bond line between the conductive
patterns or electrodes 30, 32 and 44, 46 and fiber 26 that is extremely thin or “starved”,
resulting in only a minimal attenuation of the actuator’s electric field produced when voltage is
applied. The bond line between the uneleciroded portions of films 28 and 42 (i.e. the portions
of films 28 and 42 having no conductive pattern) and fibers 26 is sufficiently thick to keep
films 28 and 42 attached. This process results in a longitudinal mode piezoelectric fiber

actuator 10.

As shown in FIG. 8, conductive patterns 30 and 32 are provided with electrically



50 and 54. This polarity generates electric fields directed_al ong the

| ength of fibers 26 in the regions between adjacent |nterd?%W@¥ g4

el ectrode fingers 36 and 40 and between fingers 50 and 54. The

i nterdi gi t WOS#3wkct r odes 36, 40 and 50, 54 are al so usescTiusoo/metsari zi ng
the piezoelectric fibers 26. Polarization of the macro-fibers 26 is
typically required before operating the device as an actuator.

Pol ari zation is perforned by applying a steady voltage across alternate
el ectrode fingers 36, 40 and 50, 54. In,one enbodi ment, a voltage which
generates an average electric field intensity of apprOX|nater 300% of the
roomtenpe =Te I used.
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the presenindisavention. Shear-node actuator 100 is configured to aI I ow
conti nuous twi stin s to be easil oduced in a host structure,
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102, 104 ‘and fibers 106 are adhesively bonded together "'using an epoxy as
descri bed ensevies thedevoansias eetnater. fl?ctb%ﬂstlolowme@ep@ph‘t%d stdady woltz®8 whi ch

are the re e bee revi.ously
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110. Preferably h sI 108 fornmed .a ect to
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an induced strain in macro-fibers 26. The largest strain produced occurs along the fiber length

direction, with a contractile strain occurring in the transverse direction.
(2) Aliernate Embodiments

FI1G. 9 depicts an alternate piezoelectric fiber actuator 100 of the present invention.
Shear-mode actuator 100 is configured to allow continuous twisting moments to be easily
produced in a host structure, e.g. high aspect ratio structures, beams, spars, etc. Shear-mode
actuator 100 generally comprises films 102, 104 and piezoelectric fibers 106. Films 102, 104
and fibers 106 are adhesively bonded together using an epoxy as described above.
Piezoelectric fibers 106 have separated slots 108 which are the result of a cutting or slicing
process as has been previously described. Fibers 106 define a longitudinally extending edge
110. Slots 108 are formed at an angie with respect to longitudinally extending edge 110.
Preferably, each slot 108 is formed at a 45° angle with respect to the longitudinal extending
edge 110 because such an angular orientation provides optimum results in inducing
piezoelectric shear stresses within a host structure. However, slots 108 may be formed at a

different set of angles with respect to the longitudinally extending edge 110.



Film 102 includes two conductive patterns 112 and 114 forrregl Mgereon.
Conductive pattern 112 includes a |ongitudinally extending % ¥i288* 116 and
interdigitated el ectrodes or fingers 118. Simlarly, conductive pattern
114 i ncl udw@ tas336dhgi t udi nal | y extending portion 120 anddnusse/tiozs t at ed

el ectrodes or fingers 122. As shown in FIG 9, fingers 118 are angul ated
with respect to longitudinally extending portion 116. Simlarly, fingers
122 are angulated with respect to longitudinally extending portion 120. In
a preferred enbodiment, fingers 118 and, 122 are forned at a 45 angle with
respect to portions 116 and 120, respectively, so that fingers 118 and 120
are substanti alg; sl ' ' , film
104 i ncl udes tm%%cg%duct [ %/@Hp%'? %%gﬁiﬁh%fﬁlg gﬁ&fﬁggf%%n%gﬂaoﬁg? ggdrﬁm W
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a  pref er r egpeenoQetigitedihally bke@iigSpolith 120d nl3greR8d bAbdMRRend fingerd P190@ € Wi th
respect tomoort ons, 128 and 132, respectlvelié so that fingers 130 and 134

are subst aht428f fymebtdéndreale With fespechiw poftiope f 16 andd 20.ApspReilygh- S9th#h 104 has

been descrjzheg 118 shd €20 9¢ SBRLAGIFESSHiREEAR RSAJAVIRY  conducti ve patterns
thereon, film 104 may al so be configured w thout any conductive patterns.
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manner as descri bed above. "FIG 10 illustrates a further enbodi nent of the
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conductive patterns thereon, film 104 may also be configured without any conductive patterns,
Films 102 and 104 are bonded with an adhesive to macro-fibers 106 in a process similar to the
process previously described for assembly of piezoelectric fiber actuator 10 and shown by
FIGS. 6A, 6B, 7A, and 7B.
Actuator 100 further includes four electrical conductors (not shown) wherein each
electrical conductor is electrically connected to a corresponding one of conductive patterns
112, 114, 124 and 126. In a preferred embodiment, each of the electrical conductors are
positioned near the edge of films 102, 104 and function to electrically connect actuator 100 to
external electronic circuitry (not shown). The four electrical conductors apply electrical
power to actuator 100 in the same manner as described above.
FIG. 10 illustrates a further embodiment of the actuator of the present invention.
Actuator 200 generally comprises a plurality of piezoelectric macro-fibers 202 separated by
slots 204, and films 206, 208, 210 and 212. Slots 204 are formed by the slicing or cutting



28 May 2004 WO 01/33648 PCT/ US0O0/ 18025 -10 net hods previous@i deﬁﬁé'bed
herein. Filnms 206 and 208 are generally the sanme in constr May filnms
28 and 42, respectively, discussed above. Film 206 includes two conductive
patterns 2¥Q0H33648216 formed thereon. Conductive patterrc2U8ovma2sudes a

| ongi tudi nal ly extending portion 218 and interdigitated el ectrodes or
fingers 220. Simlarly, conductive pattern 216 includes a longitudinally
extending portion 222 and interdigitated el ectrodes or fingers 224. As
shown in FIG 10, fingers 220 and 224 gse substantially perpendicular to
| ongi tudi nally extending portions 218 and 222, respectively. In one

enbodi Mentyerfdal Preofdfsl @&Hﬁt{aﬁﬁ%ﬁ%}hﬁ?%@’&g!26@@%%&&5119%2%%%0' 228.

Conductive pattern 226 includes a longitudinally exteéen g portion 230 and
i nt er di gi tcansepctian asditmotbeand 92, kipagtively, distossedbimmwn) . Sinilarly, conductive
pattern 228 in . It udi I ' | Qn .
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Act uat o J08P AL 1IIEB APASaYe BRSSO DOV P PR Pt adh et
210 and 2Xkad inp@8ighdten@etuotestdr Eing 928N AsBAsHOMIVEG. 1, GRged BOtahi 024@er o- fi bers

202. Each f'ésléam_ 0 and 212 has, generally the same surface area as the
S

total surf¥Y Pegpendieular se losgitydinelly,grtendingipggions 2i§and 2g2, respedivlyand 212

are used to bofgodd dnitediafes, ﬁﬂgz()%%mﬁﬂsersli‘@o BRAARL patdnisn28RRd 924 | bers 202,
Each film 210 and 212 conprises a thernoset/thernopl astic adhesive matri x.

In one entfermivgiive pattene2ipdndudey a lavgitydinelinederdingipotion 238 ankintsedigitatedout 0. 0001
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particles. ese co ctive partic provi de” conductive p rough the
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whi | e r enailsaibe gofiganid viithalid any coriiatidle@ditdriom adj acent, oppositely charged
fingers. In one enbodinent, the conductive particles have a_di aneter of
about 0. 0005 i ACREELPGurBeTroxIREses ansQtEnRisplysonguckys g’mﬁi"lr pheets 31 anddiZno. 3M
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general ly the same ani sotropically conductive characteristics as the
af or enent iR eererallntiiesame surface area as the total surface area of piezoelectric macro-fibers 202,

Films 210 and 212 are used to bond films 206 and 208 to the piezoelectric macro-fibers 202.
Each film 210 and 212 comprises a thermoset/thermoplastic adhesive matrix. In one
embodiment, the adhesive matrix has a thickness between about 0.0001 and 0.002 inches. The
adhesive matrix has randomly loaded conductive particles. These conductive particles provide
conductive paths through the thickness of the adhesive film, but not through the plane of the
film. This pathing arrangement permits the fingers of films 206 and 208 to be in direct
electrical contact with the underlying piezoelectric fibers 202 while remaining electrically
isolated from adjacent, oppositely charged fingers. In one embodiment, the conductive
particles have a diameter of about 0.0005 inch. Films 210 and 212 comprise Z-Axis Film,
product no. 3M 5303R, manufactured by 3M Company, Inc. However, other films having
generally the same antsotropically conductive characteristics as the aforementioned Z-Axis
Film may be used.

Referring to FIG. 10, before final assembly of actuator 200, slots 204 are filled with an

electrically non-conductive matrix epoxy to prevent the development of air pockets. The



Filmmy be used. Referring to FIG 10, before final assenb#%yo&é@ﬁ&uator
200, slots 204 are filled with an electrically non-conduct a "X epoxy
to prevent the devel opnment of air pockets. The 28 May 2004 WO 01/ 33648
PCT/ USOO 188833648 . application of the epoxy is inpl eneREEFNHIEFEner al | y
t he sane manner as previously described for assenbly of actuator 10.
Referring to FIG 10, the use of filns 210, 212 to bond filns 206 and 208
to piezoelectric macro-fibers 202 creates relatively strong bond |ines
that are maintai ned beneath and betwegn-fingers of filns 206 and 208. In
an alternate enbodinent, filnms 206 and 208 may be added during the

f abri cat i cappbéatibinef thé epuxy ixinigiemerntedhin@engpally \theosdtik ynathes as prodicusndtsagiesn in
FIG 9. FIfG 11 ﬁhO%NS ano Qer enbodi ment of the actuator of the present

i nvent i on. POARSSERISP a%&“é neral |y conprises a nonolithic piezoelectric

waf er 302 and fRAFIFEnBRFIGNTD, Hduse YiIRE 21302 1H36nd GInr08 UELIhsas a
| ongi t udi nal - nnde or shear-node actuator- Filns 304 and 306 have el ectrode
patterns aMerosieengaREPAbey 20k sreatshishatively yipag bord linghihaiars mpintainog benseth 42

descri bed itRMReRNEkeP \Wind 2067h%08. 4inah dtnat&bhtB M, GRRPI06588 268 may
conducti ve--pattern 8 which has a longitudinally extending portion 310

and i nt er dvefidded éuing thedebrisatéan of thefshegganasle 3atpatopreviewlyslesaribedand showrpini ses
conductiv btern 314, which has a longitudinally extending portion 316
and interdigitfated electrodes or fingers 318. As shown in FIG 11, fingers
312 and 318 ar &lSubkshans raithey empedipemdf the laenatboofl tbngedeuthventibry Actbaordi ng

ti 3 d 316 . tively. | ne [ t, fil m306 rises a
e e N B L A
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conducti ve gattern 326 having a | ongitudi nal Icg ext endi ng portion 328 and
i nt er di gi t de¥QdepHternsad aregeierally dis same apronsteuclonyifilim 284nd 42descipediger s 324

and 330 ar govsiashant irdhiGE. Pesgeendi cul ar to the | ongitudinal ly extending
portions 322 and 328, respectively. Film306 may al so be confi gured

wi t hout any corfiiflcidhrempeites @ corductnieinagers 628 whigh bo6: Inmgjtudisallysiigeding o waf er
302 by anypd?{ioﬁ f‘ﬁ) ﬁﬁﬁﬂ&qiﬁitﬂé@éﬂéﬁ%ﬁésyor fingers 312. Film 304 further comprises

conductive pattern 314, which has a longitudinally extending portion 316 and interdigitated
electrodes or fingers 318. As shown in FIG. 11, fingers 312 and 318 are substantially
perpendicular to longitudinally extending portions 310 and 316, respectively.

In one embodiment, film 306 comprises a conductive pattern 320 having a
longitudinally extending portion 322 and interdigitated electrodes or fingers 324. Film 306
further comprises a conductive pattern 326 having a longitudinally extending portion 328 and
interdigitated electrodes or fingers 330. As shown in FIG. 11, fingers 324 and 330 are
substantially perpendicular to the longitudinaily extending portions 322 and 328, respectively.
Film 306 may also be configured without any conductive patterns.

Films 304 and 306 may be bonded to wafer 302 by any of the methods previously
described. The omission of the machined slots in wafer 302 significantly reduces the per-unit
cost of actuator 300 and provides a relatively high actuation-efficiency device. Additionally,
the lamination effect of the attached electrode films 304 and 306 provides actuator 300 with a
predetermined degree of flexibility and conformability which, although not as great as
actuators 10, 100 and 200, makes actuator 300 suitable for applications wherein endurance

and fatigue life are not major considerations, for exampie, launch vehicle payload shrouds,



descri bed. The om ssion of the machined slots in wafer 302 si g‘gificantly
reduces the per-unit cost of actuator 300 and provides a ré} &ey¢8P4 high
actuation-efficiency device. Additionally, the lam nation effect of the
attached eVe&¥#38H¥e films 304 and 306 provides actuator ZEHURRKIRZH
predeterm ned degree of flexibility and conformability which, although not
as great as actuators 10, 100 and 200, nmakes actuator 300 suitable for
applications wherein endurance and fatigue life are not major

consi derations, for exanple, |aunch vehicl e payl oad shrouds, 28 May 2004 WO
01/ 33648 PCT/ US00/ 18025 -12 torpedo bodies, mssile stabilizer fins, etc. A
further entogeidorbetiesphistilestabiitardingretcof t he present invention is given in

FIGS. 12A and /1 The first step in fabricating actuator. is.to bond
Fogot her a ol urSoribsr GpopiERtqr lsralty PRRE pEStob MarEioh B Hagh it DC50524 0 form a
stack 404.ankin2B. phefist stgoin Ebbiodingattuaton4d0iisitd ldne pR¥ther ASuRANtG\OF lkikdly
described is used to bond together the wafers 402. Stack 404 nay be of
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may be usedd ETRFEANE REEAPRIEA R AVAEIN, o ndl ed and packaged in the same

manner as nmonolNdxhistaclki®zie Sliced barkifel WAhe thickndst didBoefHAHNIRIME lengdilie t hi ckness
of each sheet 410 is about equal to the thickness of one of the

pi ezoel ect firtiouartipdicatebby datigd fieesr8%.rtp PEqvider Phuality efowletesty, thisapiproskese 410
may have agbhi Qi@lqﬁ $nd Qﬂﬁodir?egk,gﬁﬁagézrhﬁ%]&%w% SR & cut BB sk 41bhekRGss of

one of the piezoelectric wafer ) erring to FI'G 12B, sheet 410 is
posi t i onedothertontsing nfefhiods may e usndl Hiber sheety 410413 be bandiediagd packagedmmitbet i ve

pattern 41&me%9§ ag' ﬁ)%mﬁitlkig B@'zote%g%@%!ralféfs el)ﬁtogggrinlpo%inl?é%{,ttf-)eotﬂicﬁﬁl‘e s gfne%ch
sheet 410 15 about equal to the thickness of one of the piezoelectric wafers 402 used to form
stack 404. However, each sheet 410 may have a thickness that is less than or greater than the
thickness of one of the piezoelectric wafers 402,

Referring to FIG. 12B, sheet 410 is positioned between films 412 and 414. Film 412
comprises a conductive pattern 416, which has a longitudinally extending portion 418 and
interdigitated electrodes or fingers 420, and a conductive pattern 422, which has a
longitudinally extending portion 424 and interdigitated electrodes or fingers 426. As shown in
FIG. 12B, fingers 420 and 426 are substantially perpendicular to longitudinally extending
portions 418 and 424, respectively.

Film 414 comprises a conductive pattern 428 having a longitudinally extending portion
430 and interdigitated electrodes or fingers 432. Film 414 further compﬁses a conductive
pattern 434 having a longitudinally extending portion 436 and interdigitated electrodes or
fingers 438. Fingers 432 and 438 are substantially perpendicular to longitudinally extending

portions 430 and 436, respectively. Film 414 may also be configured without any conductive



interdigitated el ectrodes or fingers 420, and a conductive pattern 422,
which has a longitudinally extending portion 424 and inter WV@PQ‘H

el ectrodes or fingers 426. As shown in FIG 12B, fingers 420 and 426 are
subst ant i VPY1$Efpendi cul ar to | ongitudinal ly extendi ng POE&BUIERS 418 and
424, respectively. Film 414 conprises a conductive pattern 428 having a
Iongltudlnally extending portion 430 and interdigitated el ectrodes or
fingers 432. Film 414 further conprises a conductive pattern 434 having a
| ongi tudi nal ly extending portion 436 ang.interdigitated el ectrodes or
fingers 438. Fingers 432 and 438 are substantially perpendicular to

| ongi t udi Ngdhdedhs ERAMRIMIIZNE 4 PPkt ia8Sivelyp BordadltoshBet 41 @ iR Gikhid ebaky ofFuding #h14 nay
al so be configured w thout any conductive_28 May 2004 WO 01/ 33648

PCT/ US00/ 18¥reBopigally sendugtivedilmps piggousiyxegethed 14 are adhesivel y bonded to
sheet 410 vi a aryel-GfigtrRBRXN6wAn FRGI92488nd mﬁ&%@@agﬁie&nva&%%tw& film
as previously described. The configuration shown in FIGS. 12A and 12B has
two signi fthe apssibdivefrondiag to auriaee skintifyaripadly sliminpted.y Sespnd; ol themeperoofitgrss ur f ace
skin is vipd ng#y] %él% . Second, all the macro-fibers of sheets 410
are pre-aligne () va ages O/er Rel at ed Art Actuators And Methods The
net hod of (NeAdmets 3 A B ‘ etladdsm nates the need to

T X AR LR

pi ezoel ect sidandivithelly haidRAsigt Buiitsd s ftpRizoel @kt fibdts Mhhid, pRudutdontiaduaed. The
nmet hod of the_present inventjon_is easi I%/ﬁ;cont roll ed.and preci se, which

greatly en'f‘?é‘ﬁ’&gscoftﬁéssf”@ﬁé%t"%P?‘ikﬁ%}“%ﬂi’iﬁmﬁ "F‘Bﬁ?ﬁrt%?mﬁ?s‘t? REUHAE 4%t or s

produced. Fhercai@f fo@stedf Tﬁmetms&éﬁﬁé pmﬁnﬁa{«énaan ﬁ%my E&tﬂliaﬁérd%?&isb onal 'y
rectangul ar-shaped fibers to be manufactured and easil ggned wi thin the
act uat or pubkbgeEatly Q“h@il&’?s thieepgaability pnd ynjformityndthepstuatoss Rfﬁ@c t Tht or

el ectrodes ) [ t angul ar

cr oss. _seolribol St B iniidh bhths BRSORCAAR bRl s 5" B0V ¢
cross-sect in@mdakdttyedr mdteanlguhmed “stﬂmpb@jacmabnrpgcldage withaot thepossibility bf damegpr esent
i nvention

pi ezoel ect {roln@e ?ﬁa‘fator ehL"Icg. &tshfrhusf% ac?u:ij)té B?SOCMB tHﬁF us%gt%é&&g%g "t her eby
| Mprovi ng idedorpgiéAsalectan fisdrs &8 Sirmalhpdliminated. dﬁaehkeeofamsmmmnallﬁr i‘eetaugflarof t he

relatively thic . . . _
y shaped I%%ers in accordance with the present invention instead of round fibers allows the

volume fraction of piezoelectric material within the actuator package to be increased, thereby
improving the actuation stress capability of the actuator. The use of the relatively thick
copper conductive patterns, which are attached via liquid epoxy or anisotropically conductive
adhesive, also provide for an ummpeded electrical connection to be made between the
piezoelectric material and the electrodes. As a resutlt, the electric field transfer efficiency of
the actuator electrodes is significantly improved, which in turn increases the strain produced
per unit applied voltage. A further advantage is that the square or rectangular fibers have a
substantially flat contact area with the electrodes. This flat contact area is relatively greater
than the contact area achieved with round fibers.

The polyimide films each have width and length dimensions that are larger than the
width and length of piezoelectric wafer so as to permit the placement of longitudinally
extending portions of the conductive paiterns (e.g. portions 34 and 38 of conductive patterns
30 and 32, respectively) away from the piezoelectric wafer. This configuration significantly

lessens the potential for cracking of the macro-fibers caused by highly non-uniform electrical



copper conductive patterns, which are attached via liquid eggx or
ani sotropically conductive adhesive, also provide for an u ¥dagd

el ectrical connection to be made between the piezoelectric-material and
the el ect MHU&364Bs g result, the electric field transf ePCEPPI0EPRFcy of the
actuator electrodes is significantly inproved, which in turn increases the
strain produced per unit applied voltage. A further advantage is that the
square or rectangular fibers have a substantially flat contact area with
the el ectrodes. This flat contact areaiss relatively greater than the
contact area achieved with round fibers. The polyimde filns each have

wi dt h iand ﬂeelrtmtdﬁ?ﬁbﬂbnﬁgimehéa&t mmaraejadF]aaf gfthe tohgimdida?( .lamnding pgnidns: Tmm h of

pi ezoel ectri¢c wafer so Lo permt e pl acenment .of |ongitudina

et endi ng PBIERHBIGHS T ARG A0t ks Gt Gbrds » BP0 PEHUCH I 38 of
conduct i Vehf@ prefetted friof tRhvidehmenespect i vel y) away from the piezoelectric
wafer. This configuration significantly |essens_the potential for cracking
of the nacr o- f Wdledhequessutdnvsftion hymbsenmparticularly desprhed.de conjungtionwithey 2004 WO
01/33648 %g@iéﬁ&%%&w%oaﬂn%n{ G ElidbhSihhd ity RBnkiVel, GRS ARAL h and
adjacent to the longitudinally extending portions of the conductive

pat t erns. vadations gkl appareriite thosccikdlgl ipthe am deljht of theforkgomg dewhpigbre leist r i cal
system t } 0 AN i t ent invention
has been }r}gérrf: ﬁoieuﬁ%é{r%%ﬁﬁéfgg%a& F}ﬁerga,ggfaﬁgg%‘h}s &Iég?rﬁ%ﬁcevvém 'l" h&g an%fc}ﬁe:l{cvlg ic preferred
enbodi mentmodificatisnsevd detationisha fallimgwithid the rro@tdopesnd spivitl bf the ptesamm srvemign.

variations wll be.apparent to those skilled in the art in light of the
foregoi ng descr¥BESEfAMI4IS o 't herefore contenplated that the appended
clainms will enbrace any such alternatives, nodifications and variations as

falling within the true scope and spirit of the present invention. What is
claimed is: 1 5 28 May 2004 CLAIMS 1. A nethod of fabricating a

pi ezoel ectric conposite apparatus, conprising the steps of: providing a
structure conprising a nonolithic piezoelectric material having a first



side and a second side ; providing a backing sheet having an adhesive side;
positioning the structure on the backiqg sheet such that t hé8 May2004 de of
the structure is attached to the adhesive side of the backing sheet;
cutting through the structure positioned on the backing sheet to provide a
plurality of piezoelectric fibers in juxtaposition, the plurality of

pi ezoel ectric fibers having first and second sides that correspond,
respecti vepXgmse the first and second sides of the structure; providing a
first fil'mnaving a first conductive pattern and a second conductive
pattern flor medA nredhealod falirivatifig a ptezodentuic tonrposga apparatuh ebmyrisingtha i cal | y

i solated from,the second conductive pattern, the first and second
conductiﬁ@*ﬁg'terns each having a plurality of electrodes that cooperate to

forma patter predidinplaasiticaird ergshsslPribasianic fpi&bemi:@hicmtaiamﬁﬁﬁgafﬁrétm
bondi ng the second filmto the second side of the plurality of
pi ezoel ediqq andfa ssepmst sidg enpvi ng t he backi ng sheet fromthe first side of

the plurality I{Q{%‘gggﬁﬁaﬁ%ﬁﬁé%ﬁcﬂhgﬁg@éﬁ%%‘}%?ﬁgg nding the first filmto the

first side of pr ez I"bers such that the

conducti ve patgositioaingfthé fitachire h the Hadkiak ehdet bchl thyt (GOfAtsasite bhhepl ural ity of
pi ezoelectric fibers. 2. The nmethod according to claim1l wherein the

monol i t hiSEupiEsigeftached te thepdbesiva sideofihe Packingshgeli er of pi ezoel ectri c
material. 3. T, 'rfﬁ%ltb i . i i i,hg sheet is
fabricated fro%?[é po?ghma%%}lghg%p#\%&gggﬁ}%ﬂg%ﬁ%lgﬁe?e{%gtgplggﬁgradi ng to claim
1 wher ei rpleabity dfipherocleasic dibstshis fjumtapoaitioy, the phitralitg of piczedasde Seati on. 5. The

rethod acordng 49 el M AL earh paLr o Sl Reen LLbisAe |
one of thfikOARMIEIE:Ve patterns
providing a first film having a first conductive pattern and a second conductive
pattern formed thereon, the first conductive pattern being electrically isolated from the
second conductive pattern, the first and second conductive pattems each having a
plurality of electrodes that cooperate to form a pattern of interdigitated electrodes;
providing a second film;
bonding the second film to the second side of the plurality of piezoelectric fibers;
removing the backing sheet from the first side of the plurality of piezoelectric
fibers; and
bonding the first film to the first side of the plurality of piezoelectric fibers such
that the conductive patterns of the first film electrically contact the plurality of

piezoelectric fibers.

2. The method according to claim 1 wherein the monolithic piezoelectric material

comprises a wafer of piezoelectric material.

3. The method according to claim 1 wherein the backing sheet is fabricated from a

polymer.



is made of copper. 7. The nmethod according to claim1 wherein the second
filmhas a first conductive pattern aggd a second conducti véd Mé‘t/ 804, the
first conductive pattern of the second film being electrically isol at ed
fromthe second conductive pattern of the second fi Im the first and

second copductjve erns the s nd. f|| lurality of
el ect rode£ %%E%%?%P’é]l?%tof%?‘m ﬁwﬁaﬁe’:ﬂeﬁaﬁ érSH#’Sé%’t“é]tlgd el ect r odes,
and the %&&%ﬂarwsg&oﬁhe first filmfurther conprises the step of
positioning the first filmso that the conductive patterns of the first

filmare substantially aligned with the conductl ve patter ns of the second

film 8. cJhe t ord fur h riskng attaching

el ectri caﬁ r]%on &h{’il vcgogii?%tr?sc?%nsla’fvgeﬁeh fl and &Y t(s:%tﬁegs &8nduct i ve
patterns s@fyarhtla&bgnarchanﬁel,l m and attaching el ect rically conductive
extensions to the first and second conductive patterns of the second film

9. The nethod according to claim7 wherein the first filmand the second

film each havﬁleq’nétﬂ&g#écti ﬂ@oecffaenzr{f Shd! H%at"i‘é‘istts%x?e’& thdon gﬁ&ﬂzegn%tet&‘éﬁ“ ng

produces a plurality o rc ers at exten Irection
of the | angiatedf coplpeaxes of the first and second filnms. 10. The net hod
according to claim9 wherein each interdigitated el ectrode of the first
and second conductive patterns extends in a direction that is substantially

per pendi cul ar THeGndih&d A&Bﬂhﬁ%@ g Yyl A€ séddfd ik Bhs ARkt §§rﬁzﬁeﬂvé' I ms and
substantial ly perpendi cul ar the longitudinal direction o

pi ezoel eq:tattﬁm aﬁldla@pmndlc?mmtwagoaiz@ﬁmhiﬁrstthmlummpdteacafihdsmnd filral ai m 1

acl acent TERERAAY OB BpBl &Y KGR EORLERSpartshh ol B cohiT eBR R R |

further C@m@éddﬁﬂ ToARRkiYE Em@ﬁs SR YecbAd filif eﬁ&ﬂﬂa@idgteb’plﬁlfah@l SZehRasy i C
fibers to fill in the channels and elimnate air pockets. 12. The net hod

accor di nghatgoepesptinte fagmes patiern ofanteedigitaied ¢laetradss,and ithesttepsofchonding the second
d | fi
;:jhgm veqTIayer {if‘tﬂfﬁéonﬁﬂﬂg 3. s%g%figgiﬁggnééﬁgnrﬁdgfﬂﬁ{ éostﬁgt th@@(?nd%ctn% a. Irst

patterns of the first film are substantially aligned with the conductlve patterns of the

second film.

3. The method according to claim 7 further comprising attaching electrically
conductive extensions to the first and second conductive patterns of the first film and
attaching electrically conductive extensions to the first and second conductive patterns of

the second film.

9. The method according to claim 7 wherein the first film and the second film each
have a longitudinally extending axis and the step of cutting produces a plurality of
piezoelectric fibers that extend in the direction of the longitudinal axes of the first and

second films.

10.  The method according to claim 9 wherein each interdigitated electrode of the first
and second conductive patterns extends in a direction that is substantially perpendicular
to the longitudinally axes of the first and second films and substantially perpendicular to
the longitudinal direction of the piezoelectric fibers.



placing the first side of the second filmon the second side of the

plurality of piezoelectric fibers; ang curing the adhesive2d ¥gue0043. The
met hod according to claim 12 wherein the first filmhas a first side and a
second side, and the step of bonding the first filmconprises: applying a

second adhesive layer.to the first side of the first film, placing the
first si - of 1t andtfiod gecprding @rFlaPWels’fvﬂ?@’cn e gep of ottHee proyidss Ffwmsﬁ
pi ezoel e%{ehﬁeal‘iat_e%ac}f pf&?ﬂ?fﬁ‘&}h%bﬁi%i&!&@léﬁ%%@ﬁ?%b¥ﬁp lba¥6idind the sédimgnet hod

according to claim1 further conprising the step of: attaching electrically
conduct i dmefortbersionmpsiseoanphdng an spoxartd theadunbityoefpdkroelieotsic fibarsttefilsn 15. The

nmet hod acggor,di ng to.,any. one.of the preceding clainms, wherein the cutting
conpri segﬁgf}fagpﬁﬁgnqgl.’%ﬁgear%?%kﬁtsaccordi ng to any one of the preceding
claims, wherein the renoving conprises peeling.

12. The method according to claim 1 wherein the secondfilm has a first side and a
second side, and the step of bonding the second film comprises:

applying a first adhesive layer to the first side of the second film ;

placing the first side of the second film on the second side of the plurality of

piezoelectric fibers; and curing the adhesive layer.

13.  The method according to claim 12 wherein the first film has a first side and a
second side, and the step of bonding the first film comprises:

applying a second adhesive layer to the first side of the first film;

placing the first side of the first film on the first side of the plurality of
piezoelectric fibers; and '

curing the second adhesive layer,

14.  The method according to claim 1 further comprising the step of:
attaching electrically conductive extensions to the first and second conductive

patterns.

15. The method according to any one of the preceding claims, wherein the cutting

comprises slicing.

16.  The method according to any one of the preceding claims, wherein the removing

comprises peeling.



