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ORIGIN OF THE INVENTION

The invention described herein was made by employees of the United States
Government and may be used by or for the Government for governmental purposes without
the payment of any royalties thereon or therefor,
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Field of the Invention

The present invention is generally related to piezoelectric fiber composite strain
actuators.

Description of the Related Art

Conventional piezoelectric fiber composite actuators are typically manufactured using
a layer of extruded piezoelectric fibers encased in protective polymer matrix material.
Interdigitated electrodes etched or deposited onto polymer film layers are 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 comners and edges which can sever the interdigitated 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
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Conventional techniques for applying electrodes directly in contact with the piezoelectric fibers
have thus far not been practical.

It is therefore an object of the present invention to provide an improved piezoelectric

fiber composite strain actuator and a method for making same.

Still other objects and advantages of the present invention will in part be obvious and will

in part be apparent from the specification.

SUMMARY OF THE INVENTION

The above and other objects and advantages, 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
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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
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perspective view illustrating an actuator fabricated in ac %Nﬁ’é(r?@@""vm th an
al ternate enbodi nent of the nethod of the present invention.- FIG 10 is an
expl oded, WOt i ve view illustrating an actuator fabriCTA{See180%5
accordance with a further embodiment of the method of the present
invention. FIG 1 | is an exploded, perspective viewillustrating an
actuator fabricated in accordance with yet another enbodi nent of the

met hod of the present invention. FIGS-512A and 12B are perspective views
illustrating an actuator fabricated in accordance with yet a further
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electrode ﬁngers 36. Conductive pattern 32 comprises a longitudinally extending portion 33

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
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pi ezoelectric wafer 20, and the spacing between interdi %ltat ed el ectrodes
or "fi ngergespeggveé}hgf film ’4{85 The sepet step comprises positioning films 28 and 42 as shownmn F IG

5 such that film 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
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pi ezoel ectric wafer 20. The center-to-center spaci ng of IO%M?MEP%I |y
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face of fidrénppBedintavacuuinflndl i ¥idstdntidly Bomplete, 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
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to FIG 6B, sheet 22 and macro-fibers 26 are then placed on 2y #P4% such
that macro-fiber 26 contacts the epoxy-coated face of electrode film42.

Li ght prewowiasssd ndi cated by arrow 56, and heat are apptdragsed/rsess vacuum t o
partially cure the epoxy layer to affix the macro-fibers to electrode film
42. After the partial cure is conplete, polyner backing sheet 22,
previously used for handling of macro-fibers 26, is peeled away and

di scarded. Referring to FIG 7a, nmacro-§ibers 26 are now attached to the
bottom el ectrode film42 by the epoxy. An additional coat of |iquid epoxy
i's now app, I | ots 24
bet ween adj&dgﬁ%}#@}@flﬁfe&{o@s éZQGm e %?pgg{\;ei [ﬁ_\?‘l}%{, ergﬁdn aﬂﬁ&er% n%:sgp@er ves to
subst ant i afnbtshewvihis plactacally Porp'e@tktetosth@ettmens @‘dqndd@nm a2 mahriee suvh tthet yt appar ged

el ectrode {i.nger 4 S e The ation
of these alél’ poc %i%’lgnne g%’s? “i?&gf‘?‘sp"*a%é‘t‘ggsp P %%051?8% fiﬁey&}ge&p&ﬁg@f i cal
arcing or ﬁhﬂﬂéneﬂ‘tﬁwb}antysgemimedﬂelmw fitldsrdradet albdgahakhgth bbfiberg i tiabl e.
Referring to. F ter,slots _24 refllled he epoxy,
Che next ” teBioh v Baf A et Rpaitoinerrs o 2o B an pogpen Brepedo

el ect r odedaddzae of upper film 28 Next, film28 is placed epoxy side down
onto the preV| coatg&j surface of macro-fibers 26 such _that conductive
el ectrode patt é“t%’é’g“%? elprdrodes 36440 gird 50, phareabo aprd fappolgrizingdle j vel y, are
subst ant i abibxcRbligRess 26l N8 RlonSr o it Rlibess APRL ressure,

i ndi cat ed by grrc;w 583, and heaotn to the assesnb Iy %ﬁ%@g&g%gﬁ{@l ns 28, 42
and nacr o- PHepiing thealeviqiys ahéettlatah&mstmlepeme@ppﬁnpb@glan‘,t@dwmitamn until a
substanti ﬂ%!‘ r e of, the als |ned

Applicati g%\&% sg%gcgs? ggﬁ%eg 3?(‘.) %’?“?‘é’s hfe} orng%%F%/c{;né?m aﬁe vé'félf)hper
conduct i vegeperfaitee amaveouge elettac field camsiBOof a@ﬁroamdtdlyliioo%oﬁtbe rmnttamperanﬂb rest
upon t he f(':aetclvse%e]::t?"l% I%ff t he magr #{ﬁ % 4 ﬁ uch cont ct hbetween t he
el ati vel yC T EIE R S8 oL ik dinetr U A 6 Brefls Sish viaes ' aRpled saghe suatery 44,
46 and t hefof hpqﬁ'oﬁﬂitélyaeﬁuﬂlﬂ:esm&fﬂoﬁrtfambﬁ&ﬁerQGOﬂfeeﬁél@g tehilens, dsiafewdiet ween t he

conducti ve ?attg or el e trodes 30, 32 and 44, 46 and fiber 26 that is
extrenel y PHpRogd m 8¢ ait. raqy-al Tso beussd ¢ 1 ng in only a miniml attenuation of

the actuator's sabegidn Spitaiof 0Pk Osltigeth Meﬁw@bé@% 30532 a@m]d @@profﬂk%s bond
| i ne between the unelectroded portions of films 28 and 42 (i.

portions #¥¥inducedyiraingn greroAbershi dge ?fi’égeé*o‘f%l!i'dtf?%ecb@ﬁct'@@lv)lg éh?cﬁbﬁli 19@’(% 26 is
suf fici ent diechid %h‘éQoﬁ‘tﬁi%ﬁ’le stfr!uﬁ H@cu?l‘ﬁ?g%ﬁme‘h%n@gs@ﬁ#&?*ml-rh' S process results

in a |ongitudinal e piezoelectric actuator 10. As shown in FIG

8, conducti%eﬁ_mya_eﬂnﬂl_ﬂlmm 32 are provided with electrically

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.
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respectively. During operation, an external power supply (ﬁ%Magﬁggﬁ) S

el ectrically connected to the extensions 68 and 70 in a nmanner such that at
any one nboemB3dH tine, opposite electrical polarity i scaumsmod/isezs to
interdigitated fingers 36, 40 and 50 and 54. This polarity generates
electric fields directed along the length of fibers 26 in the regions

bet ween adj acent interdigitated el ectrode fingers 36 and 40 and between
fingers 50 and 54. The interdigitated gl ectrodes 36, 40 and 50, 54 are

al so used for polarizing the piezoelectric fibers 26. Polarization of the

macro-fi bers 26gi:51d2%RinfdRs twb Joﬁ&u&i&ee;gatéﬁ&?Ffandoﬁﬁﬁ’a{deﬁ' ohdd§. BENALRAS an
d by apply

actuator. Polarization is perforne Ing a steady vol tage across
al t er nat e pdtieot r1@dechfdenglongit@dallydteadulg 5Ertion 416 dnd imerdig#atod diectanies o vol t age

which ge am: . | jeld.intensi t.y .of approxi pat 300%
of the roggn!l{%% {asﬁgg'r g{nﬁl\rég);’%grgdé@él &’tg&%rﬁéi I‘r%fﬂgd?siqéﬁ?n&ﬁgélxﬁnﬁgm P@?@?ﬁneﬁg 26 is
used. Suchandahteaipitaies elegpldeedr fingerk 122, akd shatvain FIGOD, fagpik 0x$ sretasgulated m nut es

at roomte rature., Qther poling techni ques, . e understogd in
the art. g ionnst uonplha i Siie it s Sirfetn Hokerh Tot e A Wb
conduct i verepiict ©NARitaEnalip xtertingdidekichOl 20 BPAIsefrre@BmboltEhe Fingérk Al Darddn
macro-fibers 26, The |argest strain Produced occurs along the fiber |ength

di rect i on, 1%% Fnfosmedziadac Arglewith respast waeons hlP 1ERaepediveletosBatdi r ect i on.
(2) Alter E%ﬁ&%rsﬁ’m@ﬁh RS sulbbitiafly ﬁ?@é’n@lkaa% tfd ftRFRke pi ezoel ectric fiber

act uat or of the present invention. Shear-node actuator 100 is
configured to dplosgerakndiment,dim 104ingludes gwerpendneteye pattdses Kdgind y26 formeticed in a

host St UCkiigy, ool aRRerhalal uhBAShY LRI SRRy PR ot ©

Shear - node actuat or generally co I ses
pi ezoel ect mtepdigitapmiradeckOdes oFfihgrss 1802 Sindilddy, cambhichivepritern11Q6 irkhudessadhesi vel y

bonded t ogget her,. usi n epox escr,i bed,above. Piezo ctri.c fi.bers
e bave” SEhafiinl &fkile SRS aR e’ Bed Fen s teBa s oA BPYEIT ¢l ng
lpr oc _essdasﬂlu?s, fogen 159 anel aa%lm&tyd ﬁﬁ% faﬁlbse{aesé.lo%tgmﬂiyk?ﬁnd% pdifor1 28. | .
ongi tudi nal |y extendjng edge ). ots 3 are_formed at an _angle wt
respect tog %fé"i’ﬁﬁ%ﬁ”ngﬁlaﬁe @%F'éﬁﬁi"%‘ﬁr%*ﬁﬁféml'feg't“_dlﬁﬁl&%ﬁ‘eé‘ﬂﬂnﬁ,l’o’é‘&ﬂH3%I’(S‘ta 108 is
formed at prefbred BiBddimetk S SRS 189 afeTErmle@ROh h4rdipRlwiicb Rt Yortidge 110

because such an angul ar orrentation provides optinumresults in inducing
pi ezoel ect FH&andHéArespeativelycse thit fipgans B30rnd d 34 ure gebistaniially Hetnendiqular & Ges 108

may be f Org%?syﬂfﬁ. A ltheh gl 59 B4 ha%%expées%g& EohdMordLolE HRRAptidr s hiing

| ongi tudi n ext ending edge
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
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patterns 112 and 114 fornmed thereon. Conductive pattern 11 A s a

| ongi tudi nally extending portion 116 and interdigitated el ectrodes or
fingers 1MOO0BI3MS arly, conductive pattern 114 i ncl udes rariusegisezadi nal |y
extending portion 120 and interdigitated el ectrodes or fingers 122. As
showmn in FIG 9, fingers 118 are angulated wth respect to |longitudinally
extending portion 116. Simlarly, fingers 122 are angulated with respect
to longitudinally extending portion 129, In a preferred enbodinent, fingers
118 and 122 are forned at a 45 angle wth respect to portions 116 and 120,
respectiv I 118 j per pendi cul ar
to the fi gt%‘%oﬁg%&ﬁlgﬂy %Jﬁgﬁ}%%grgﬁnggﬁpg?%%z% ei%hlﬁ%lggﬂsé 5{?1\/7\'/(%3{“0onducti ve
patterns Xeastmntipnia Glmoi8rnd 421 spectonly. denshed tiove pattern 124 incl udes a

| ongi tudi nal |y ' rti 8 j e e or
fingers 130. Sll:ﬁ‘lﬁg}zgg%Qg%sgﬁgﬁggdlﬁ\?é\%ﬁaaﬁggsr %f4%g&?ér1%nh%}e@gr§8$'l g‘?\@?&ﬁ%l nal |y
ext endi ng paterhi2dhintBeesariongitndiesllyiegichdihgepbredreLiBrand eserdipitfieddetioddsdd. As

shown in El G fi.ngers 130 are an ted with respect tao.longitudinally
ot ondi ng TGRS PAh SBHAS Rt o 7ldidel aleheh By by erine TR Thge pect
to | ongit ugld madriiigitfted @ethode 0P Bhjdrorn4l 3. shdvin i FIQr Bf Ghdepsboombadpamat
fingers 130 and '134 ar§: formed at a 45 angle with respect to portions 128
and 132, rEYRRtpiRsTRFdigdarte oneitydinglly ectensie gREions Al Sand 28sepamtveln 1y
per pendi cul ar §9ohd@bolirRAY BimlEY3: coflphifl Wablcdrndldtivd Qi@ oBarM2skescri bed in

the foregoi ng description as having conductive patterns thereon, film 104
may al so Beondeive gutean23f incheries a tongitudinilly extendingpariiop 23Q and imerdigitated?2 and 104
are bonde i Y & O f i . L to the
process p?eéé\%r%&t}é I%Eﬁggcelgkgtrﬁ %)tbsggl&ﬁ)o%‘?ﬁ’n@?@f‘%ﬁ%@tﬁzﬂ?&? é@gl’%?%{%yﬁnﬁ uat or
10 and shcexrentiyg péiGE23 26ahd B8 digifed decirodd: orApperafdr Thedingers vhidm 208eteudes
four electrjcal..conduct.ors ot. sho erein. ea l.ecty.ic conduct or
o6l cct 1 ebR U BRMIEHANR S Ra P bR o Bio 20w AR FIT 25 o1 e
112, 114, adsdbcaodighd withbutaanpeaidacivegamdrhndi nent, each of the el ectrical
conductors are E%Si t.i OE’E’S near the _edgg%, of films 102, 104 and function to
el ectrical ly coWHENF 282 Prmerompress ppisotiopicaliycondugtive blms qF shegts 24Qad312( not
shown) . ThRyshiektd dRtREhp afidbotoREipidz08 &t RPRAN-BbES 202 Gakh RPN anli @1 ACt Uat Or
100 in the sane manner as described above, FIG 10 illustrates a further
enbodi nenthapgencrdly Hesame Bvfags aredys the kb prfapsiremef nigzoeleciie megrefibare §02.

gener al | y om0 b §55213 4l dedtd ﬂaﬁd%imsoidézd%g@&C{oﬁL&pi{Qﬂ%}E&ﬁE IR&bSibgR20separ at ed
by slots 204, and filnms 206, 208, 210 and 212. Slots 204 are torned by the

slicing orEachfilm 2Ye) 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
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herein. Filnms 206 and 208 are generally the sanme in constr Y2088 filns
28 and 42, respectively, discussed above. Film 206 includes two conductive
patterns ZY&’“éﬁWleG formed thereon. Conductive patter PCIRBU IS des 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 ane substantially perpendicular to
| ongi tudi nally extending portions 218 and 222, respectively. In one

enbodi ment gppfication 208e epuxp is isplemened B@Eeckidlyithecsama biaekcn as p2GowhdiezitiBed
Conducti ve, patter.n %26 in budes a longitudinally extending portion 230 and
interdigitgf@ﬁ”ﬁng T?ﬁﬂ%g or fingers (not shown). Sinilarly, conductive

pattern 228 i ndfdasg @ HIGNDI, thedisoaf s 2 BX ENEI Hdgd ARKst206 andA% tand
interdigitated electrodes or fingers 236. The fingers of film 208 are
subst ant i aP'FAPelSEHip BREFOATFH202 greptshistatively seome horddings thatrse paintamsshbeneath and

232. Fi | m 2{0%eR¥n fifgePCofifinCRU8 ahd U £ din'th bikQ ke BRYOJRRRE Yihd 2B RALSELHAS -
Actuat or -200 further conprises anisotropically conductive filns or sheets

210 and 21e addessduring thedfelsisationcof thesheardnade aectoatpreyiouslyotebesibed and shever iv- f i ber s
202. Each fid @ 210 and 212 has generally the same surface area as the
total surface area of piezoelectric macro-fibers 202. Filns 210 and 212
are used to boriIGf 11 siew2 @fother émB@Bmers of the apuazoaf thepreseat imeentian. f Adveater 202.

Each film210 and. 212 conprises.a thernpset/t nopl..ast | Si matri X.
" one. enty ST OB RELPO Al Aot e GRS BErRERR. WAk o, 0001
and 0. 002 30pchesbe pldtacedddhasigiadii@inidds o siftar modtittudtor ORERB03 ARG 8IS have
particles. These conductive particles provide, K conductive paths_ through the

t hi ckness ®fctioAePaitrsand aresepsiqlly thin sapgn ORBBIGHPR #sdmpRSiand 43rdepared £ | m

Thi s pat hi igvasddsReRrBItiIGRes fds the fingers of films 206 and 208 to be in
direct electrical contact with the under Ig%liwng gi ezoel ectric fibers 202

whi | e remai ni ng 8 ¥¥tompeses ¢ conduglivetnatiern pBhvhigh heseriensitsgipdlyierending har ged
fingers. | I+ LYR: I ot %HQ .di aneter of
about O. 00%bg9 ?‘ﬁ%ﬁmgﬁt‘%@%ﬁ%& gﬁ%ﬁg%%?%%g? 1322%@-&&43 I F}réﬁﬁmﬁjs%oduct no. 3M
5303R, manerndudtive paiteny 3 Bivwilishpesatongimdinalbieneuding potibe3 16 4nd itertligitated)

gener a1, W AU ALEL RSB RIS Sk I S RARBEe! 1 1 e
assenbl y oferpatiicatuo |@QRudisdligtestede portordsi3N0 entl 36l fesmativeBl ectrical |y
non-conductive \IaL L L X SRocny, i 308 Sremises o condentive ol 120 aving & POckets. The

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,
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i npl emented in generally the same manner as previously desc#$ Mé‘MZOQ%r
assenbly of actuator 10. Referring to FIG 10, the use of films 210, 212 to
bond filnms"28E348d 208 to piezoelectric macro-fibers 28STUSWABES
relatively strong bond lines that are maintai ned beneath and between
fingers of filns 206 and 208. In an alternate enbodinent, filnms 206 and 208
may be added during the fabrication of the shear-nbde actuator previously
descri bed and shown in FIG 9. FIG 1li2shows anot her enbodi nent of the
actuator of the present invention. Actuator 300 generally conprises a
nmonol i t hi ctogiede baliescmissile stabligar fiBQ2tcand fil ns 304 and 306. Wafer 302 may be

produced as a | opgit udinal - no or. shear-nmpde actuator-.Fil 04 and 306
ave el ect r oded Bk etmety o e Gt B o PiRel Busrior i svsn et BGR 14 as
films 28 aqd 14B. dasfisi Keoin fibbiosdg atdatsh40ins iobobd foRethér Aplakality oFid v 4

conpri ses _cond%ctlve attern 308 which has a_l ongitudinally extending
portion 31MPFOsieRuG WRLERS 107 todform astepi s e prefergd Fabegdiment 4 liawidmaxy ur t her

CONPri Ses aGRAGHT dVRriRalil 85l i03dcdhd t¥fittehiHR dnfeds 402N Gidck dbNAky Ve SPeleRE NY
portion 316 and interdi gblgtated el ectrodes or fingers 318. '‘As shown in FIG

11, fingera&ydeightadejomrignbedimenty hethaight eflstagk 49seis phavtiP 8aiingh. o prefeed udi nal |y
ext endl N9 BfdinARE i tRcARE, ctbBnd RS RECEhYajaldlt ORE QB AGLARIE sbdd | M 306

conprises a conductive pattern aving a Tongitudinally ext I ng
portion 32@1ZnahdiOR5aims thetratnow! sickedss oftbsindividhil ppeedecBRAvalers HOR. 38Ber f ur t her
conpri ses UGt i attern. 3 avi a | aongit udinal | xtendi ng
por 11 on 328 Hodsd PR B A7 sl s R s KRS 1 i
11, fi ngersibddiabyrebiBHEe bunded Sadks thnn prefdriey epbsdhaad thelhforendemidnbe pressure
| ongi t udi nal Iéw?ext endi n ortions 322 and 328, respectively. Film 306 may

al so be coHfitgIREHURRiaBRtedINder @A™ i ve patterns. Filns 304 and 306 may

be bonded to WweNe&f, s2OR4®Yis AR¥d Phralldd B MBIHRASs BrRUbPMRI Fong@RSERgbed. The
om ssion of the machined slots in wafer 302 signjficantly reduces the

per-unit Estiones ndiciet R dotiod lings ¢ Opite prayids aglurdingef rvléniv}lmhighpiczoeleam
actuati on- ﬁ%&g g1 @ﬂﬁ)énéi@r}mdaﬁmnﬁngéfém d hw i 1488 1d QAEDR SRR 45H] En@%e&fr, the
attached el ectrode films 304 and 306 provides actuator 300 with a
pr edet er mi etbel cyige awthofls mehd used.i Fiherahebtsct Ry e biddiedyndpickigedan thhough not
as great. a&n%\?\é}a“ﬁérgg ﬁlo%cgithig‘ ﬁlgzo%i%gtﬁ%g?aﬁirmlﬁ%§if Qlﬁlgolﬁ%}lé?‘& tl;i)’({) tgicﬁjyelsé gfb ela& for
appl I catl ons erelrn enaurance an atitgue l1Te are not nyj Or
consi der at sheetst10 fsmboehegngd kethe kidckneds of ol cfltke Peppkloade shiesud2 pused 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
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stabilizer fins, etc. A further enbodi nent of the actuator %QMFMthB‘?’esent
invention is given in FIGS. 12A and 12B. The first step in-fabricating

act uat or 4‘@9919 648 bond together a plurality of relativ&CyUSHHBHS

pi ezoel ectric wafers 402 to forma stack 404. In a preferred enbodi nent, a
| i quid epoxy as previously described is used to bond together the wafers
402. Stack 404 may be of alnpbst any height. In one enbodi nent, the height
of stack 404 is about 0.25 inch. In a pgeferred enbodinent, the thickness
of bond lines 406 between adjacent wafers 402 is between about 0.125 and
0. 25 ti mespdifafs NPl dnB KA S8helilely BehdeMtl shibd Wb viRiaEigaie RS lof GsivgBdner s
402. After stack 404 is bonded, it is cured at relatively noderate
pressure afsorepglly spafugtivedimgs pieyously dsserbsdi al |y voi d-free bonded st ack.

I'n a preferred grRoiiBmbn sid¥d iR FRIE TERbAS PAIhRES Sighificanftlalt SR EFiRk Ur € are
appl i ed under a vacuum Next, stack 404 is sliced parallel to the thickness
direction @Aﬁdoﬁlb@ﬁgoﬁhlﬁedmﬂwgﬁt smrfa@: skinds viowelly giminptgd. c Secend. Bl the amacedfitersnes
408, to pr relatively thin, piezoelectric sheets 410.

I n one enb%VdSh%gsn‘t?lO%éjé\/atﬁ!e ICI ng saw is used to cut fiber sheets 410.
However, (0)h% odl A riy ‘ g cfhdidsr sheets 410 may be

handl ed and ' S | ect
wafers. In oﬁgcéﬁ%‘teﬁwﬁe%ﬁfhe e qﬁ‘ﬁ@@%@éﬂ%ﬁﬂ@% riete e rRod G FeSEhe o oua

to the thigldnedvdelly haledirgt hembtrLoarpalzedédichivent anhas, 4ductiadinieand or m st ack
404. However, each sheet 410 nmy have a thickness that is |l ess than or

greater t hBmdingeosts pispRed with packpmngpIcroRiectHr B0% SPRRRSILE ECipP'aPE 402,

Referring Elgmfdaﬂily rdRed S@E@ﬁ]&tﬂé@(}f the POSeht hGHEGh Q%ﬁﬂ‘?@&tlfdﬁé&@d%m@nd 414.
Film412 ITE)I’I ses a conductive pattern 416, which has a ong_gtu inally
ext endi ng beﬁc Brsntlverbansavthe Feppaabiity prdynifarmaityeaf thengtugtosy produsg@r Be420, and a
conductive tlon 424
and interdi 8@%%? ftﬁ é‘%ﬁ%’% }ré(gé llang t?ﬁr\éj)gér)%%é@ Rﬂa}] éﬁﬂ%ﬁ@ﬁ@s 1B%

fingers 4zmamf@tmasar@}reasdwbgtedm\tmhmlthg/acpatqwndqagmwahom thelpossdility of d@ataggl

ext endi ng rtions eeliyel MALé .
conduct i vewgtgf ?Ctuatorf%ﬁéﬂaw ngsat 6‘3*3?%“%%%?‘?‘“‘ thb na"c‘g%?‘ﬁ"ﬁgg“’%so and

i nterdi gi t gdceigh mbz@elhdstﬁdﬁbers)ﬁrefwm@wéhnﬂx&&d MAihk mdo%rdsus&chmallﬁmnm:s a

conductive rn 434 aV| n |tud| nal | p rt| n 436 and
i nt erdi gi téhag‘tf‘t ftéhe@d’t R[] g’f'ﬁﬁ@'&? t PRt é@‘f%‘ﬁ fa%*%"ﬁ’%ﬁ
subst ant i alymPgadiRAGE ﬁuio%rccthe rdafnig vithEH 1h8 labtiatBxpRREbe Agbe iﬂ&éiskd) mﬁerdﬁo and

436, respectively. Film414 may al so be configured w thout any conductive
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



28 May 2004 WD 01/33648 PCT/ US00/ 18025 -13 patterns. Filns 412 and 414 are
adhesivel y bonded to sheet 410 via a liquid epoxy or using #hMay2004

ani sot ropi cal | g conductive filmas previously described. The configuration
shown in MQBAEIA and 12B has two significant advant ag8STUROASES  he
possibility of bonding to a surface skin is virtually elimnated. Second,
all the macro-fibers of sheets 410 are pre-aligned. (3) Advantages Over
Rel ated Art Actuators And Met hods The nmethod of the present invention
substantially elimnates the need to mpufacture and individually handle

| ar ge nunbers of piezoelectric fibers. Thus, production tinme and handling
cost sf ass Q‘telldaﬁﬁﬁlzjumﬁ g; rpgiﬁﬂ(;a:@h hdfagm afjh'tl@?ﬁ&lgt&ﬁith&: Eméihfﬂlﬁfali;cﬁdmﬂﬁfgtpertﬁﬂi mffth@r s are
si gni fi cant r.educe od of t resent invention i.s. easi

Cont 1 ol | R BEras, AGHTEIY. deBck s i RarPL AT e A SRUHr P

uni formtyhgﬁsﬂrbﬁcta@ﬁuﬁttw@vpé@%ped The nmethod of the present invention
permts cross-sectionally rectangul ar-shaped fibers to be nmanufactured and
easi |y al i gned Witk herpresset innepiian hep besadraigalatly €eseribedin eonpysteompith ¢y of
damage tQplhe ekl QhboRinRGE ﬁtqgaﬁdeniﬂm%nangfaﬁeﬂmva CdatfcsiondgROCi ated with
t he use of rectangu ar cross- section piezoelectric fibers are virtually

el i mi nat edvaridtives wikbegipparers ¢ thoecskillod & thy ant gclighhofitheiforegolvg dewtriptidre dbisi n
accor danc vent all ows the
Vol une. fr SBF ek SnferPEERTRL ol ABERLS g S AnRLe 4 A shBil®s ©. 20 1o be
i ncr eased, mbdifzedng and ngtadonsrag fdling vadinhe troaiscdpe asispria pdhe bresgnt ofverttion.
actuator. The e of the reI atively thick copper conductive patterns,

whi ch are attachidgsAamedi ui d epoxy or anisotropically conductive

adhesive, also provide for an uninpeded el ectrical connection to be nade
between the piezoelectric material and the electrodes. As a result, the
electric field transfer efficiency 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 rectangul ar
fibers have a substantially flat contact area with the el ectrodes. This
flat contact area is relatively greater than the contact area achieved
with round fibers. The polyimde filnms each have width and | ength

di rensions that are larger than the w dth and | ength of piezoelectric
wafer so as to permt the placenent of longitudinally extending portions
of the conductive patterns (e.g. portions 34 and 38 of conductive patterns
30 and 32, respectively) away fromthe piezoelectric wafer. This
configuration significantly |essens the potential for cracking of the
macro-fi bers caused by highly non-uniformelectrical



28 May 2004 WO 01/ 33648 PCTI USOQO 18025 -14 field distribution in regions
beneath and adjacent to the longitudingl |y extending porti o%%'v@bfzpﬂ‘g
conductive patterns. Additionally, this packaging concept affords a seal ed
el ectrical system that is protected fromthe environnent. Wiile the
present invention has been particularly described, in conjunction with a
specific preferred enbodinent, it is evident that many alternatives,

modi fi catgpRgyvgnd variations will be apparent to those skilled in the art
in light ©of the foregoing description. It is therefore contenplated that

t he appended ch aiatiwdrflfibrmabnge picamsledtnic borapdsite mpparstes, compadingitleat i ons and
vari ati ons as falling wthin the true scope and spirit of the present

i nventi o P{at is clained is: 1 5 28 May 2004 CLAIMS 1. A nethod of
fabricating a po@EaR@atiutiute ENRAHY LmoRRRNRPIZocIeORR Mha3ért hii8e a Fr@Ps of :
providing a structure conprising a nonolithiC piezoelectric mateérial having
a first sidepndangcendsdond side ; providing a backing sheet having an
adhesi ve si de; i.Liani . . backi ng sheet such that the
first side of X ealngta?%é’?‘%ﬁtéﬂ?%éﬁé{lﬁ%ﬁé‘ﬁ’e&ge%ﬁ > adhesi ve side of the

backi ng sheet ;positichingghé stheugh oh e teicking shike® sibshititha Rt dde bhebacki ng
sheet to provide a Iuralitﬁ of piezoelectric fibers in juxtaposition, the

pl ural it yPUYPIIES ’éz"%‘?hgétt‘?ﬂ’@aﬁ pavesidahthepackinessheefnd second si des t hat
d1 i i i . :
correspond, r %%g;ﬁ%%%ﬁ% thets@rut:llﬁ?? ‘Bdsﬁtﬁineé‘ﬁg tl?e%%ﬁ‘i’ng%%l%??o npxgglgte e structure

providing a fir aving a rst conductive e a second
conduct i ydurapgtdighezotlectniedibetsdan quxiapositienf the plurdin dfipiezoctequdd fikerm bei ng
electricaglly isolated fromthe second, conductjve pattern, the fjrst and
second coritRE TSR eéﬁ@ﬁcwa‘?ﬁ?ﬂfgd%esaﬁﬂwg % 13/ g firg ad pe9nd s1dehat
cooper at eftige fiiciird pattern of interdigitated el ectrodes; providing a
second film bonding the second filmto the second side of the plurality of
pi ezoel ect ri ¢ MpHiding;a firsieflovhawing hrsbewiduniyvespatien dndorsecdmal dondsetivei de of

the plur a})'é&t%:% f(c));mgd &%%%h,etﬁé Eilrs% 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.



fibers; and bonding the first filmto the first side of the plurality of
pi ezoel ectric fibers such that the camductive patterns of ?&Maﬁng‘ﬂ film
electrically contact the plurality of piezoelectric fibers. 2. The nethod
according to claim1 wherein the nonolithic piezoelectric materi al

conpri ses, a er o i ezogl ectri.c erial. he net hod. gccording to
catm 1 dher o, ThenpgheaEp e Gl Cohbin b Bhor s Mook dor . 16026 My
2004 4. ThQARIHQLsaGeQIcdl Ng to claim 1 wherein each fiber has a
substantially rectangul ar cross-section. 5. The nethod according to claim
1 wherein each pair of adjacent fibers are separated by a channel. 6. The
nmet hod accor di tg, claim erein at | east, one of ..t he, gonductive patterns
is made O co&g%rm& (.)A %?gdrll'r%qvﬁocéa nélglck)vb%rieﬁlge %p%lrgf?ﬁjice%@eéf #* he second
film has sapdrite@byaehaniel.i ve pattern and a second conductive pattern, the
first conductive pattern of the second film being electrically isolated
fromthe second conductive pattern of the second film the first and
second conductingngabd SBRfL ol diinePoRBMIH de IRLARLAR (A diIpE A LY Of

el ectrodes that cooperate t©O forma pattern of 1nter |g|?a%e£ el ectrodes,
and the gtspdebfdppdi.ng the first filmfurther conprises the step of
positioning the first filmso that the conductive patterns of the first
filmare substantially aligned with the conductive patterns of the second
film 8. 7The rBihAdheEsb/iRGiol Qaifi] Plvlbréid HE LOShd GRAMAL £ Y cGidRGW NY
electrically conductive extensions to the first and second conductive

pat t er ns reftemadfaiseeandfdonducdivd patitrn b fingg cehdictive pattekyoftbagecond fidm

extensions.to.,the first .a second condugctj.ve tterns of e second film
o e o i el B R S0l R B St G sfthnd Bl BERERC o
fil m eachindRassdd@oh@ittivé Pattemd dBth@¥dcBRd FiRE edoh Kavaiath SIRNIB SRIQkroel t1 Ng.
produces a plurality of piezoelectric fibers that extend in the direction

of the | Shajiconpnrataito formsa prttepmef interdigitaipdicleeieadsmand ithemiep afthonding thet hod
accor di ng iG] RlMbCeoiflsE MeSRED e pBLRbAhY A S R & HhiAHE cHaubife T 1St

patterns of the first film are substantially aligned with the conductive 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.



and second conductive patterns extends in a direction that is substantially
perpendicular to the longitudinally ages of the first and 2&M8nd%4| ms and
substantially perpendicular to the longitudinal direction of the

pi ezoel ectric fibers. 17 28 May 2004 11. The nethod according to claim1l

wherein the st of cuttin royi.de hapnel s internedi ate each pair of

adi acent 1t ez diieaRthodageppindto i | WhcisuBe e BERUHRGPIaNides R 11 | m
further GRRBHEBRAS APl AdPReRRADcleOitHbeR! MiAhES %?b&icﬁﬁ-%&'e%&éd e
fibers to fill ine the chan%%?s andee Fningté air.p%gkeps. 12. Thanethod
accor di ndilirofuctheri spmprispseanplying b epaxydo dfa plmahysoipidzoelectrisifipersandillan second
side, and,the ste f..bonding the second filmconprises: applying a first
adhesi veqp%g(gr‘m?lﬁ%?‘ﬁ%hqlma m]g?%get& the second film; placing the first
side of the second filmon the second side of the plurality of

pi ezoel ectric fibers; and curing the adhesive |ayer. 13. The nethod

accordi ndZ o cihgimethod egeerdingiorqhany | wherein thaseresdfilng hase fitst dde 2 a2 second
side, an e i . i f qﬁgﬁ i.ses: applying a second
adhesi veqﬁe%@ﬁqebR?Cﬁ%]egl&gg)ltfgg?%ggg{e Sfﬁ(;endfijlﬂrs o r%% pl acing the first side
of the first fapblvirga fitveadhesive 1Bjeti® thé fikdrgidplofitial setonddilm ;pi ezoel ectric

fibers; and curing the second adhesiyve |layer. 14. The nethod according to

claim1 furthé?lact’:‘i‘ﬂﬁ&ifei ?tﬁbietqgéh“s%eé%“%&m%‘!ﬁ’&éﬁ?%& S&{]eééﬁlﬁqgawaﬂlwfﬁnducu ve

extensio j . ive patterns. 15. The net hod
edoRleb R ffHefsz %n(?ﬂgnr%ﬁgg gﬂwgﬂ/@ i

according to any one Ing clalms, wherein the cutting
conprises slicing. 16. The nethod according to any one of the preceding

cl ai s, V\{r}fr el"lr']jetnti]eeﬂ‘l(g ggz\(l)lrd?gg tOCC?al r{ZS %ﬁer}gl%e cle Blc”st 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.





