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_ 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 fibers in a
matrix polymer strengthens and prdtects 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 whic-:h can sever the interdigitated electrode
layers duﬁng 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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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 for
fabricating a piezoelectric macro-fiber composite actuator. The first step comprises providing
a structure comprising piezo-electric material which has a first side and a second side. First
and second films are then adhesively bonded to the first and second sides, respectively, of the
piezo-electric material. The first film has first and second conductive patterns formed thereon
which are electrically isolated from one another and in electrical contact with the piezo-electric
material. In one embodiment, the second film does not have any conductive patterns. The
first and second conductive patterns of the first film each have a plurality of electrodes that
cooperate to form a pattern of interdigitated electrodes. In another embodiment, the second
film has a pair of conductive patterns similar to the conductive patterns of the first film.

In a related aspect, the present invention is directed to a piezoelectric macro-fiber
composite actuator, comprising: a structure consisting of piezo-electric material having a first
side and a second side; a first film bonded to the first side of the structure, the film further

including first and second conductive patterns formed thereon, the first conductive pattern
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contact with the fibers, the first and second conductive patterns of the second film each having

a plurality of electrodes that cooperate to form a pattern of interdigitated electrodes.

BRIEF DES

The features of the invention are believed to be novel and the elements characteristic of
the invention are set forth with particularity in the appended claims. The figures are for
illustration purposes only and are not drawn to scale. The invention itself, however, both as to
organization and method of operation, may best be understood by reference to the detailed
description which follows taken in conjunction with the accompanying drawings in which:

FIG. 1 is a perspective view of a typical piezoelectric wafer. |

FIGS. 2-7B are perspective views illustrating preferred method steps of the present
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.
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Referrmg to Flg 1, the ﬁrst step of the method of the present invention entails

prowdmg a ferro-electric wafer 20. For example, wafer 20 is fabricated from unelectroded,
piezoelectric material. In one embodiment,. PZT_-S piezoelectric 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 w;afer 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. In a preferred embodiment, the polymer backing
sheet is moderately adhesive so as to facilifate handling during the subsequent steps of the
fabncatlon method of the present mventxon

Referring to FIG. 3, the next step comprises forming a plurahty 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-controlled dicing saw. However, other

cutting methods may be used, e.g. lasers. In a preferred embodiment, each slot 24 has
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Conductive pattern 30 comprises a longitudinally extending portion 34 and interdigitated

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). Ina
preferred embodiment, the thickness of the copper sheet material is between abeut 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 material, 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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patterns 44 and 46 of film 42 are “mirror 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 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 arein
“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 adhesive is 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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ot her side o cro-fibers Z6. ConductiVve. patterns 30 and 32 of film 28
are di r ect |discadednReferring thFEH Taumacre-Ebgra 26 enemowitached taithebptténielectaode Thus,

conducti ve tier n . ' S L QLo " ' A .
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Al t hough f idrder4Q filh alb maelined dlosc24 tresicenradjabent fibere2®i Applietimrofppogrin ghés havi ng

conductive patterns thereo film42 may . be.configured w thout .an
- conducti ve 'B%Preﬁﬁﬁ@? %‘F’%ﬁ%"%ﬂﬁ&? oKRLs b%@fee?g\éjﬁcﬁat’ %ma?%( ﬁ@aré:g and 42
are bonded gldctrBd@fingdftBES 40,50 ah@® SABOhOfihdl REEMbIEO Thoelindifidtion of thesd dif gockets
lam nate. In a preferred enbqdjnent, the adhesive is a two-Ei rt liquid

epoxy to bowbstantiplisreduces the pagbability aiclestncalgeqing orpermagnenh,shogts wewdh a
liquid epo}?lénde?t}r%“a%ﬁd&\“@bgergﬁgé.‘lGO epoxy manufactured by 3M Conpany.
ondi

However, other types o ng materials can be used, e.g. urethane,
acrylic, etc. Refarrngig RIGSFIR:7Aemd 7B)efterfslotss?4 are &lled with the epmydthagextr ocess

peT) Usoo) 1 o R firoet e fldfro Yo e Abd Mokl dlhs lf 5047

and nmacr o- ffillne284s plcedreportytsizie doamach tha previously 4@atal subfatehaftmacesfiters 26sich 26
contacts the epoxy-.coagted . face of, electrode fil.m42. Light ressure,
i ndi cat ed -&5“53?%‘ ,qe%rr‘?ﬂe ﬂ*’é&t“%ﬂe!"iﬁﬁ %egﬁ Ptélﬁ‘ségéﬁ‘tﬁﬁf?p VEVRFy cure

the epoxy 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 unelectroded portions of films 28 and 42 (i.e. the portions
of films 28 and 42 having no con_ductivé 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



| ayer to affix the macro-fibers to electrode film42. After the partial |
cure is conplete, polynmer backing sheet 22, previously used for handling
of macro- WOWaRIsds s peel ed away and di scarded. Ref ePET/HBO0I802E| G 7a,
macro-fibers 26 are now attached to the bottomelectrode film42 by the
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direction, with a contractile strain occurring in the transverse direction.

(2) Alternate Embodiments
FIG. 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 angle 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.



-8 conductive extensions 68 and 70, respectively. During operation, an
external power supply (not shown) is electrically connected to the

ext ensi ons W@%@fﬂgo in a manner such that at any one nof&HUSI18025¢
opposite electrical polarity is supplied to interdigitated fingers 36, 40
and 50 and 54. This polarity generates electric fields directed along the
| ength of fibers 26 in the regions between adjacent interdigitated

el ectrode fingers 36 and 40 and between joLngers 50 and 54. The
interdigitated el ectrodes 36, 40 and 50, 54 are al so used for polarizing

the piezoel ect rpjgn {d20R¢18des Bwo Etldaétive phitéhs PI2 4nlQ 14Bstmed fHeRRh S Céhductive
typically required before operating the device as an actuator.
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Enbodi nent s epicts an alternate piezoelectric fiber actuator 100 of
the present i nvdftoneambodinent, filmd@4 inclndgntvsr condurtive pattensi 134 and| 12&foamed
cont i nuous .S} i ﬂ%‘ﬁ% | . iﬁgh'f ' t cture,
e.g. high aé%%g ) ?g'tll 0 st rf}gl{'@rzgg’,&gg%%?g@{oar S, Séei?dg.mg%ﬁte%g’?l-lr%ggé&l act uat or
100 gener al interdigitated dextrofies ordfing€® 1301 Bimdarly, porelpctolepatiern 326 inblades a106. Fi | s
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destribed OgURAY addigaPrite 157 sl lerdgtie e-Baaty Strogrs Pt A SRV C
are the resplG. 9pfingdrsCl30tard hgolated Withirépect 6 R gitsdiradly Baenddaporiisreragous! y

described. Fibers 106 define a longitudinally extending edge 110. Slots
108 are for MEgady, fagers hift are apauiptedguiesperiiol iepgpdiptllyraionging rediaail gy dge
110.  Pref epiiréd eRBSdimét Kingdd9 30 Snd PIRE fttedattDss ARGk Sithirkdpe&ts BEitibnd O

t He | ongi tudi nal extendi ng _ _ _
o ' 128 and 132, respectively, so that fingers 130 and 134 are substantially perpendicular to the

fibers 106. Although film 104 has been described in the foregoing description as having
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



edge 110 because such an angul ar orientation provides optinumresults in
I nduci ng piezoelectric shear stresses within a host structure. However,
slots 108WRMNBIEES forned at a different set of angles WEHUSBAREL to the
| ongi tudi nal |y extendi ng edge 110. WD 01/ 33648 PCTI USOQO 18025 -9 Film 102
I ncl udes two conductive patterns 112 and 114 forned thereon. Conductive
pattern 112 includes a longitudinally extending portion 116 and
interdigitated el ectrodes or fingers318. Simlarly, conductive pattern
114 includes a longitudinally extending portion 120 and interdigitated

el ect r odefetRbdsprdViRLI§ ddséAbedherehl) Mifthsi206 EAd208%re génBEBY the bde @l € angul at ed
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has generally the same 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 anisotropically 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



112, 114, 124 and 126. In a preferred enbodi nent, each of the el ectrical
conductors eoﬁ#giltloned near the edge of filnms 102, 104 and function to
el ectrical I?yr % t actuator 100 to external electronic X F{?ﬂ?/{fﬁ%ﬁ (not
shown). The four electrical conductors apply electrical power to actuator
100 in the same manner as described above. FIG 10 illustrates a further
enbodi nent of the actuator of the present invention. Actuator 200
generally conprises a plurality of pieze#l-ectric macro-fibers 202 separated
by slots 204, and filnms 206, 208, 210 and 212.. Slots 204 are formed by
the slici ngapplicatiun bf thg ehiBy(d in§BankBteP GTgciBAlY the 8&be matrier avpradoslypdesaibeds| y
descri bed re| n GHand 208 are generally the sanme in construction
as filns 28 5ﬁ§§e'3‘§y° %%'ﬁ’i?,r ely, discussed above. Film 206 includes two
conductive patt a{eianag% FIGd 16, Xt liselofMBkhst210] 21210 bERNAIIS20E end J0Bitber n 214

I ncl udes a Iongltudlnal xtendlng portion 218 and interdigitated
el ectr odes BjfZocleptrg g}agrozégxs 22 ereatgs relatively strang band ey thetase paiptaingd bensath

| ongi t udi NaldqbeRvdeR ﬁﬂg&goms n@@an%zz%s &igh An%ﬁfecun%m&eﬂfi fifthS06'08 968 i
fingers 224. As shown in FIG 10, fingers 220 and 224 are substantia ¥y
per pendi cul keradded dusingithe fbriratipy ofthe sheai-moderstualaypseviaiBlyalestrib@band shown in
respecti Veli"IG n one enbodi nent, film 208 conprises two conductive patterns
226 and 228. onduct i ve pattern 226 includes a longitudinally extending
portion 230 and FIGt ¢t siogistansther embodintenioafale axtuatornd ereprésentinwehtion) ) Actuator

Simlarly, nduct | attern 2 ncl udes a na

portion 232:?@rﬁf" ﬁlkye‘?” PO 2 B ﬁ'écc‘? B%R@e?@d‘!ﬂ@%%‘yrﬂg%% S\gqur of
film 208 ar3n2 mayirset pamucad asya lbﬂglﬁﬁﬂdll-tﬁbﬂeadr sh@rnfde hétuston aFilns 304 2R Sod Whve
portions 230 and 232. Film 208 may al so be configured withou

t
conduct i ve §igftiods H@W@GWW&U%FWP censtretopas films 2onnd &B.deanggﬂ

conductive fholdBnd¥howh FEIEGS249nd8d 212 positioned on the top and bottom of
pi ezoel ectric macro-fibers 202. Each film 210 and 212 has generally the

sane surface ar dalma04comprisas conductivepattgrneiP8orhichi has e dngudinally extending i ber s

202. Fil t
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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 longitudinally extending portions 322 and 328, respectively.
Film 306 may also be configured without any conductive patterns.

Fiims 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 example, launch vehicle payload shrouds,



adhesive matri x has randonml y. | oaded conductive particles. These conductive
particl es r ovi conducti've paths through the thi ckn adhesi ve
film butW 8?’335% ough the plane of the film This pat hlénﬁleélréé(}gsgene t
permts the fingers of filnms 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
enbodi nent, the conductive particles-lBave a di aneter of about 0.0005 inch.
Films 210 and 212 conprise Z-Axis Film product no. 3M 5303R, manufactured
by 3M Contoapego bodies, missilecstebilizerdimnestc.f i | s having general ly the same
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enbodi ment, filnms 206 and 208 nay be added during the fabrication of the
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shows ano Act uat or
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actuator. | s 304 a ctrode patterns and are generally the
sane in c ?Wﬁ??@%ﬁ%ﬁ??ﬂrﬁaﬁ%vaacﬁ“ ‘42 described above and shown in FI GS.

4 and 5. Fil m X84, seek\04 kekiced panlie ue theUdcknasstdinecticdG8d albng:theﬂmgtha
oty o hieted o ok, G 8o b b T SR SRIELT, 1o
a | ongi t udicailahy. Brdng I’éﬁkb&ﬁmaﬁr 4 waker Adifi savdis usdda dingibensheets 410. However, :
. other cutting methods may be used. Fiber sheets 410 may be handled and packaged in the -
same manner as monolithic piezoelectric wafers. In one embodiment, the thickness of each
sheet 410 is 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. Asshownin
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



el ectrodes or fingers 318. As shown in FIG 11, fingers 312 and 318 are
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are applied under a vacuum
shaped fibers in accordance with the present invention instead of round fibers allows the

g

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 unimpeded electrical connection to be made between the
piezoelectric material and the electrodes. ‘As a result, the electric field transfer efficiency of
the actuator electrodes is significantly improved, which in tum 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 patterns (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



Next, stack 404 is sliced parallel to the thickness direction and along the
Iength t| n, as indicated by dotted fines 408, .t pIurallty
relatﬁbéﬁ% in, piezoelectric sheets 410. In one gﬁﬁggﬂﬁyﬁfla waf er
d|C|ng saw is used to cut fiber sheets 410. However, other cutting nethods

may be used. Fiber sheets 410 may be handl ed and packaged in the sane
manner as nonolithic piezoelectric wafers. In one enbodi nent, the thickness
of each sheet 410 is about equal to 4lHe thickness of one of the

pi ezoel ectric wafers 402 used. to form stack 404. However, each sheet. 410
may have field distibution in reians bepedtieasl adfagent 6o thglangitedinally sxtending parionsiohithes of

one of the zoel ectri A02 I T8 Brical 410 is
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pattern 4Afdiis pbiecled from the énvivgnrhenti nal | y extendi ng portion 418 and
interdigitated el ectrodes or fl%%grs 420, nductl ve, ern 422,

whi ch has a IVohilsitheRrpssal inyention hasbeenpanisivler Bﬂes&'ﬂf alfForHRge Bl‘”ﬁ'i At ed

el ect r odegefic freferted Smbbafinenf\St is BRWG tat mityGlierhdBves [hotifdatiobdad and 426 are
substantiall'y perpendicular to |o egl tudinal |y extendi ng cﬁaortl ons_418 and

424, r espatetionsMll bepparentta thaserpilieddn the aptdmbight of the foegaing desoripgomalfing a

| ongi t udi i fdnf trodes or
fingers ?J%%{%%%&@ré%ﬁg g"r;‘g??@'g%mg“%@% uct i \?{ela; patt{elfér% 434 having a
| ongi t udi medxﬁgatlenstand danayomstfallmg wifhén the drue scope dindy$pirittaf thecresentripyeationor
fingers 438. K g{g %12 and 438 are substantially perpendicular to

| ongi t udi nal | 5}*] g  portions 430 and 436, respectively. Film 414 may
al so be configured wi thout any conductive WO 01/ 33648 PCT/ US00/ 18025 -13
patterns. Filnms 412 and 414 are adhesively bonded to sheet 410 via a liquid
epoxy or using an anisotropically conductive filmas previously descri bed.
The configuration shown in FIGS. 12A and 12B has two significant
advantages. First, the possibility of bonding to a surface skinis
virtually elimnated. Second, all the nmacro-fibers of sheets 410 are

. pre-aligned. (3) Advantages Over Related Art Actuators And Met hods The

nmet hod of the present invention substantially elimnates the need to

manuf act ure



and individually handl e | arge nunbers of piezoelectric fibers. Thus,
production ti d handling costs associated with packagj ol electric
fiber conp3§+§5233§‘@t uators are significantly reduced. The%r@?’ﬁ@@g@g t he
present invention is easily controlled and preci se, -which greatly enhances
the repeatability and uniformty of the actuators produced. Th met hod of
the present invention permts cross-sectionally rect anﬂnmmlﬁmﬂ ﬁ”“ 'lers
to be manufactured and easily aligned %#5thin the act _ ﬂ I hout
the possibility of damage to the-actuator electrodes. *Thbs,tthe s *
difficulti GLABMSci ated with the use of rectangul ar cross- section

pi ezoel ectric fibers,are vijrtually elimnated. The,use of .cross-sectionally
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thick coppgefong@@etuctive patterns, which are attached via liquid epoxy or
ani sotropi cally conductive adhesive, also provide for an_ uni npeded
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the el ect r FRHE™ Hﬁteé'dlﬂtéff?}?)‘ﬁ? ® area is relatively greater than the

contact area acprsidih adecbnd fimnshd | bers. The polyimde filns each have
wi dth and | ength ]céi(jrinrrensi on;@t hat e Iarggr than the . width and | ength of

pi ezoel ectric waPRAingthe fest angd sseond films ppthe frst andesseongrsidey, Agipestiyelyopfithe

extendi g REhéthRNEcHMat tE corATEHR phitEmPat thefirdBfillPel&btridally édndes thajieabd 38 of
conductive E)at terns. 30 and 32, respectively) away fromthe pi ézoelectric
waf er . Thi lessiermaseriahstrustrei gnificantly |essens the potential for cracking
of- the macro-fibers caused by highly non-uniformelectrical WO 01/ 33648
PCTI USO0/ 18025 -14 field distribution in regions beneath and adjacent to

t he | ongitudi nakl y e¥hemeihnd apordingosiaih 1twhereirctha dundtire of przd-electsc

Addi ti onal | t hi s packagi ng..conce ffor.ds a sealed electrical system
that is pr di{dé%qagﬁm?&gﬁﬁﬁgn itk P'Sfﬂ%ieeﬁf}'.c wafer.

3. The method according to claim 1 wherein the second film has a first conductive

pattern and a second conductive pattern, the first conductive pattern of the second film being
electrically isolated from the second conductive pattern of the second film, the first and second
conductive pattems of the second film each having a plurality of electrodes that cooperate to
form a pattern of interdigitated electrodes, the bonding step further comprising the step of
positioning the first and second films so that the conductive patterns of the first and second

films are substantially aligned.

4. The method according to claim 3 further comprising a pair of electrically

conductive extensions, each extension being attached to a corresponding conductive pattern.



Wil e the present invention has been particularly described, in conjunction

wth a sgg&bfds&épreferred e

nt that man
alternatives i fications and variations will be ap 0Q;’cymtshose
skilled in the art in light of WM'”HII"EMCH ptlon It is therefore
contenpl ated that the appended any such alternatives,
modi fi cations and variations as fali ng Within"the true scope and spirit of
the present invention. Wat is clainmedéis: WO 01/33648 PCT/US00/ 18025 -15_

1111111112222 1111111 1111 C L M .S CLAIMS 1. A nethod of fabricating a
pi ezoel ectric Aacr oThe pethodeepuwigte claiot Liwherein th&:pjeqoréles:triwgnattr'al ghwpse of

prOV|d|nga re. c r haV|n g first
side and & méé%eg%hlﬁrﬁl %F"g\%]é‘% sﬂio]n,l ?%g‘?h%rrhﬁ‘{'?c‘%%gﬁi Pé?”&ﬁa‘%%econd
conduct i vahefirst and sedond smds df beerfibers, defirtingg thé firss andosecshidGidey eespaint;dy,rbflﬂei ng
electrically isolated omthe second conductive pattern, the first and
second co EFWCM?@{%%%h having a plurality of electrodes that
cooperate to forma pattern of interdigitated electrodes; providing a
second film and bonding the first and second filns to the first and second
si des, respect Pvel yTheypethedbaccendingde claien Svrbercinigagh fibgehasgsubstantitlly pat t er ns of
thefirst r | y contact the piezo- electric material structure.
2. The mt%%@t%rﬁgléﬁgt&}?o claiml wherein the structure of piezo-electric
material conprises a nmonolithic piezoelectric wafer. 3. The method
according to ckhaim f S)af I ve
pattern and a lgecongh &éﬁdcé& ﬁﬁi&@gi&ds wt’%]rg]nfeg& C°£ﬁ §°e tlcélbggpa%tern of
t he secondepardted tyed chgnnekl ectrically isolated from.the second conducti ve
pattern of the second film the first and second conductive patterns of
the second filmeach having a plurality of electrodes that cooperate to

8. The method according to claim 1 further comprising the step of slicing the

structure to provide a plurality of piezoelectric fibers in juxtaposition before bonding the first
and second films to the first and second sides of the structure.

9. A method according to claim 1 further comprising the steps of:

providing a backing sheet having an adhesive side;

positioning the structure on the backing sheet such that the first side of the plurality of
fibers are adhesively attached to the adhesive side of the backing sheet; and

slicing the piezo-electric material structure while positioned on the backing sheet to

provide a plurality of piezoelectric fibers in juxtaposition.

10.  The method according to claim 9 wherein the backing sheet is fabricated from a

polymer.

11.  The method according claim 9 wherein the bonding step further comprises:
first bonding the second film to the second side of the plurality of fibers;

removing the adhesive backing from the first side of the plurality of fibers; and
bonding the first film to the first side of the plurality of fibers.



forma pattern of interdigitated el ectrodes, the bonding step further
conprising the step of positioning the first and second fil hat the
conduct i ve YWAP¥3648s of the first a i re su%%ygﬁ'ﬁ%z%y
aligned. 4. The nethod according tgmﬂﬁma"“ulmﬂmrconprl sing a pair of
electrically conductive extensions, eachLexsensi oil being attached to a
correspondi ng conductive pattern. WD 01/ 33648 PCT/ US00/ 18025
111111211121122112211 1121112112111 * C L M1$-16- 5. The nethod according to
claim1l wherein the piezo-electric material structure conprises a
plurality of fih2rs The methdbdasidingao clama® whérelmahe bandictiye pattérnsare siadeofand a
second side, the first and second sides of the fibers defining the first
and second °8PRfés, respectively, of the piezo-electric material structure.
6. The nmethod according to claim5 wherein-each fiber has a substantially
rectangul ar cross-section, 7. The nmethod according to_claimb5 wherein each

pair of adj acenti3fi b&hesmethed accaysdingte slaim § wheremdhe giep ofslicing grodess sy

accordi ng | : I3 LGy ture
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bondi ng t hdilhs.rst and second filns to the first and second sides of the
structure. 9. A nethod according to claim1 further conprising the steps of
provi di ng a backi ng sheet having an adhesive side; positioning the
structure on tha4abacThemethbdaicordinggtolicliih 8twherein the step ofidicmg ptdvédepchana¢ls t y of

fibers are .adhesively att ed tq the adhesive,side of. the backing .sheet;
and slici nd“W%ﬂFee?gh .B‘}"é‘g‘t'caplaﬁe'}trgl?gf’itg? mqﬁ?‘ij%‘ﬁh?reco\ﬂ?f'ﬁ@g Hﬁsgf) iog ﬁ%‘gy'% t he
backi ng sheaglepés toiedibefiQo &l M the dhdnhyls &id diabediegdckes. fibers in
juxtaposition. 10. The method according to claim9 wherein the backing

sheet is fabricated froma polyner.
15.  The method according to claim 1 wherein the first and second films each have

first and second sides, the bonding step comprising:

applying a first adhesive layer to the first side of the first film,

placing the first side of the first film on the first side of the piezo-electric material
structure;

curing the first adhesive layer;

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

placing the first side of the second film-on the second side of the piezo-electric material
structure; and

curing the second adhesive layer.

16.  The method according to claim 3 wherein the piezo-electric material structure
comprises a wafer of piezo-electric material, the method further comprising the steps of:

slicing the wafer to provide a plurality of fibers separated by channels, each fiber
having a first side and a second side, the first and second sides of the fibers defining the first
and second sides, respectively, of the piezo-electric material structure; and

bonding the first and second films to the first and second sides, respectively, of the

fibers so that the conductive patterns electrically contact the piezo-electric material.



11. The method according claim9 wherein the bonding step further

conpri SeSwo L%; bondi ng the second fiTmto tiu,rsecondl,(?liﬁgg, Rdo2d he’
i Pl rst

plurality o ers; renoving : | ve backing fromthe si de of
the plurality of fibers; and }Ejﬂﬂﬁ,ﬁ"ﬂ",’” filmto the first side of
the plurality of fibers. WO 01 d TR edT/ USCO 18025 C L 11" S - 17
12. The nmethod according to claim9 wherein the conductive patterns are
made of copper. 13. The nmethod accordi$g to claim8 wherein the step of
slicing produces a plurality of fibers which extend in the direction of

t he | ongi t udi nl. axBhe methadascdriling to claier 19evhsrein each filyyhas plongitudinallyt hod
according to ¢l aim rel . Of - Sl 1G4 | C

i nt er medi ﬁftgmfé:%%“spaglfl\ré@%fﬁ gﬂ?%%gsn’ﬁkﬁ "Ie%%%o,%l ﬁ%&l%@ﬁﬂﬂ%ﬁeﬁggggﬁ%ﬁ si ng
the step eHefilpgl ying an epoxy to the fibers to fill in the channels and
elimnate air pockets. 15. The nethod according to claiml| wherein the
first and second filns each have first and second sides, the bonding step

fcolrmris:ng; app%iyi ][T_ﬂleanétl'u_fdcb‘iécc&fdhgﬁdM?dﬂwfeyelﬁ@eicheleﬁtidd?ﬁsgdndel_lyéf t]tle L i rst
|mpaC|ngt_e|rstsgeote_|rst|m_nte rst side, of .the
pi ezo- el e@ewprdiqular & thylongiydinally gxtending portng t?%wgﬁc? 5?*’564?(3@‘{‘\9%“[’%‘&?@ pf
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placing the tirst side of the second Tilmon the second side of the
pi ezo-el ectric material structure; and curing the second adhesive | ayer.

16. The method, accopgl idndPactded e iiiClebrdifl heRleEifics Wi lchth ATRLR | @l
structure conprises a warer o Il ezo-electric materi al,

the net hod further
conpri si ngngutedswitpeesprct toghe longitpdinklly extending portion ofthdélm pl ural ity of fibers
separated by channel s, each fi ber

20.  The method according to claim 19 wherein the degree of angulation of the

electrodes with respect to the longitudinally extending portion is about 45°.

21.  The method according to claim 19 wherein each fiber is sliced at an angle with

respect to the longitudinally extending edge of the films.

22.  The method according to claim 21 wherein each electrode extends in a

direction substantially perpendicular to the fibers.

23.  The method according to claim 1 further comprising the step of attaching

electrically conductive extensions to the first and second conductive patterns.

24.  The method according to claim 1 further comprising the steps of:

providing a pair of anisotropically conductive sheets;

bonding each anisotropically conductive sheet to a respective side of the structure; and

bonding the first film to one anisotropically conductive sheet such that the first and
second conductive patterns contact the anisotropically conductive sheet, and bonding the

second film to the other anisotropically conductive sheet.



having a first side and a second side, the first and second sides of the

fibers defiping.the first and second sides, respectively ‘
pi ezo- el ectW?ggm erial structure; and bonding the first Xﬁﬁk&@%ﬁ? filns
to the first and second sides, respectively, of the fibers so that the

conductive patterns electrically contact the piezo; | Lal . WO
01/ 33648 PCT/ US00/ 18025 111111211121121ff11ull L 11 l j | ['!ﬂe nmet hod
according to claim 16 wherein each film-li&as a | ong _ di ng

axi s and each fiber extends in the direction of the longitudinally
ext endi ng axes @&f5. t Mhefiethod accbdding toldiamniewheayein dectapdif providing-the structute

wherei n each el ectrode i ener al er pendi cul.ar to the longitudinally
ext endi ng p‘fﬂ"lﬁ"ﬁ‘ﬁgfpl?ﬁ?'\ﬁﬁftgﬁ“?afméié&&?s ﬁﬁé“"&"&ct rodes of the first and
second conducti vp?mﬁ@hgepmsaﬁb,eémfﬁyaﬁﬁai&aadtﬁyma@ﬁﬂ,endi cular to the fibers.
19. The method according to claim16 wherein the el ectrodes w thin each
~filmare angul sroadingitherivafers pgether tg forma staflg2pdidi nal | y ext ending portion of
the film 20. Tmﬁdﬁgfm&c@ﬁﬁﬂé gir&loh O b MicRndQ MRRIBIK td POvIdE I RSkt Bhe

angul ation of the ectrodes wth respect to the |ongitudinally extending
portion is sheetof piego-clectpi¢c matkhial having edirstsislerud a gecond sidethat definestthe fishsideac h

cdge of t neiabiant 35, ARRLet) btne REIEERrh ulchR afiRB L 0e Y Scn™

el ectrode extends in a direction substantially perpendicular to the
fibers. 23. The thod according to claim1 further conprising the step of
attaching el ect - calMAPPETANS COTRUSING: t ensi ons to the first and second
conducti ve patt ef plgzo-eléotriclii@eri® hidifk #0586 £ 4 Redildaidge 1 further conpri sing
the steps of providi nq@a pai r of anisotropical IX conducti ve sheets;

bondi ng each ani &t boaded to dhafirstcsideof theauerial ghe fisstllgchaving @ fgstaidegnd ¢ he
structure; b i hef borrisini! P End0Ve Phitithd, ¥achQRAMEHLe ©
sheet such t g?d%gmfeirst ar?d n?ggg%éﬂé%ﬁ%ﬁé&?:lxve pattve?lrlltg c%n%act the1

ani sot r opi cpdtteyn keingdn elettvical chusatt withithie biezatélagiric tmaterial, the first conductive pattern

being electrically isolated from the second conductive pattern, the first and second conductive

patterns each having a plurality of electrodes which form a pattern of interdigitated electrodes;
and

a second film bonded to the second side of the material.

27.  The apparatus of claim 26 wherein the piezo-electric material comprises a

monolithic piezoceramic wafer.

28.  The apparatus of claim 26 wherein the second film has a first conductive
pattern and a second conductive pattern, each conductive pattern being in electrical contact
with the piezo-electric material, the first conductive pattern of the second film being
electrically isolated from the secoﬁd conductive pattern of the second film, the first and second
conductive patterns of the second film each having a plurality of electrodes which form a

pattern of interdigitated electrodes.

29.  The apparatus of claim 26 wherein the first and second films are fabricated

from a polyimide film.



second filmto the other anisotropically conductive sheet. WO 01/ 33648

PCT/ US00/ 1111111112112212212211211211 -19- ¢ L e met hod
accordin &@8’%@? iél I providing the s ?ﬂ%’?ur?
conprising a piezo-el ecth“ E" E rises the step of providing a
plurality of wafers of piezocellectri @ nmaterial; bonding the wafers

together to forma stack; and slicing the stack in the direction of the
t hi ckness of the stack to provide at |&st one sheet of piezo-electric
material having a first side and a second side that defines the first side
and second si d¥0. r éBisappdratus 9f clagn 26 meherginghepiegoceleqtiicmatgsial strugturet r uct ur e.

26. An apemg&ggé e@ﬂ{gﬁglo?hp&? }nﬁuﬁﬁgﬁl@e@l &tﬂb'eph@%‘aarﬂrﬁls ggqgt; Q%@né st side

and a secon S to the St sSi mat éri al ,
the fir st theifirsnahdisacom] sides iof the fibérsl defining the firstamd setond sidss, tespectivelyyof thet her
conprising, first .and second conductive patterns, each conductive pattern
being in é‘b?F?‘EﬁF‘a@Bﬁt act with the piezo-electric material, the first
conductive pattern being electrically isolated fromthe second conduct ive

pattern, the first and second conductive ns e vin Iur ality
of el ectrodes ¥hi cregpparaiup,ekdasp 40 B‘fhe"e’rﬁ‘teé&!jﬁl g%?"@‘&‘? and a

second fi|mbanded to the second side of the materl al . 27. The appar at us of
claim 26 wherein the piezo-electric material conprises a nonolithic
pi ezoceram ¢ wafer. 28. The apparatus of claim 26 wherein the second film

nas ot i ISt CORAUC i Sopdhhd 6 i B8 wifreRAGOR: SN o (ConkiFih Bhch b

conducti ve pat ern rircal contact e pl ezo- electric
mat eri al , atdngitidinatly extendihgaixis\and wherbmreachﬂbetMas}ewndinﬂiYIepﬂeb@nmgﬁls the
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having a plietdalg ks offthefil®st r odes whi ch form a pattern of interdigitated
el ect r odes.

33.  The apparatus of claim 30 wherein each pair of adjacent fibers are separated by
a channel, the apparatus further comprising a layer of epoxy disposed over the fibers and in the. .

channels.

34.  The apparatus of claim 30 wherein the first film and the second film each have
a longitudinally extending axis and wherein each fiber has a longitudinally extending axis, the .
longitudinally extending axis of each fiber being angulated with respect to the longitudinally
extending axes of the films and wherein the electrodes of each film are angulated with respect -

to the longitudinally extending axes of the films.

35.  The apparatus of claim 34 wherein the degree of angulation of the electrodes
with respect to the longitudinally extending axes of the films is about 45°.

36.  The apparatus of claim 34 wherein the interdigitated electrodes extend in a

direction substantially perpendicular to the axes of the fibers.



29. The apparatus of claim26 wherein the first and second filns are
fabricated _froma polyimde film WO 01/33648 I1'I~ 11 I" ' 0/ 18025
IR |‘1VP~“}’?3‘2§ 11" CL MS -20- 30. The apparatus of E#Eﬁg{‘@g erein
the piezo-electric material structure conprises a plurality of fibers in

j uxtaposition, each fiber having a first side and a second side, the first
and second sides of the fibers defiipj | nd second si des,
respectively, of the piezo-elect Jlnllmmlmmlllﬂmrme apparatus of claim
30 wherein each fiber has a substartti &l |y rkctandgular cross-section. 32.
The apparatus of claim 30 wherein the first filmand the second film each
have a longitudinally extending axis and wherein each fiber has a

| ongi tudi nally extending axis, the |longitudinally extending axis of each
fiber being substantially parallel to tWe longitudinally extending axes of
the filnms. 33. e ar cl a wherei.n each pair of adjacent
fibers are sepaﬁ;t ed eyapgéargti‘ﬁ§£\ﬂ3?§6ﬁﬁ'§ggﬁﬁgpﬂ?& further conprising a

| ayer of epoxy sfispasisstropi¢ily dohiductivishiest dispdsddrbetwien andbondediosthe Bkt filkhe
appar at us of %I inhﬁo §$erein the first filmand the second fil meach have
a | ongi t udPPfd Pg’séi‘ e Aline plezp:plectre materal andy each fiber has a.

| ongi tudinal |y gxdcentihiatrapicaly coiuctive sHaBispdstiabRiwetn Snd toREEd ' iictor €ach
fiber being angul ated wiith reSpect to_the | ongitudinally extendi ng axes of
the films ghm%mmﬂ%@%ﬂt&mmdwtmm@mﬂ filmare angul ated with
respect to the longitudinally extending axes of the films. 35. The
apparatus of claim 34 wherein the degree of angul ation of the el ectrodes

w th respect to38.he Anapparatusicomiptisingsxt endi ng axes of the filnms is about
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fibers. second side, each pair of adjacent fibers being separated by a channel;

a first adhesive layer disposed over the first sides of the fibers and within the channels;

a first film bonded to the first sides of the fibers, the first film comprising at least one
conductive pattern, each conductive pattern being electrically isolated from any other
conductive pattern and in electr_ical contact with the piezo-electric fibers, said at least one
conductive pattern having a plurality of electrodes to form a pattern of interdigitated
electrodes;

a second adhesive layer disposed ovef the second sides of the fibers and within the
channels; and |

" a second film bonded to the second sides of the fibers, the second film comprising at

least one conductive pattern, said at least one conductive pattern being electriéally isolated
from any other conductive pattern aﬁd in electrical contact with the piezo-electric fibers, said
at least one conductive pattern having a plurality of electrodes to form a pattern of
interdigitated electrodes, said at least one conductive patter of the first film being

substantially aligned with said at least one conductive pattern of the second film.
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37. The apparatus of claim26 further conprising: a first anisotropically
conduct iwg e di sposed between a bonded to the fi petukéogazsand t he
first side of the piezo-electric mat®€rial; and a second anisotropically
conductive sheet disposed between and bonded to the second filmand the
second side of the piezo-el cSMENDERCLAIMS 33 An apparatus conprising: a
plurality of [freoeivel leycthe Interhitional Bureaujon 8 Hplryary 2001 (2842101%i ber having a
first side and a originabolaims il 38 repdaccth by ngw clatmsddid@mpaessilber s bei ng separ at ed
by a channel; a first adhesive |ayer disposed over the first sides ofthe

fibers and w thin QFW! Seut ! .| Hi%:xtéoﬁlﬂ? uHﬂfﬁt si des of
the fibers, tﬁ'e fitfkgﬁaﬁl m -conprlsglléllgiog{u‘ﬁgas one g%’%go(ﬂ}g&‘{/e pattern,
each condswniprising thetsteps of: bei ng el ectrically isolated fromany other
conductive patterp and in electyical .contact with.the pigzo-elegtric
fibers, said &°W !“BW&"Wi%"B?&%‘&PM&Wh@“’%DbﬁH}‘ﬁW\?%f

el ectrodagednd siger m a pattern of interdigitated electrodes; a second

adhesi ve Tayer di sposed over the second sides of the fibers and within t he
channel s; and slicing:\be attuctwre to provide o plusality,of piezosleetris fibers injuxtapsitionher s, t he

second film conpeki-Si east ' LR | | east one
conductive pat’?@vt' “%Qﬁﬁghm %ﬁﬁi‘c@gﬁv&%{‘%@e“ﬁ“pﬁém an§°@?ﬁg‘ﬁ%’3hduct ive
pattern ahefilsticonkiegiveipanédrn being eledtrivilly isolated finneths-sedond conduchivepnttern, sai d  at
| east one_cgnductive pat{ern having lural [ty of . el ectrodes to forma
pattern gﬂ“hW@&B&!’“&YM&S‘@&P&‘X&“%Q‘Sﬁ%MWHﬂUCt ive pattern
of the fidodperhte & T 4 fhrtern of interdigitated electrodes;
providing a second film; and
bonding the first and second films to the first and second sides, respectively, of the
structure such that the conductive phtterhs of the first film electrically contact the piezo-
electric material structure. ' '

2. The method according to claim 1 wherein the structure of piezo-electric

material comprises a monolithic piezoelectric wafer.

3. The method according to claim | wherein the second film has a first
conductive pattern and a second conductive pattern, the first conductive pattern of the
second film being electrically isolated from the second conductive pattern of the second
film, the first and second conductive patterns of the second film each having a plurality of
elestrodes that cooperate to form a pattern of interdigitated electrodes, the bonding step
further comprising the step of positioning the first and second films so that the conductive
patterns of the first and second films are substantially aligned. '

0
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substantially aligned with said at Ieast one conductive pattern of the
second film WD 01/33648 22 PCT/ USOQ 18025 AMENDED CLAI M5 [received by the
I nternational Bureau on 28 February 2001 (28.02.01); originhal clains 1-38
repl aced VOWERFE ai ns 1-33 (10 pages)# 1. A nethod of f& 4@ a

pi ezoel ectric macro-fiber conposite apparatus, conprising the steps of
providing a structure conprising a piezo-electric material having a first

side and a second side; slicing.,the structure tqQ provide lurality of
pi ezoel ectric fMber s'ﬂ'h“'ﬁe@?@ aipesdwaterﬁmamedm@v&% 48’?"%’"? ing a

first d ; duct i
attern %g&ﬁllaﬁ"&c rrcalry |1 SOF&?BRb%WﬁmSI‘ %Rg!ﬁ&ﬁ be{dﬁ&nﬁon orn.

~pattern being e e secon cond ctive pattern,
the first ppaderaecond conductive patterns each having a plurality of

el ectrodes that cooperate to forma pattern of interdigitated el ectrodes;
providing a second film and bonding the first and second fihne to the

first and second si defe methdd85dordify 6. clédh 1ivARtreiR bdch@ibef Kas 3 Wastdntidlly t he
conductive patterns of the first filmelectrically contact the piezo-

el ectric nuectariguler crosaeectione. 2. The net hod according to claim | wherein the
structure of piezo-electric material conprises a nonolithic piezoelectric
wafer. 3. The nethod according to claim| wherein the second filmhas a
first conductiee patl‘hem&thddcardi mrukmdndhmmmwﬁfehmsprbudéu st

conductive pattern of t .S nd m being electrically isolated fromthe
second comf&"l"l‘ﬁ@"&ﬂ‘ Pﬁ@"g‘é film the first and second
conductive patterns of the second filmeach having a plurality of

el ectrodes that cooperate to forma pattern of |nterd|ﬁvt at ed_el ectrodes,
the bonding stef. fufhemethodagrordingite clsim Isfurthersomprsing thestepgofhe first and

second filns so f eflrst and second fil ns
are substanti al Ipl‘&@n%%%ﬁﬂ@?%k%@%&@f # ?qu [
positioning the structure on the backing sheet such that the ﬁm side of the
structure is adhesively attached to the adhesive side of the backing sheet before the step of
slicing the structure,

8, The method according to claim 7 wherein the backing sheet is fabricated
from a polymer,

9. The method uccording to claim 7 wherein the bonding step further
comprises:

first bonding the second film to the second side of the plurality of fibers;

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

and

bonding the first film to the first side of the plurality of fibers.

10.  The method according to claim 7 wherein the conductive patterns are made
of copper.
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AMENDED SHEET (ARTICLE 19)



* CL S AMENDED SHEET (ARTICLE 19) WD 01/33648 23 PC r/USQQ 1825 4. The
nmet hod according to claim3 further conprising a pair of electrically
conductive extensions, each extension being attached to a correspondi ng
conduct iw@or33aest ern. 5. The nethod aztording to cl ai mPCHPOPAROAS each fi ber
has a substantially rectangular cross-section. 6. The nethod according to
claim] wherein the step of slicing provides a channel between each pair

¢ adi fi L s g
of adj acent iper%ﬁﬁgﬁwgwgs;hﬁw,{@eﬁgﬁbﬁé‘&m&w&dﬁg&aconpr| si ng

the steps of: ‘provi avi ng .an adhesive side; and

posi t i oniplugelityef fibersietichr extend int the divection ofithe longitudioat mxestoftheifirgt ahdr st si de of -
the structu I s adhesively attached to the adhesive side of the backing
sheet beFﬁP@éﬁ‘fg' step of slicing the structure. 8. The nmethod according to
claim7 wherein the backing sheet is fabricated froma polyner. 9. The

met hod according to claim7 wherein the bonding sfep, further conprises:
first bondi ngl#he ?M:@mWWWW@@WSW’W'P%@‘&?&PHIWy of

fibers; ﬁwgtgg’éd&g’,&a{ﬁgﬁ&ﬁ%ﬁ% W?‘?Pm*’he first side of the

plurality ers, mto the first side of the
plurality of fibers. 10. The nethod according to claim7 wherein the

conduct Ve pay of gy 210 Rde ol SURR' wiarka o o khd dbod dibbmcd! 1111111
have first and second sides, the bonding step comprising:
applying a first adhesive layer to the first side of the first film;
placing the first side of the first film on the first side of the sliced piezo-electric
material structure; ' ' | |
curing the first adhesive layer; _
applying the sccond adhesive layer to the first side of the second film;,
placing the first side of the second film on the second side of the sliced piezo-
electric material structure; and ' |
curing the second adhesive layer.

14.  The method according to claim | wherein the pieiooelectric material
structure comprises 8 wafer of piezo-clectric material, and the step of slicing provides &
channel to separate each pair of fibers in juxtaposition, each fiber having & first side and a
second side, the first and second sides of the fibers defining th§ first and second sides,
respectively, of the piezo-electric material structure; and
bonding the first and second films to the first and second sides, respectively, of the
fibers so that the conductive patterns electrically contact the piezo-electric material.

R R
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WO 01/ 33648 24 PCT/ USOOn8025 11. The nethod according to claiml wherein
the step of slicing produces a plurality of fibers which extend in the
direction of the longitudinal axes of the first and second filnms. 12. The
met hod acc¥P8V3I¥4& o claim 6 further cofbrising the step SCTASHVIAIg an
epoxy to the fibers to fill in each channel and renove air pockets. 13. The
met hod according to claim| wherein the first and second films each have

first and seconde¢sid t he .bondi. ste onpri, SiNg ... appl yj n Cfrst
adhesi ve | ayer Sg t hgﬁff"r’&"dwééﬁmt%é'gfl?r °"?“?H'F‘ﬂ%§&#§“gﬂg"\°h¥ st side
of the fir xtehinguxinaidieach fibertextendhdn tHe dirdGtiol dftRcloRgitiaRmEy S&érdidg axept €1 i al
structure; H)g ri‘ﬁ%fthe first adhesive |ayer; applying the 'second a‘g esi ve

| ayer to t 8RS - side of the second film placing the first side of the
~second filmon the second side of the sliced piezo- electric materi al
structure; and curing the second adhesive |ayer. 14. The nmethod accordi ng
to claiml wherdbn t e piethod-acdording tocclaimtlSwirtein therelectrodes of thefiritagsd a waf er
of piezo-el ectricPJmt.eri |, and the step of sli'ci ng provjdes a channel to
separate edffPRisp “87"’??@@*"3'?‘?1’“ m‘&,&’b&’“”d’rﬁ“ ag i-the dirgrtion of extengion of 1 st
side and a thefep)d side, the first and second sides of the fibers defining
the first and second sides, respectively, of the piezo-electric nmaterial
~-structure; and bonding the first and second filnms to the first and second

| des, choy . : _ C e .
ol ectticaly contact T meltia acsoRfteioRfein 13 wHefily 68 Hfodel Sulhcnch Biim 11111,
L1 1111 * @reangulsted Akvth\eiriecSoiheNotginidinallyEexténiing@oRtionTeienilmad> PCT/ US00/ 18025

15. The makod according to claim 14 wherein ascl filmhas a |ongitudinally

18.  The method according to claim 17 wherein the degree of angulation of the
electrodes with respect to the longitudinally extending portion is about 45°.

19.  The method according to claim 17 wherein each fiber is sliced at an angle.
with respect to the longitudinally extending edge of the films.

20.  The method according to claim 19 wherein each electrode extends in a
direction substantially perpendicular to the direction of the sliced fibers.

21.  The method according to claim 1 further comprising the step of attaching
electrically conductive extensions to the first and second conductive patterns.
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extendi ng axis and each fiber extends in the direction of the .
| ongitudinally extending axes of the filnms. 16. The nethod according to

claim 1§%§5§hn the el ectrodes of t first and secmn%mive
patterns a bstantially perpendicular to the direction of extension of
the fibers. 17. The nethod according to claim.14 wherein the el ectrodes
within each film are angulated with respect to the longitudinally

ext endi ng pori4 on R%}“m°i’H’?ﬁ‘éﬁggﬁéﬁ%ﬁﬁmg&é‘?%@gﬁ&t I m 17 wherein

t he degree of “dngul’ation o es wmthr 0 thée

| ongi t udicowprisingetiié feglioflg portion i s about 45 19. The nethod according to
claim17 wherein_each fiber is sliced at, an angl.e, wth spect,. to the

| ongi t udi nal | w%ﬂ'ﬁmmwm'“sﬁe‘%#ﬁ?.& E'Gg"%%%f’lﬁg ’@88‘64& ng to
claim 19 suhagd side €ach el ectrode extends in a direction substantially
perpendicular to the direction of the sliced fibers. 21. The mnethod

accordi ng to ptoxidingm first/fim davingafirst andsgcandcondustivepattern fapmedherean.ect rical | y
conduct i ye t i t fj L b
1111111 P oo el gl caf iR R PR ot bl ) '
01! 33648 thHirbi@hd séxond ddtidactive Patterns each havingd plamlityiof slectradeathat ezoel ectric
macr o-fi ber conposite actuator, . conprising the steps of providing a
st ruct ur SORRFE %m'B‘MQﬁMW%YFHPg% al having a first side and it
second si de; P; ikl d Yocohdifilhst fil mhaving a first and second

tern

conducti ve. pa ] Orned‘thbneon; the first conductive pattern being
el ectrical |y peyldingsfirstranisotropicaliy condpctiveshemti i ve pattern, the first and

second conduc '| xﬁq S ﬁgﬁ . i . lity of electrodes that

cooperate to }’or ‘@a't)’tgﬁ'{ear n o &fl%@grgl é’??“eavtsg ‘el ectrodes; providing a.

second film bonding the first anisotropically conductive sheet to the first side of the structure;
bonding the second anisotropically conductive sheet to the second side of the

structure;
bonding the first film to the first 'aniiouopically conductive sheet such that the first
and second conductive patterns contact the first anisotropically conductive sheet; and
bonding the second film to the second anisotropically conductive sheet.
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providing it first snisotropically conductive sheet; providing a second
ani sotropically conductive sheet; bonding the first anisotropicaily
conductive sheet to the first side of e structure; bonding the second
ani sot r op"t@¥48onduct i ve sheet to the’ second side of tRETUSIYIFNS e
bonding the first fihn to the first aniaotropically conductive sheet such
that the first and second conductive patterns contact the first

ani sot ropi cal | ypgond | FE,J??;;‘ . - s %EE‘Q_ ' t he
second ani sotro%)lf'eal F;ﬁdg%c? Uctive %hm}é@&%ﬁ Iﬁ%ﬁ%&&%&%’l | * ¢ L
S AMENDEDcGhpitsing thelSted of: 19) WO 01133648 27 PCT/ US00/ 18025 23. A net hod
of fabricating a pigzoel.eclri cro-fiber conposite actuator, conprising
the steps of prBM’g‘?W"ﬁWG?&?Wfﬂaﬂﬁim%ﬂﬁiezo- electric material;
bondi ng the vaf Bérdiigse Wafets togeth@td YoimSbdtck; S/ | Ci ng the stack in the

direction of the thickness of the stack to provide at |east one sheet of
it structure coBlisingshegack ipithediregtionnfithethicikness ptthe stack tappravifie ardeastonte and a

second si Qﬁ‘g'“ ¥'| Qi Al trst £ilmhaving a,firkst .secand conductive
pattern for rredg{‘ﬁer eon, %‘i{y’éi'rpzl%'c ﬁ%ﬁ&"ﬁ%" b‘é‘?‘fg&ﬁ'{aﬁﬂiﬁ BB cal |y

i sol ated fmideyp t he second conductive pattern, the first and second
conductive patterns,.eac urality of electrodes that cooperate to

' |
forma pattern BFOVIdiR&R i’l‘g{‘]" aé pngsecand copductive Pattern formed thereom 1y and
bondi ng t heheffirktlonditdivé fitRTbeing dlctically [261afel Foin ﬁede&ﬁ&e&%ém%iuu& he

respectively, of the structure such that the conductive patterns
first fil nihe firsitand sesond conductineipattengs cachhavingia pluclityrofcstestrotlesthati ¢ nateri al .

PETTTTT 11 3 0nekdid td fohh Uplmérla of inUrdigitated electrodes;
: providing a second film; and
bonding the first and second films to the first and second sides, respectively, of the
structure such that the conductive patterns of the first film electrically contact the
structure of piezo-electric material,

I
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AVENDED SHEET (ARTI CLE 19) WO 01/ 33648 28 PCT/ USO0n8025 24. An appar at us,
conprising: a piezo-electric material structure having it first side and a
second side, the piezo- electric material structure conprising a plurality
of fi beM®81A3648xt aposition, each fi @gr having it sub® ﬁ{sp%sﬁy rect angul ar
cross-section, each fiber further having a first side and a second si de,
the first and second sides of the fibers defining the first and second
sides, respe ivghy of the pi.ezo-electric material structure; a first

fil m bonded t&*th *Wg?“?i%@gﬁ W& he structure, the first filmhaving a

first side appieso-SediRtMateiialStrudtiv® heving i fifst bide and d SeCondidEPthiepiode- i rst and
second conductive patterns, each conductjve pattern, belgancg in electrical
cont act slestric meterip) stouctues comprising aplugalityof fibess in juxtepesition, gach fib&  conduct i ve

pattern J» [ p&%#%h% _q?ﬂ{o Qakh %ﬁﬂﬁpg‘ W\ﬁg attern,
the fi rspwé%gléggé\dghion u tlve&%a te&’ns eg& avi 'ng“ p ura}ei t?/eof'

el ect r od eecondside) thedfirsh and pevond sidesadf the fibsrsdiefining thediry [aud secontbsidesand a second -
fil mbonded to,the second,sjde of.the structure. 25, The apparatus of claim
24 wher empfﬂmgm@‘m@éqépgﬁfﬁnductiv-e' pattern and a second
conducti ve pa i film Soided REfisE sideoffhd stRictur® She §rst filmdiaving b finstbide cont act
with the piezo-electric material structure, t‘Pe fi [st conductive pattern of

the secandis second sids, the fisstSibm fyrther comprising firg 4n { $ARAURLYS RRPtenduct i ve
o ! ; _ f
pattern Qo BEaREvefiter bed nﬂhe%th@alluﬁti& viihe REANdedAGAY v PaLterns O

t he secon m eac aving a plurality of ectrodes forma pattern
of i nt er dirgpthra; thelfirst ewidnctive pattés beifig eectrically isolatedffom theisegopd wherei n t he

first and sgcond fil re fabricated from.a polvi m £ 7. The
appar at u§°’?ﬁ"€‘f‘aﬂ‘hf'?4%§ gﬁ:fsefw@acrop hve Pﬁﬁ"&n‘&“’ﬁ‘é"“@?@é‘ﬁ%"@ Pf_m each “have
a | ongi t itkiredes Whith femrd piterndfinterdipitaied elcrodendndf i ber has a | ongi tudinal l'y
extending axis, the | or;gi tudi nally extendi ng axi s of each fiber being

subst ant i al | yspesong film banded tothe sesapd sidrotiihe #IUCHYE-endi ng axes of the fil ns.
Ol 11111117111111111 IN . )

25,  The apparatus of claim 24 wherein the second film has a first conductive
pattern and a second conductive pattern, each conductive pattern being in electrical
contact with the piezo-clectric material structure, the first con.duct:ive pattern of the
second film befng electricglly isolated from the second conduct;ive pattern of the second .
film, the first and second conductive patterns of the second ﬁlip each having a plurality of

electrodes which form a pattern of interdigitated electrodes.

26.  The apparatus of claim 24 wherein the first and second films are fabricated
from a polyimide film. '

27.  The apparatus of claim 24 wherein the first film and the second film each
have a longitudinally extending axis and wherein each fiber has a longitudinally extending
axis, the longitudinally extending axis of each fiber being substantially parallel to the

longitudinally extending axes of the films. -
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CL NS AVENDED SHEET (ARTICLE 19) WO 01! 33648 29 PCT/ US00/ 18025 28. The
appar at us of cl al m 24 wherein each pair of adjacent fibers are separated by
a channel é paratus further conprising a | ayer of ePox “di s osed over
the fi berév the channel s. 29. An29appar atus conpris S?f'ls

pi ezo-electric material structure having a first side and a second si de,
the piezo- el ectri c material structure conprising a plurality of fibers in

j uxt aposi ti on, is, each
L8 ng Fhe lpurali U Bind 24 el AL of A Bbetg 2R

fiber further e and a secon the first and second
si des of tlupum@ysn channek thospparagust fortber somprising ahmﬁm dispgees over

respectlvel ezo Iectrlc material structure; a first film bonded
to the fir e’"af“&'ﬁMérlal ‘the first filmhaving a first side and

a second si de, the filmfurther corrpri sing first and second conductive
patterns, each _conductive pattern being in electrical. contact with the
pi ezo-electric &8t erMI‘PPW“F‘P'PM"“Bconduct ive pattern being electrically

isolated fromth @%ﬁ\fnﬁéi'ﬁn{ ﬁﬂ’e drd sSdecord ilieS fiie

conductive patte?’ns eac haV| ng ura of el ectrodes which form a
pattern ofelactlinendergﬂ staload'eeblapnmmbplumluy@fﬁbmmmm!im pash fibervi ng it

| ongi tudin e th f each

fi ber bei ng"gﬁ% fﬂ'ﬁgﬂ&mm E’?"'t%a}n%gﬁr%' liatL'tv}"fanar rligldeem;“}fl é&ng axes of
the films, gidaeths hmhﬁd)mnmdawhwfﬂbbmcbﬁemnaﬁgw the fiest whd Secondsigesct to the
| ongi t udi nal | y extending axes of the filns; and a second fil mbonded to the

second si ddemrctively, atthe picae-clectc mptasish$isWES us of cl ai m 29 wherein t he
d f | | |1
egree of -angul lachinh bohdkd o Pheirkd! ST 1M dyblefidl SRERbs: filn hiving LR ddecl! Dl [y

ext endi ng axes he appar at us of clarm 29
wher ei n thmamwdgldhaheﬁheﬁmﬁmrmiﬁatdnd second chnductive patternhsechnt i al | y

per pendi cul ap Lo L e, 2xpse ok dfick Bt with e pbS bbbk b, hl i
conductive pmem being electrically isolated from the second conductive pattern, the first
and second conductive patterns each having a plurality of electrodes which form a pattern
of interdigitated electrodes, the first film further having a longitudinally extending axis, the
longitudinally extending axis of each fiber being angulated with respect to the
longitudinally extending axes of the films, the electrodes of each film being angulated with
respect to the longitudinally extending axes of the films; and

a second film bonded to the second side of the material.

30,  The apparatus of claim 29 wherein the degree of angulation of the
electrodes with respect to the longitudinally extending axes of the flims is about 45°.

31,  The apparatus of claim 29 wherein the interdigitated electrodes extend in 2
direction substantially perpendicular to the axes of the fibers.
RN Y RO
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AMENDED SHEET ( ARTI CLE 19) WO 01133648 30 PCT/USQOQO 18025 32. An apparatus
conprising: a piezo-electric material having a first side and a second
side; a first filmpositioned near the first side of the material, the
first fWMIREMBng a first side and 3 second side, thdFIISHNIRMRS her
conprising first and second conductive patterns, each conductive pattern
being in electrical contact with the piezo-electric material, the first
conductive pajst er %P'?Hﬁq‘“g Ily isolated fromthe second conductive
pattern, the Tirst econd cOnductive patterns each having a plurality
of el ectrodeamﬁodhdmm@hwtﬁnmduwewmd el ectrodes; a first

A SOt oDt o2 s oY B3Rk 9k SOCRHe PREATCBe AP RSB Aty I L1
posi ti ongde HAW seédid sﬁb,cmamnsﬁmexcéonfphan dadecoﬁmdnmcﬁetﬂldm

anlsotroplcall conductive $heet dlspose et ween bon second
film andeach ayprgdeigg in E’Bgﬂ?ed"??&t mﬂfﬁiﬁ"huu

LT “ﬁg’FW P48
PCTNSOO/%B%WLQ&%b ﬁ"&%%ar us conpri SI n urality of p| ezoel ectric

fibers |mducmdponduchwpatmlcwhhmnghahldgy dmdeuewlu@fgnuapattmcond si de,
each pair_.of I? ent f| bers bei ng separated by it channel; a first
adhesi vel ‘%f@‘ﬁ Bver the first sides of the fibers and within the

channel's; a f4 fifst arisotrépidaliytonductive dietidispbied betharen aid bnded tothe first t he first
filmconprisi ng at Ieast one conductive pattern, ‘each conductive pattern
andche

bei ng el fispt side,pfthepicso-gdestrisputetislcr  conductive pattern and in
electrical cop{@ghd i fbsiidfiedtieirhe S4cohd Sil€of hoRRRrialsgidd at |east one

a second anisotropically conductive sheet disposed between and bonded to the

second film and the second side of the piezo-electric material.
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conductive pattern having a plurality of electrodes to forma pattern of
interdigitated electrodes; a second adhesive |ayer disposed over the
second si dw©®mB3ade fibers and within the channel; and aPCBHUSN0A802E | M
bonded to the second sides of the fibeBk, the.second filmconprising at

| east one conductive pattern, said at |east one conductive pattern being
electrically isolated fromany other conductive pattern and in electrical
contact with the g}!ezo- electric fipers, said at |east one conductive

pattern having a ural“Pt‘?’WéF%ﬂq’Uﬁes toforma - pattern of
interdigitated el rRiflpof pigdelboic fbeRAH j S0 edchifiber Having A'fitst Yidelah®

first film being substantially aligned Wth said at | east one conductive

pattern of t lasecandsids, esch pair of adjacent fibers beinggeperated biyja ¢hqomelic | M S AVENDED
SHEET (ARTI CLE 19); firgs adhesive layer disposed over the first sides of the fibers and within the
channels;

a first film bonded to the first sides of the fibers, the first film comprising at least
one conductive pattern, each conductive pattern being electrically isolated from any other
conductive pattern and in electrical contact with the piezo-electric fibers, said at least one
conductive pattern having a plurality of electrodes to form a pattern of interdigitated
electrodes; | '

a second adhesive layer disposed over the second sides of the fibers and within the
channel; and _ ' | '

a second film bonded to the second sides of the fibers, the second film comprising
at least one conductive pattern, said at least one conductive pattern being electrically
isolated from any other conductive pattern and in electrical contact with the piezo-electric
fibers, said at least one conductive pattern having a plurality of éiecttodes to forma
patiern of interdigitated electrodes, said at least one conductive pattern of the first film
being substantially aligned with said at least one conductive pattern of the second film.
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