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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 fibersina
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 refatively high cost, extruded, round piezoelectric fibers. Moreover,
alternative methods of manufacture using square fibers, which are milled from lower cost
monolithic piezoelectric wafers, have been unsuccessful due to the difficulty of aligning
individual square fibers during actuator assembly without shifting and rolling. Rolled square
fibers tend to expose sharp corners and edges which can sever 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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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 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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electrically isolated fromthe first conductive pattern of th$
a second conductive pattern electrically isolated from the first conductive pattern of the

second film, the first and second conductive patterns of the second film being in electrical
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 DE TION OF THE DRAWIN

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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Referring to Fig. 1, the first step of the method of the present invention entails

providing a ferro-electric wafer 20. For example, wafer 20 is fabricated from unelectroded,
piezoelectric material. In one embodiment, PZT-5 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 wafer 20 has a thickness
between about 0.002 and 0.010 inches.

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

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

Referring to FIG. 4, film 28 comprises two electrically conductive patterns 30 and 32.
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 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 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



Referring to FIG 4, the next step is to fabricate electrically a pair of
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interdigitated electrodes or fingers 50. Similarly, conductive patterns 46 comprises
longitudinally extending portion 52 and interdigitated elecirodes or fingers 54, Conductive
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 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 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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epoxy to bmmdsfis bladed 2Boatilleidwh @ntdRbe pretibidr @ai2d sunﬁa’tte eﬁﬂﬁmb-éibﬁfs 26 sadh a

LE\?\;{/gr ED%MO%USC&% eclfr:]c\a%ldg pal:t)tlz;ni%(()) 3ez°a??é¥;4”% cl)Jif'fl"ﬁl 8 an 42yre§pl\e/:lct%% are
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 retatively 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 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



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
el ectrode face of film42 with a relatively thin WO 01/ 33648 PCTI US00/ 18025
-7 layer owoloisasisl epoxy. Referring to FIG 6B, sheet 2Z2cawndboormsozso-fi bers
26 are then placed on film42 such that macro-fiber 26 contacts the
epoxy-coated face of electrode film42. Light pressure, indicated by arrow
56, and heat are applied in a vacuumto partially cure the epoxy layer to
affix the macro-fibers to electrode film42. After the partial cure is

conpl ete, polynmer backing sheet 22, preéeviously used for handling of

macro-fi be ' . 'gﬁg{ f ' I a,
macro-fi be‘?o?d W%‘F)gexﬁ%\?lvé g%@m@%gmfeﬂ)é otng gﬁ?rgﬁgltﬁ%%%gﬂ %?Y% S%p ])Z)y t he
epoxy. An @dtishovphiaklectoedlly obnriectgdiicdhe pasnsions6houl 78pph masher suchalat ot fnyber s 26
in order to fill. all machine l of s .24 between adj acent .f.i ber .

nopl 1ot ofredroras el B Syl foly § SPHRE oL A Rea rheFF LT i o i1
pocket s beswedrs4adhBpehtity gehdretendéctlig/fictdalirgael aledgatié length of'ﬁmsaicsm s 40, 50
and 54 in the final assenbly. .The elimnpation of {hese air pqcket

Ubst ant | aTeB™ bieea SOEHE kBRI JSBIC BEEerh ARbAO SIRAeHEeDAEEY hnent
shorts whiglgsaould render the actuator inoperable. Referring to FIGS. 6B,
7A and 7B, after slots 24 are filled with the epoxy, the next stepis to
appl y a rel ati vEleynterdigiated glectiprlesifn 40 apds®, A aws|alse ppeddetipdlarizmgdbe upper fil m
28. Next, ibidoi@8bss P -gﬁgﬁ* ' | : | coat ed
surface of plmagr ot-f i 'tj)e.? S g%&éshﬂzc t ﬁ%ﬂ%‘;‘ﬂg%% %‘é%ﬁ%@% "r%glg}éédg’gﬁ%%r ns 30, 32
and 44, Aocomsfating theglegige asmn adt@ator. cRqlaeiiongb perfaamed bysapplyingratsteatly yolake gned.

The next s tall | i n ra essure,,indicated b rrow 58,
and heat t%c(?%)sﬁgﬁ%@asteeﬁﬁﬁ%&%%ﬁn e%eje%)ggﬁndt §)| ?Jrim]s"ﬁ',e °2?B°"§’H8fﬁn@a‘é° tgg%l‘l"'@gf? s 26. The
heat and pgessites en adrape 2lepkit Geld imemity aflapproxitatdly 30Ys of1h¢ v tainpatataceTpl et e,
void-free cure of th p i s attained. l.ication of, this pressure al so
o s+ mectisma et e RI e mapait LI e SheeRs el tibe BTt 3
32 and 44, fof@pprexigaely20mine at sdm wRPbahufe DHRE p&iak tatAIguaf astahewell
macro-fibers 26. _Such contact between the relatively thick copper

conduct i ve‘_’rﬁiﬁfs’E‘@Pri\‘bthﬁl'meff‘@c"clsrodﬂé‘éec‘sp, 32 and 44, 46 and the flat surfaces
of macro-fi ber sgBGqaERapiRatnRPRYokdgB 8o DFIMRRD phthPnsBONEHI Gl NP6 produces

an induced strain in macro-fibers 26. The largest strain produced occurs along the fiber length

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



patterns or electrodes 30, 32 and 44, 46 and fiber 26 that is extrenely
thin or "starved”, resulting in only a mninal attenuation of the
actuator's electric field produced when voltage is applied. The bond line
bet ween t h&wowmalédgtr oded portions of filnms 28 and 42 (i .mcTaswwigpzs tions  of
films 28 and 42 having no conductive pattern) and fibers 26 is sufficiently
thick to keep filnms 28 and 42 attached. This process results in a

| ongi tudi nal node pi ezoel ectric fiber actuator 10. As shown in FIG 8,
conductive patterns 30 and 32 are proviged with electrically W 01/ 33648
PCT/USOO/18025 8 conductive extensions 68 and 70, respectively. During

operation, dg%cri] ¥7‘§15q SHBRYe a(tféﬂats 1?%99/%{:1)14 fanﬁh%}gohC@ohaecﬁeJ@nect ed

to the exten5|bns 7@ manner suc one nonent
time, opposttes BRawdudesalongipidmaily gxtanémg lpplplbl'l @tb erd mtnrtd@tdueg electtaslds o1 nger s

36, 40 and. 30 ,apdgdd,  Th electric fi | reqted
ong the. ERATo Pl PhaBRHabt 19 BERALESpT GEMY Sofehdindforied £
i nterdi gi taidentedigtated elderddengeinpe3@22n4s ﬂﬁwaﬁhdFlhBewﬂgﬂrsflimgﬁraag.ﬂﬂed and 54.

The interdigjtated el ectro 40 and_ 50, .54 ar used for
ool ar | 21 ngEhIESPEGt e IgB BT b ettt EorB! | Bo[SipTeie IR 072 BREMATYES ber s

26 1's typifeglecyionSitithdindly RRIERNS: pel B! MYa bRANEE KinbSliMént Theds i VRARY -
Pol ari zation is_performed by Iy|n a steadﬁ%volta ge across alternate

el ectrode ¥32fgefosmabat a45° angle sfaf?r%zec topogiipes & e 1t espegtivelyl so@ whi ch

generat es gp AVGEaRE1R) aﬁewbgﬁmfan;b@lpédatcﬁraﬂotmeﬁﬁer@mar oxi mately 300% of the
roomtenperature coercive electric field of the macro-fibers 26 is used.

Such vol t age i dnappemeatiment,tiiir l%mglaﬁ@ﬁwofcmduatp@m@mrnat?eu apd 226 feirmed es  at
roomt errpa{hg‘lteg eCm%Jgt?veﬁgxlzm N9y } ?l%@e@l qg]‘é’gzl}ldlg qu %ntyéﬁ\ﬁljllrcirtlon f&t% a%& ood in the

art, m Be-Use sequen onY ot 0 conductive
pat t er ns 3iterdgirateideianddet ®r ﬁngedulﬁ@s Sumhtrly ndodedvespataimn 26 rmchﬁesr:o f | bers 26.

The 1 9ost LEALR Bioduced acour s, A ong Lt Lol LengLh gt eckion, i L
Enbodi ment §1G. 9, fingers 130 are angulated with respect to longitudinally extending portion 128.
Similarly, fingers 134 are angulated with respect to longitudinally extending portion 132. Ina
preferred embodiment, fingers 130 and 134 are formed at a 45° angle with respect to portions
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 patterﬁs 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



FIG 9 depicts an alternate piezoelectric fiber actuator 100 of the present
I nvention. Shear-nbde actuator 100 is configured to allow continuous

twi sting noments to be easily produced in a host structure, e.g. high
aspect ratwoosisssct ures, beans, spars, etc. Shear-node pagtugedBizs100
generally conprises filns 102, 104 and piezoelectric fibers 106. Filnms 102,
104 and fibers 106 are adhesively bonded together using an epoxy as

descri bed above. Piezoelectric fibers 106 have separated slots 1 08 which
are the result of a cutting or slicing pprocess as has been previously
described. Fibers 106 define a Iongitd&fhally extendi ng edge 110. Slots

108 are fq Wt . r e t nai t udi | y.extendi ng edge
110. Pr ef@eﬁqgf ﬁ%e"%g%ﬁ@%{:’gbtew%rﬁmi ?ﬁ%?%@ggb Qggfgmq%{ﬂg#’ee%wef h res pect to

t he | ongi tcunktmetioness fiediSmd 42 dgepettivily, disnased @bcach an angul ar orientation
provi des opti resul I.n indyci.n | ezoel l.c_shear stresses within a
host structur 21.# HPP@&%{Pé]ﬁ’,gesé}VBtCQ"&iﬂG%Vegﬁ‘ggrB%%%oar"ﬁégg Q}mﬁ thgiepp e St of
.angl es W thatérd Ipehtluli alibsithaingdiytentthdiag portient BNEH fferfidiRed difbtrodéld &1/ 33648
PCT/ US00/ 18025 9 Film 102 includes two conductlveiﬁatterns 112 and 114

formed t hdir8ah220oHutlat; sendugiive pattem 3hoinglpdes g dpngitudinaly rtendingRoriop 222t endi ng

portion 11,84 aRGdibid&d Gictloli@ldt $indre 834, UERoRf in FIGNHE Fifgetd $20 and Bbd ! ¥,
conductive pattern 114 includes a longitudinally extending portion 120 and
i nt er di gi tsupstantiallyaetneadienar ¢ langiginally egendingpogioonil§ and R2R% repectiveliiger s 118
are angul at ed ] ongj t-Ldi | | 116.
Simlarly, fi néﬂé‘éx&e@f@?ﬁgﬁgﬁ gﬁgﬂqga‘{@&}’v%qt“ﬂgk‘%’éé‘%&? Qt?égf{ﬁgz 02%&;"? E%?nal |y

ext endi ng Guadddtive pd2en 236nncdudes elmagitabnalpiyackhdimgportichi23g endinterdi@tazdd 122 are

fornmed at 45. angle with re t.t ortions 116, and.120 .r ctively,

so that - rgates 3t asealaO onvaF St SRALPT Srsar pRTeEr Al ERRERL 1T b s
106. | n ongieadihpbriiemn32 dndlinterlizfated sleetelRiss sniingero D8RI CTHeMRpEra bf M8 R4 and
126 fornmed _ thereon. C@nduct ive pattern 124 inc¢ludes a | onﬁi tudi nal ly

ext endi ng SBexantiglly pecrendicitlar to Inngitedinglly gxtending nogiqng dikang 232 Ride 288 may).

Simlarl y,azsgq,gg&ggh,\é@ vgﬁgﬁteaﬁpcg,%@cﬁ@cﬂaﬂgﬁ§ a longitudinally extending
portion 132 and interdi&iﬁ;at ed electrodes or fingers 134. As shown in FIG

9, fingers 130AgmatosaeRifustherccopipribes apispreapicaticandyrgive flaisionshepts@if antid i3g

portion 1%)%sitioned on the top and bottom of piezoelectric macro-fibers 202, Each film 210 and 212
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



Simlarly, fingers 134 are angulated with respect to longitudinally
extending portion 132. In a preferred enbodinent, fingers 130 and 134 are
formed at a 45 angle with respect to portions 128 and 132, respectively,
so that fiW§dta36480 and 134 are substantially perpendi cURCIUNY1IIe fi bers
106. Although film 104 has been described in the foregoing description as
havi ng conductive patterns thereon, film 104 may al so be configured

wi t hout any conductive patterns. Filns 102 and 104 are bonded with an
adhesive to macro-fibers 106 in a procggs simlar to the process

previ ously described for assenbly of piezoelectric fiber actuator 10 and

shown by fp %uoﬁem@a;oxmlmﬁme&& inAehdialyQhe AR nfahdrh€ prelibGip@as U
S

el ectrical conductors (not own) wherein each electrical conductor is
eIectrlcalﬁwaﬁﬁﬂﬂbef%ﬁmﬁﬁlﬁ correspondi ng one of conductive patterns 112,

114, 124 and 121@@5@14@@6@%&&%&99[@%2 @lf&ﬁhf%sida%m?h@ﬁg” cal
conductors are positioned near the edge of | ns 102, 104 and function to

el ect ri cal pigzeglspinie oracradibarst28? creaigs telntively steangdbndlings thabare onaintained ibewegth( not

shown). Thg I act uat or
100 i )n t he&sd a{)rg}*e“eﬁlgﬁ%gdmhescr [ gagga%oﬁgﬁé'ﬁ?%er%ﬁ%&lﬁ?uﬁsl ?a ¢ dt§8§ 1 her
enbodi ment beodddedéuring theafblgicatidn dftie shearssote actnaenprediously deséribad ad sBO®n in

generally g@ggrlses a plurality of piezoelectric macro-fibers 202 separated
slots 47 and filnms 206, 208, 210 and 212. Slots 204 are fornmed by the

sI icing or cut tBnglW%%éﬁﬁﬁé%ml?&ﬁﬂnbiﬁ@ﬂ}é&%am&ﬂh E@@lﬁv&ﬂh&vl AtEhtYr
descri bed herein. Filns 206 and 208 are generally t sanme in construction

as filnms 2800gsaerally compises @pmapglithic piszegleriatevafaifgand ﬁlnrsﬁoé @ed 309 (Widle's t wo
conduct i ves@%&ﬁe%d%ééd ANorhfdih AnTRE of HRECADde mﬂﬂc hm&@somats@é Rave 14

includes a |ongitudinally extending portion 218 and interdigitated
el ect r odeseleptrodé paiteansang 2@ gegirally|thy Jape inemmetnection as fos 28 pnd 421dséribed udes a

| ongi tudi n ﬁﬁ? ' 0 222 and interdigitated el ectrodes or
fingers 22 Fk%s S g&ﬁhﬂﬁGEI%%&Rﬁ fingers 220 and 224 are substantially

per pendi cul ar tklm Mg:iompd:beaalcquueweqzademQOQWhtchhnsa RigiudmellyZ22nding

rzggp:ﬁfjl \Zlggélmorl M ang m%g;gtg%t% glec’trodes or ﬂ%gers SPimlEde ?&4 ﬁx#ﬁer%grggnl'js% lve patterns

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

In one embodiment, film 306 comprises a conductive pattern 320 having a
longitudinally extending portion 322 and interdigitated electrodes or fingers 324. Film 306
further comprises a conductive pattern 326 having a longitudinally extending portion 328 and
interdigitated electrodes or fingers 330. As shown in FIG. 11, fingers 324 and 330 are
substantially perpendicular to the longitudinally 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 example, launch vehicle payload shrouds,



Conductive pattern 226 includes a |longitudinally extending portion 230 and
interdigitated electrodes or fingers (not shown). Simlarly, conductive
pattern 228 includes a longitudinally extending portion 232 and

i nt erdi gi tAPEY338F%ctrodes or fingers 236. The fingers ofPCITUSKIBOE are
substantially perpendicular to longitudinally extending portions 230 and
232. Film 208 may also be configured without any conductive patterns.
Actuat or 200 further conprises anisotropically conductive filns or sheets
210 and 212 positioned on the top and-ikottom of piezoelectric macro-fibers
202, Each film2 10 and 212 has generally the sane surface area as the
total surfmgedabediesphisplearbitizerding ietc. acro-fi bers 202. Filnms 210 and 212
are used to bond_filnms 206 and 208 to t pi ezoel eciri.c . nacrg“%iq rs 202.
Each film 2 10 ‘Afttheemboginspt fgke agratns of he Sresem EVRRION AREYR 1 matrix.

I n one enbg@i1BNIThe iRestafiRgfinéingRikiubtér BEBs & Bddd GédRBRFa PRENGVT r@aRdly 0. 0001

and 0.002 inches. The adhesive matrix has randomy | oaded conductive

parti cl es. thniezaelednigeiers?g2 guform aisesk Hiop G@fﬁfﬁtﬁq&ﬂ’@f’q}'mé"tpﬁbw tBugh t he
thickness Qf, Li&isRALIbUES [idch T bé}klttogk%er EH%fdef&?mzh 951:&'1«%@ nﬁgr bk Bpalmgétl m

Thi s pathing arrangenent permts the fingers of fil and 208 to be in
direct el awtheightalln oomeretodingint, ithet heightiplatack ¢Phig amtéﬂdéllmt ki gprefeped s 202

whil e remaning £l s Jﬁilcﬁ},?e%é gftbﬁgég%ggu J&Q@aﬁé&%f ot Eﬁ’é)ﬁse't\}r %arre ar ged

fingers. I n one enbo c Ive ave a er of
about 0. 000525 andl.25RivhaysheZibfhiraah thicRdéds Oﬁﬁﬁphdweiuﬂ-p%ZDdedelé wafersgo2dager no. 3M
5303F, f d

ganer i 1y THE B o Bt GRRER 4 eR ipdEp Pe b e aL FaprEbTRe 1 1 e

af or ement i g@ibaentétyPwdis-fre&bdridedByckD dn 4 peferreBeh®bdimeg, the afotdmentithed BRkare fi nal
assenbly of actuator 200, slots 204 are filled with an electrically

non- conduc"l”}d\}%mﬁ’F‘é"l“P’ieﬁ"’eﬂi’Bk‘iﬂ YngenA @GR t he devel opment of air pockets. The
WO 01/ 33548 PCR(LBRALE BOPR stickd pARiR) tERL dknok dﬁ%oﬁ&%&(oﬂg&hé RRygented in

general ly the same manner as previously described for assenbly of actuator
10. Ref er r dlifpgtieny apindicatqdby daited lings 498, thiprovidezipiurality of relgtivebndiing plezasles@® and

208 to sheets 410. In one embodiment, a wafer dicing saw is used to cut fiber sheets 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 10 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



pi ezoel ectric macro-fibers 202 creates relatively strong bond |ines that
are mai ntai ned beneath and between fingers of filns 206 and 208. In an
alternate enbodi nent, filns 206 and 208 nmay be added during the

f abri cati oWO&RI336e shear-node actuator previously descriBI@SAHEB2hown in
FIG 9. FIG 11 shows another enbodi ment of the actuator of the present

I nvention. Actuator 300 generally conprises a nonolithic piezoelectric

waf er 302 and filns 304 and 306. Wafer 302 nmay be produced as a

| ongi t udi nal -node or shear-node actuaton. Filnms 304 and 306 have el ectrode
patterns and are generally the sanme in construction as films 28 and 42

descri bed paRAXe FARLs B BrefalifeSiveld bantidd o shieét! 410 3% IGOIIRPHSAS using an
conductlve pattern 308 which has a Iongltudlnally extending portion 310

and i nt er diiotrapietllyeradictivfien aspreviondefiescribed.  Fifm 304 further conprises
conductive pat tﬁ{erboéﬂ%%mm'smmﬁ@s l10RGhd tﬂ@b &y (% sfgasiﬁ@mhmn Cgést rsﬁgt 316

and interdigitated ectrodes or fingers 318. As shown in tingers
312 and 31818@D$lbdumgfmnﬂmald aysur’i@eerq&enalmuﬂbfrehmatedngtmduaﬁalllel rpaceecﬁbqwl ng

portions 3 tively. In one enbodinent, film 306 conprises a
conducti ve gé‘?‘?gﬁ?&%&g{e %‘g a longitudinally ext endi ng portion 322 and

i nt erdi gi teﬁt)eddﬂnms_ masRanteﬂimAtma@ﬂAnEMmﬁ}G further conprises a
conductive patt ving a A on i tudinal ext nd' n ortion 328 and
Prerdi or raf ed ISPk S St o Rt R ekl SparfieREe o "524
and 330 ar gnd indibigh0 hiild Drgl ahRBRElbpidzatledttc filees. |’Hﬂglpfr¢ﬂiilbﬂﬂﬂtirﬂe At endi ng
portions 322 and 328, respectively. Fil m 306 may al so be configured

Wi t hout anyar@b'raﬁ%&ma@sempt&# fvéthrwgckam ﬁlﬁzosl?atﬂaﬁaersf@ewﬁw apuaRBRed to waf er

302 by any .%{,ﬁéanﬁy fé@&&ed%h@&@mb@aﬁthypre%§ﬁ(,m@# is emﬁ cBRttiRd i Rtcidene
machi ned sf ts 1m wafer 302 significantly reduces the per-unit cost of

act uat or 3@@1‘3&8{#3@? enhrtesthg r mﬁtabrhtvenq/um ogrhityaefitberdustergpiofededndle devi ce.
L
and conf or matvifhdtdrgd avid ctahlly afiptedovithin the actemorgraeiaige a'ishamtmoemlsht& Of dan®@e and
200, ke, 255 s 008 0L ol e BRSPS B P SRR o
payl oad shg@uespiezoelectric fibers are virtually eliminated. The use of cross-sectionally rectangular-

shaped fibers in accordance with the present invention instead of round fibers allows the

volume fraction of piezoelectric material within the actuator package to be increased, thereby

improving the actuation stress capability of the actuator. The use of the relatively thick

copper conductive patterns, which are attached via liquid epoxy or anisotropically conductive

adhesive, also provide for an 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 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 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



WO 01/ 33648 PCT/ US00/ 18025 12 torpedo bodies, mssile stabilizer fins,
etc. A further enbodi nent of the actuator of the present invention is given
in FIGS_ 12A and 12B. The first step in fabricating actuator 400 is to
bond t oget'He9133648| urality of relatively thin piezoel ectPCrUSHIBESs 402 to
forma stack 404. In a preferred enbodinent, a liquid epoxy as previously
described is used to bond together the wafers 402. Stack 404 nay be of

al nrost any height. In one enbodi nent, the height of stack 404 is about
0.25 inch. In a preferred enbodinent,-1ghe thickness of bond |ines 406

bet ween adj acent wafers 402 is between about 0.125 and 0.25 tines the

nomi nal bt iﬂ:m;ldmﬁﬁmﬁ il fegiohd tbinyutielarall adjhbi&ﬁ ﬁeﬂhgtrdngimdimi extendd@hortitink ef the st ack
404 is bondedq, .it is cured .at re|latively noderaje pressyre and tenperature
to form a COBEHSEYERAtEENS) ﬁg&BP’R—']Y’r‘ épf%ﬁ%i%c‘g‘f’%l@&"fpﬁaée%ﬂégéwgﬁy%%odi nent ,
t he af or engitid RORGteR HBMIHE &rvirdiifent.eMperature are applied under a vacuum
Next, stack 404 is sliced parallel to the thickness direction and along the
| ength di r ect V¥ile thgspreseat inyanien bag beesn nagtitularly descrlged; incgnipReyion #&ha plurality
of relativ ' j o8 T 3 Ryaarolel t, a wafer
di ci ng saﬁﬁ%%ﬁiég%n?ggﬁﬁgﬁ#§%g$hgﬂ%%$§ﬁ2@86é@%ﬁ%€§$?&)othé?kgﬁ?ting met hods
may be usedriatidnseill shapptrsnt46 Chavaskilted iththe ditawlligin of the fkegpag descriptien. I8 e
manner as nplithic pie lLectric fers...ln one enbadinment the thickness
of each  SHESCr oM R EH e Arhrded Sy il R PN AR et

pi ezoel ectmbdifisaeibmy amd 46kzationed filling oithin the trae kcopO4nd dpirivey e praadlinveiieat 410
may have a thigggfss thq}.js | ess than or greater than the thickness of
one of the pi eZ0M&Y4PEe faf ers 402. Referring to FIG 12B, sheet 410 is
posi ti oned between filnms 412 and 414. Film 412 conprises a conductive
pattern 416, which has a |ongitudinally extending portion 418 and
interdigitated el ectrodes or fingers 420, and a conductive pattern 422,
which has a |longitudinally extending portion 424 and interdigitated

el ectrodes or fingers 426. As showmn in FIG 12B, fingers 420 and 426 are
substantially perpendicular to longitudinally extending portions 418 and
424, respectively.



Film 414 conprises a conductive pattern 428 having a | ongitudinally
extending portion 430 and interdigitated el ectrodes or fingers 432. Film
414 further conprises a conductive pattern 434 having a longitudinally
ext endi ng WY 436 and interdigitated el ectrodes or PCEAGeI02538.

Fi ngers 432 and 438 are substantially perpendicular to |ongitudinally
extending portions 430 and 436, respectively. Film414 may al so be
configured w thout any conductive WO 01/ 33648 PCT/ USOQ 18025 -13 patterns.
Films 412 and 414 are adhesively bondegsto sheet 410 via a |iquid epoxy or
using an anisotropically conductive filmas previously described. The
confi gur atgamggown in FIGS. 12A and 12B has two significant advantages.
First, the possibility of bonding to a surface skinis virtually
eliminated. Sedond, Aandthodins fabeatie pipisapalectrigrmagrrsBies comppsie aetyater. 3| i gned.
(3) Advantc@,g,ﬁlqs,@/tﬁgst B gted Art Actuators And Methods The nethod of the
present invention substantially elimpnates the need to nanufacture and

i ndi vi dual | y haretiding sestiyeturaasbwrising pigredentiicaterial hivinges st sileasd apr oduct i on
time and bandli 409 costs associ ated with packagi ng pi ezoel ectric fiber
conposi te act uat ors are significantly reduced. The nethod of the present
invention i s epmvldjmgcxﬁmrfmhlheﬂngmﬂrsparelcse@ad conlntidie pgﬁsafdrmeéﬂhmonﬁhet he

r epeat abl of the

present %r‘l’?’i’ d un| Ff‘f" ?E’Ié'é(ﬁggmtgaz t‘ﬁ%&u‘%ﬁcﬂ?’ %8%?‘:8?1 fﬂn }"Ct'vﬁgﬁtée&" ftil;I fdr?s to be

manuf act uraaal setBid &ﬂ:ﬂhitwe phtteginadcvhdviion ghlgitpéf dicirodespit kegerad folformt a t he
possibility of damage. to the actuator el ectrodes. Thus, the difficulties

associ at edatppef t“FFé‘%E‘éaée%ffleqﬂ@é?Sangul ar cross- section piezoelectric fibers
are virtually eldWHifal &ond H}G; 3¢ Of cross-sectionally rectangul ar- shaped
fibers in accofdance with the present invention instead of round fibers

al l ows the vobordngthedist and SG¢0"9|ﬁé2%f@Ith%ﬁfﬁﬁ and gecoed figgs. EpReRtiveln REthact uat or

package ! QuBGulWGLEARGHe cddGLRDPatuddPS oM f{l}rﬂ%{gé‘tﬁwgt\:b%ﬂ%ﬂ dfies. capabi ity

of the actua e use o er conductive
patterns, ekgirchmagrel situcached via |iquid epoxy or anisotropically conductive
adhesi ve, al so provide for an uni npeded el ectrical connection to be made
bet ween t he

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

material comprises a monolithic piezoelectric 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 patterns 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.



pi ezoel ectric 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 adV@¥/a¥d8is that the square or rectangul ar fi beP&I/HNEs025 '
substantially flat contact area with the electrodes. This flat contact area
is relatively greater than the contact area achieved with round fi bers.
The polyimde filns each have width and | ength di nensions that are |arger
than the w dth and |l ength of piezoel ecig.ic wafer so as to permt the

pl acement of longitudinally extending portions of the conductive patterns

(e.g. portions 84 arfhed@tidl 6@NEHEId HEmNalHepsiMthe pRRo-leelrid datefiflsReglievel v)
away fromthe piezoelectric wafer. This configuration significantly

| essens t hePitses platiality of fibsrampsigposition, igachfbet bavimpading sidg ardasessrdiiidsn| y
non- uni f or Re@kLGhd icedid YHRs Bthe A4S détlibie Rl dvond Gadsi RbcileRl 6f Ryt i On i n

regi ons beneath and adjacent to the |ongitudinally extending portions of

t he condupieioreleqieie matenia strygdeiiet i onal |y, this packagi ng concept affords a
seal ed el ectrical system that is protected fromthe environnent. Wile the
present invention has been particularly described, in conjunction Wth a
specific prefert.ed erfipeamtithoanrtsording tosclamisdelndrein bah fibariys abhtbetmmatly ves,

nodi ficatiogn aqd variations will be apparent to those skilled in the art
in light ofecfaﬂ%“?rocf%séﬁfc §™description. It is therefore contenplated that

t he appended clains wll enbrace any such alternatives, nodifications and
variations as falling wthin the true scope and spirit of the present
invention. What is CIedistd secordipgiqeizimdoukerarsrchiepn phasipsent fivgsaiep vs 1. A
net hod of fabiidadliatbarmelPi €z0el ectric macro-fiber conposite actuator,
conprising the steps of providing a structure conprising a piezo-electric
material having a first side and a

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 ¢ 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.



second side; providing a first filmhaving a first and second conductive
pattern fornmed thereon, the first conductive pattern being electrically

i solated fromthe second conductive pattern, the first and second

conduct i v&¥Qe3B&Bns each having a plurality of el ectrod®THReN18®S0perate to
forma pattern of interdigitated electrodes; providing a second film and
bonding the first and second filnms to the first and second si des,
respectively, of the structure such that the conductive patterns of the
first filmelectrically contact the pigzo- electric material structure. 2.
The met hod according to claim|l wherein the structure of piezo-electric
material conprises Phd TR dcbbr@inp e ARR] BEhdrbif the@bRductivb paftb®s BRIAE of
according to claim1 wherein the second filmhas a first conductive
pattern affPR¥second conductive pattern, the first conductive pattern of
the second filmbeing electrically isolated fromthe second conductive
pattern of the second film the first and second conductive patterns of

t he second fil &3 .eachheasthatpceorging tatliimB whereih ghetstepdd slicingarodygegrer at e t o
forma pattenn interdi gjtat I [ he. hondi f r
conpri si né’s%rﬁ‘éy é)f{ﬁgﬁrso jléin‘%{seln f"gtﬁ? ﬁ"ée%ﬁ%%gﬁ,ﬁ%so{‘ é‘ﬁ'ﬁgggaé{ggogrﬁhﬁrﬁﬁ%"dgé&? ﬁat t he
conducti vdilipatterns of the first and second filnms are substantially
aligned. 4. The nethod according to claim3 further conprising a pair of
electrically conductive extensions, each extension being attached to a

cor respondi ng ¢ANAUTHY H@hdBdcbSiidg 10/€hithld RS 1RGO SRMelFOdBeschdmBls The
nmet hod according to claim1 wherein the piezo-electric material structure
conpr i ses iferpiediete cpehypagrof pdipeentiibers, thempebpddpithes fomprising the Ben of 2RAYIAG a fir st
si de and 3,$66978 ti2ifers to il th EmhnddSRAMIR afipd8&0f the fibers defining
the first and Second sides, respectively, of the piezo-electric materi al
structure. 6. The nethod according to claim5 wherein each fiber has a
substantially q4

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.



rectangul ar cross-section. 7. The nethod according to claim5 wherein each
pair of adjacent fibers are separated by a channel. 8. The nethod
according to claim|l further conprising the step of slicing the structure
to provi deW8O0pPi¢#al ity of piezoelectric fibers in juxtapREgs0etsotfef or e
bonding the first and second filnms to the first and second sides of the
structure. 9. A nethod according to claim| further conprising the steps of
provi di ng a backi ng sheet having an adhesive side; positioning the
structure on the backing sheet such thajgthe first side of the plurality of
fibers are adhesively attached to the adhesive side of the backing sheet;

and slicing theypi ezﬂre%%drdcé‘orﬂﬁﬁ%&félﬁln 1%t\iﬂéf&ruéaehﬁmma§amg@tﬁ&im§d on the
|

backi ng sheet to provide a plurality of piezoelectric fibers in

j uxt aposi t Feandimxaxisprd cxpbiiercexeadon diethresteencif shedeorgitudinailyientendies &R ng
sheet is faprdgated froma polyner. 11. The nmethod according claim?9
wherein the bonding step further conprises: first bonding the second film
to the second side of the plurality of fibers; renoving the adhesive

backing fromthe, fir i f t.h l,urality of fibers:, and ndi ng t he
e RN A T R %T‘ﬁ‘f‘é’l‘?’ ey gach B tsfote NS g
PCT/ EJS00/ p&aliculay tdlthe Iohudiraip ederdingqottiondrdnowhiciait xt9ndshihe electrddaeof

conductive terns ar de, of copper. 13. The nmethpd according to claim8
Sheren ¢ naledib g ool e e BulrOBbcaE Py P PORIRI DG G R e oxtend | 1
the direction of the |ongitudinal axes of the first and second filnms. 14.
The nethod according to claim8 wherein the step of slicing provides

channel s i nter hedi athe e aeenrdingto drimalderhiersin the elsctradsawithip kerd fimetener
conpri si ng o} e Gibh RpedB!tid 1IBkitudinally extending portion of the film.

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 elecirode 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 o 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.



an epoxy to the fibers to fill in the channels and elinminate air pockets.
15. The nmethod according to claiml wherein the first and second filns each
have first and second sides, the bonding step conprising: applying a first
adhesive 198338 the first side of the first film pl ackGRUSONESOS rst si de
of the first filmon the first side of the piezo-electric materi al
structure; curing the first adhesive |ayer; applying the second adhesive

| ayer to the first side of the second film placing the first side of the
second filmon the second side of the pigezo-electric material structure;
and curing the second adhesive |layer. 16. The nethod according to claim3

wher ei n the pi e50- elMBEnkihed BEoRTingXo cBiith WGHHFeh the SBP bf HEvdiag NRlsRlctofk
pi ezo-el ectric, material, the nethod further conprising the steps of slicing
the waf er tORIFBE 2 BlEzclBils BRtepg comprisesdhesterpfar at ed by channel s, each

fiber having grididg a phubbfeyFWaferSSGAM- R mAdgf i rst and second sides of
the fibers defining the first and second sides, respectively, of the

pi ezo- el ectri c keadiag tharvalary teeetherdo forme sieshddndg the first and second filns
to the first arhﬂciﬁ%ﬁ’ng Fﬂcﬂnqges ifeﬁﬁ(ﬁp&{ifné t;ﬁft':t £ss 911'f thé El?c tfo'é)p fide ot %aét%ﬂé | t h\e/\D

conductive pattern ectrically contac e piezo-electric materlal.
01/ 33648 P{OEAUEPREG-BIOGHC ma@rialhdving hfrsheidad aaecoddidaghat defolesihefidsbsidder ei n

each filmh a l,ongi tudi.nal | xt.endi,ng.axi.s.and each fi ber extends in the
direction B Ered Pl seReValy; JRRiFSr e USSR £ s, 18, The
met hod according to claim 17 wherein each electrode is generally

perpendi cul ar tg the Ion%jtudinally‘extending portion fromwhich it
extends, the el®ctr SIAPPRUS EHEPTSIESt and second conductive patterns being

substantial Iy pegieRngdcett Adted@hdvite 4 firdeide and 8 sechh@sig@t hod according to
claim 16 wherein the electrodes within each filmare ) )

a first film bonded to the first side of the material, the first film having a first side and a
second side, the film further comprising first and second conductive patterns, each conductive
pattern being in electrical contact with the piezo-electric material, 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 second 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.



angul ated with respect to the longitudinally extending portion of the film
20. The nethod according to claim19 wherein the degree of angul ati on of
the electrodes with respect to the longitudinally extending portion is
about 45. W901/33¢¢8 net hod according to claim 19 wherein S5SNIV is sliced
at an angle with respect to the longitudinally extending edge of the
films. 22. The nethod according to claim21 wherein each el ectrode extends
in a direction substantially perpendicular to the fibers. 23. The nethod
according to claiml further conprisingghe step of attaching electrically
conductive extensions to the first and second conductive patterns. 24. The

net hod accor di ng.t 0 THeapphrdtud sicldhif 26 GAEPBIMIE fiGot MR trfcl@fsiaPituctip Ovi di ng a
pai r of anisotropical I%/l conductive sheets; bondi ng each anisotropically

conduct i veCURRIBES & purglity of flsss W@f@oaeorbﬁa@rﬁéershamaﬂér% side pegl 2 356019 SHS: t he

first filmye@r@Rfd ABbROSI0BE B8 hibofs &AM flel 8 AASRbnPYER, efiRbtiveliCof the St and
second conductive patterns contact the anisotropically conduct've sheet,

and bondi npiezcheectdematedalf i I mto the ot her anisotropically conductive sheet .
WO 01/ 33648 PCT/ US00/ 15025 _19 25. The net hod according to claim| wherein
the step of providing the structure conprising a piezo-electric materi al
conprises the silep dtheppmvatgd ofglazn P wherkinteychdfbemlses @rssbstintiglyezaarglect ri ¢
material; bonding the wafers together to forma stack; and slicing the
stack in tH&%G® ?téc%'[lon of the thickness of the stack to provide at |east
one sheet of piezo-electric material having a first side and a second si de
that defines the first side and, second side, respectively

, th
pi ezo-el ectric Hat erihgaPRaF#YRRf Fiam 39 ghergin ﬂ?fp[if filpn zad %ﬁﬁ‘i"i"g ﬁ%e%hhave

pi ezo- el ec§ fonGitiafy é)@éndh%\ékﬁgn@wﬁér&ﬁkacﬁ'fﬂ@r lﬁ@glﬁgﬁﬁcﬁﬂﬂg etedlfing Aisf fhest film
bonded to the first side of the material, the first filmhaving a first
_side and alongitudinally extending axis of each fiber being substantially parallel to the longitudinally

extending axes of the films.

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.



second side, the filmfurther conprising first and second conductive
patterns, each conductive pattern being in electrical contact wth the

pi ezo-electric material, the first conductive pattern being electrically
i sol at ed fWORI/IMB second conductive pattern, the first 20AUSLLIGMNF
conductive patterns each having a plurality of electrodes which forma
pattern of interdigitated el ectrodes; and a second film bonded to the
second side of the material. 27. The apparatus of claim 26 wherein the

pi ezo-el ectric material conprises a nonolithic piezoceramc wafer. 28. The
apparatus of claim 26 wherein the second filmhas a first conductive
pattern and. a second conductive pattern, each conductive pattern being in
el ectrical contact wth the piezo-electric material, the first conductive
pattern of the second filmbeing electrically isolated fromthe second
conductive pattern of the second film2khe first and second conductive
patterns of the SeQﬁﬁd filmeach having a plurality of electrodes which

forma patter¥-of PRPYYT VA 26 FUEEY Gurpsisngg. The apparatus of clai m 26

wher ei n the fi4 fit AnduspeMydoddubiR sBER dlsfRitd GANEA andi b ke film
WO 01/ 33648, PCIT Gy 1 anga) condustie seck égﬁar SREA and OB DR MALAF T T

pi ezo- el edtdthe figghtide ofghe pjezoplecincamateriabpnd ses a plurality of fibers in
j uxt aposition, E - i fi S ond, side the first
e abcond of oSG dnsnbnich Ok shal oBldiks e RPRAN B BF spoohd

r espect i vélnyandghe senend sideef thegliezotelecuicmmteial. al . 31. The apparatus of claim
30 wherein each fiber has a substantially rectangular cross-section. 32.

The apparatus of claim 30 wherein the first filmand the second film each
have a | ongi t3/di naid apperstue petiprdsiraxi S and wherein each fiber has a

| ongi tudinal 'y extendi.ng axis, fthe. longitudinally extending axis of each
fi ber being su‘b@’t‘ré ttylongﬁ?’%ﬁ?ﬁl &S MIYXRPRS OB RFR BReF Rayinga first side and a
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 patiern and in electrical contact with the piezo-electric fibers, said at least one
conductive patiern 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
channels; and
a second film bondcd 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 electrodes to form a pattern 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.



extending axes of the filns. 33. The apparatus of claim30 wherein each
pair of adjacent fibers are separated by a channel, the apparatus further
conprising a |layer of epoxy disposed over the fibers and in the channels.
34. The aggaratus of claim30 wherein the first filmand the second film
each haveVO8"36#gi t udi nal |y ext endi n@2axi s and wher ei n BP9 has a

l ongitudinally extending axis, the |longitudinally extending axis of each
fi ber being angul ated with reapsENDED ¢hsiMsngi tudinally extendi ng axes of

the films and YheLigidby HETRRALA BRTeal bn 2 FEbridry DORAI(28.670W, at ed with

respect to the !%Bginsfamehlmr%ce@gmavam1ojs(wsageg)l]rrs- 35. The
apparatus of claim 34 wherein the degree of angulation of the el ectrodes

with respect tq the Iong‘irtudi nal |y extending axes_of the filns is about
45' . 36. The appar afjecthed of fayrcating apiegoelesine mactpriiber eAreposin spReRBCt r odes

extend in @m Hiii%%ﬁ\gisﬁgﬁﬁb“ antially perpendicular to the axes of the
fibers. WO 01133648 P US00118025 -21 37. The apparatus of claim 26
further conpri grovidinga strucire compising aypiezaieleptricamteriat having fugtsiddiaspas ed

bet ween a%&gr&le,d to the first film and the first side of the
pi ezo- el ectTl terial; and a second anisotropically conductive sheet

di sposed bet weglicingthe bihed té Provide a pReglitglof fidbélean¢ fibdieing@asppeition,de of the
pi ezo-el ectri cﬁnatﬁri al.. 39. An apparatus conprising a plurality of

pi ezoel ectric a8  firs} {im havisiadirg and aesend sandestive gasteny foamed theieon de and a
second si qge fRAGHIEGIVE .p%erﬁ‘ﬂﬁﬂ%ﬁ%ﬁéaﬂ@ﬁ?ﬁteﬁ%%&é @%P@%ﬁu@?@ggaﬁm””el ; a

first adhesive | ayer dispose ver t Irst sides o rs and within
t he channdhefirst endfsecand condustiopatkechs eachtiiseing a plrality ofedecubddshimtf i bers, the

first fil ristng at . least one. conductive pattern, each conductive
pattern b%ﬁﬁggﬁ‘é‘éT‘i’ﬁ'&ﬁ“ﬁ'ﬁ"@b‘?‘%@@&#&gﬁ?‘é‘ﬁk}%t her conductive pattern and
in electrical optVidifgavdcbid filAgakd €zo-el ectric fibers, said at |east one
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 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 firat
conductive pattern and a sscond conductive pattern, the first conductive pattern of the
second film being electrically isolated from the second conductive pattern of the second
fitm, 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, the bonding step
further comprising the step of positioning the first and second films 5o that the conductive
patterns of the first and second films are substantially aligned.

AMENDED SHEET (ARTICLE 19)



conductive pattern having a plurality of electrodes to forma pattern of
interdigitated electrodes; a second adhesive | ayer disposed over the
second sides of the fibers and within the channels; and a second film
bonded to the second sides of the fibers, the second filmconprising at

| east oneév@BWE6A8t i ve pattern, said at23 east one conductACTASHHRSH2Sr n bei ng
electrically isolated fromany other conductive pattern and in electrical
contact with the piezo-electric fibers, said at |east one conductive
pattern having a plurality of electrodes to forma pattern of

i nt erdi gi t at ed4el ecThowethod scaondingtto klsirs3 fother compiiaivg i pair piitctricalhof t he
first filmbein ubstantial lyv.aligne i th said at || east. one conductive
pat ter . ot RSN IRE0R Fosh S e A edioh & AessaBining3BadBRoc0 o' 1

[ recei ved patterhhe | nternational Bureau on 28 February 2001 (28.02.01);
original clains 1-38 replaced by new clains 1-33 (10 pages)] 1. A nethod of
fabricating a piezoelectric macro-fiber conposite apparatus, conprising
the steps of pgovi di [ " 2 i terial
havi ng & first el de R e e A B R o de a
pl ural ity reftangulezcredsessetionc fi bers in juxtaposition; providing a first film
having a first and second conductive pattern forned thereon. the first
conductive pattern being electrically isolated fromthe second conductive
pattern, the & st TROfethod suedrdingnd uluin ¥ evhareid the Rep epulibing piovidgs & pl ural ity
of el ectrodes that cooperaggbéjo forma pattern of interdigitated

el ect r ode$hannglbstwesn ggch-paif #eent €S- 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 filmelectrically contact the

pi ezo- el ectri @ nat The wmethed acsotdingso claim | further comprising the steps of:

providing a backing sheet having an adhesive side; and
positioning the structure on the backing sheet such that the first 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 according to claim 7 wherein the bonding step further
comprises:

first bonding the second film to the second side of the piurality 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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2. The nmethod according to claim| wherein the structure of piezo-electric
mat eri al conprises a nonolithic piezoelectric wafer. 3. The net hod
according to claiml|l wherein the second filmhas a first conductive
pattern and a second conductive pattern, the first conductive pattern of
the secopgofrski® being electrically igolated fromthe spqaRdyferductive
pattern of the second film the first and second conductive patterns of
the second filmeach having a plurality of electrodes that cooperate to

forma pattern of interdjgjtated el ec,trodﬁs . the bonding step further
&

conpri si ng t helst eplormeiaad aoeording do Figimn | whergindheptenlslicing producesd ¢ hat t he
conduct i verusdhef $fFbes vifichldafenl i b ?&%ﬁ% B fonbitldiffal BLe§ of jally

al i gned.  BEey CEHRE itich chfend il the diéo! BE0E Snphidi S oPUBRIARL 2 Y 1
met hod acéesond Agnst o claim 3 further conprising a pair of electrically
conductive extensions, each extension being attached to a correspondi ng
conductive pattern. 5. The nmethod according to claim| wherein each fiber

has a substant 12l | yThe methadgieblingad chbin 6 Gftheptomprising e steptdfagplgiggor ding to
claiml!l wherein tg’e ﬁ%t ep gﬁ,sl i cing provides a channel between each pair
of adj ace®PeRgRYLp the fipersip Bl jnsach chanpe’ BdiCAGVE B BYSPYh 1 further conpri sing
the steps of providing a backing sheet having an adhesive side; and
positioning the structure on the backi ng sheet such that the first side of

the structurelds abhemtthed seoardinganatim b whsinahit fisst ang setand fishs edek backi ng
ol o m 7wt} s8Rn® s e bofifiod e OTMBNELS 1 oma pol yrer - 6. Theo
met hod accor di agplying & st sdhésivédiayes ivo tholfiest Bide of the fisst Gm;f ur t her
placing the first side of the first film on the first side of the sliced piezo-eioctric
material structure;,
curing the first adhesive layer;
applying the second edhesive layer to the first side of the second fiim;
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.

i4.  The method according to claim 1 wherein the piezo-electric material
structure comprises a wafer of piezo-electric material, and the step of slicing provides a
channel to separate cach pair of fibers in juxtaposition, each fiber having a first side and a
second side, the first and second sides of the fibers defining the first and second sides,
respoctively, 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.
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conprises: first bonding the second filmto the second side of the
plurality of fibers; renoving the adhesive backing sheet fromthe first
side of the plurality of fibers; and bonding the first filmto the first
side of the plurality of fibers. 10. The nethod according to claim?7
wher ei n tWesudmMsuct i ve patterns are rfdde of copper. ANENDED/SOEET ( ARTI CLE
19) WO 01/ 33648 24 PCT/ US00/ 18025 U. . The nethod according to claiml
wherein the step of slicing produces a plurality of fibers which extend in

the direction s b n iéudl nal ax of e first and second filns. 12.
The met hod accdrdi ng '@P F‘f‘ﬁ?ﬁ"’ﬁgl}?f’ hﬁF‘Pﬁﬂbﬁlﬂ‘Hﬁﬂ a{oagitygdinallyp| yi ng
an, epoxy extendingafit ¥ dack ﬂ’oef' bvhénd's th ﬁ@gﬁeﬁgﬁﬁﬂﬁk Iﬁﬂﬁuc{ixﬁﬁg\éﬁﬂ@ l¥q 19(9? ket s.

The net hod accor di ng to claiml| wherein the first - an ns each

have firstofs¥dil®econd sides, the bondi ng step conprising: applying a first
adhesive layer to the first side of the first film placing the first side
of the first filmon the first side of the sliced piezo-electric material

structure; curilfg tWhe methed agdidigitu elainty L wherdinthe/sie@rodésorsicmatdngdhesi ve
| ayer to the firs; side of the secqgnd flléﬁé pl acing the first side of the

second fi IFiTo8H <P %?c%ﬂﬁ"éﬂ&é“‘?ﬂ‘"%‘ﬂ'é’@me ‘é}"‘ﬁl"éihf dirgptinnof extepsianaf| al
struct ur ethefisercur i ng t he second adhesive |layer. 14. The net hod accordi ng
to claim1 wherein the piezo-electric material structure conprises a wafer
of piezo-electric material, and the step of slicing provides a

17.  The method according to claim 14 wherein the eloctrodes within each film
are angulated with respect to the longitudinally extending portion of the film.

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,

2l.  The method according to ciaim 1 further comprising the step of attaching

electrically conductive extensions to the first and second conductive patterns,
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channel to separate each pair of fibers in juxtaposition, 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 filns .to the first and
second sMix#33¢Bspectively, of the fibbers so that thePCERELBI2ZEe patt erns
electrically contact the piezo-electric material. AMENDED SHEET (ARTI CLE
19) WO 01/33648 25 PCT/ USQOQ 18025 15. The net hod according to claim 14
wherein each filmhas a Iongipudinally extendi ng axis and each fiber
extends i n t he?di r ebmethpd of fabrieating p giceorkectis mgﬂr@gkféﬁamnwawsmobf t he
films. 16 : cording to claim 15 wherein the el ectrodes of the
first andcoééggﬁﬁngﬁgﬁgtive patterns are substantially perpendicular to
the direction pfovikigerstrucinreaomptiting & pieer-slectticdmiienal imevihgel fimtside atidng to claim
14 wherein the .electrodes within each film are angulated with respect to

t he Iongi?ﬂﬁpﬁgﬁﬁy extendi ng portion of the film 18. The nethod accordi ng

to claim17 wheroRidingta Thstdibt heving@a fisahd seédndRoftfuctivespanendbinicadigesti t h
respect to the longitudinally extending portion is about 45 . 19. The

met hod ac &k firstrgndustive pattermbemgisisctricallydalsted frpm thg sscand;copdpctive paltetlagl e wit h
respect t I i i : 1 . The net hod
accordi ngq?%ﬂglég?%%gy%ﬂearg&eév% pgg%:rﬁmechg%r e 1@&%%&&%&} th Irection

subst ant i abbperpetqibrl i petitan of interdigitated edertrodes; of the sliced fibers. 21. The

met hod accor di n%d%?o claim ]ﬁérﬁyrt her conprising the step of attaching
electrically cB \ Mt sions to the first and second conductive

patterns. ANEN@EQ;W“M{;@;&“}%;,J&@Q $det;:33648 26 PCT/ USOO 18025
' providing & second anisotropicaily conductive sheet;
bonding the first amsctropically 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 anisotropically conductive sheet such that the first
and second conductive patterns contact the first snisotropically conductive sheet; and

bonding the second film to the second anisotropically conductive sheet.
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22. A nethod of fabricating a piezoelectric macro-fiber conposite actuator,
conprising the steps of providing a structure conprising a piezo-electric
material having a first side and a second side; providing a first film
having a first and second conductive pattern fornmed thereon, the first
conduct i WO §88¢48r n bei ng el ectrical | ¥7i sol ated from t h@C3aseBSonduct i ve
pattern, the first and second conductive patterns each having a plurality
of electrodes that cooperate to forma pattern of interdigitated

el ectrodes; pgpviding.a ,s nd filnm providin first anisotropically
conducti ve shegf'; ér”%‘l‘?"&iuﬁg"‘%ﬁc"é’éﬁBHP%IH%'PFE‘?'@&?'W”E%&E‘P?WE sheet :
bondi ng tb@n{;ﬁ,ﬁ? aﬂ'b?ﬁﬂ’ opi cal | y conducjti ve sheet to jthe first side of the
structure; ondi ng the second ani sotropically conductive sheet to the

second si de of ProNidings plyrality oE walses of pisep-elpatrie materiali i | mto the first

ani sotropi cal | y, vhiés 1S orela) {; ., the first and second conductive
patterns contact the fl rst a |sott°r$op| 35’3 Pﬁ conductive sheet; and bonding

t he second fi | sticing théistackdn thediiraction of the phickaless\of thenstiick to preovile atleast ddd=ENDED
SHEET ( ART| 19) WO 01/ 33648 27 PCT/.US00/.18425 23. A . nethod of

fabricati ﬁ]b"ectgrpq SRFREIRTng & plezo-FlepEt "Elfﬁé@??”f’ﬁaiﬁt Fide B‘F‘J,q“ SeEior i si ng t he
steps of pAeviding a plurality of wafers of piezo-electric material;

bondi ng the wafers together to forma stack; slicing the stack in the
direction of tPEOVidNEAdradLmbavingefint andiseeond spasicive pettemdommeddbrseonsheet of a

:22 gﬁg ur gitlgg?ﬂréoﬁ&tfbav@pmeﬁlz&kﬁl eRicirichify iEOMEd b PN Bndddtivd p&%liegi? and a
the first and second conductive patterns each having a plurality of electrodes that
cooperate to form a pattern of interdigitated electrodes;
providing a second fiim; 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,
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providing a first filmhaving it first and second conductive pattern forned
thereon, the first conductive pattern being electrically isolated fromthe
second conductive pattern, the first and second conductive patterns each
having it plurality of electrodes that cooperate to forma pattern of

I nt er di gwoalLask4el ect rodes; provi di ng8a second film ardriosodsng the first
and second filns to the first and second sides, respectively, of the
structure such that the conductive patterns of the first filmelectrically
contact the structure of piezo-electric material. AMENDED SHEET ( ARTI CLE
19) WO 01/ 33643%. 28 AOppususcuspddng 4. An apparatus conprising: a

pi ezo-el ectric, paternial structure havi.n I.kSt Side an second si de,
Phe i ezo- el ctbpocondiehaitd G RHings ol Hdlog L SEend il S BER Dere i 1
j uxt aposi tlsaric meweill strutrare compiisiga plusalitysif@bérs & jumapmitioa @uh Btser
cross-section, each fiber further having ' .,second si de,

t side,
the first "8YHS &ubypppaly pratengyiarcppes-sealjon, & 4’?1?%2‘%%;‘“%9%535‘%6" ®cond

sides, raepRFdide Slefirsthd bdiBndii@ck Of Bledibbrzidendim Mb At ad dobisidfges, a first
filmbonded to the first side of the structure, the first filmhaving a

first sideespestyely of theqirgosleatsic maggsial strusturd,i | m furt her conprising first and
second conduct ] €0 Chl ' | .ectrical
contact with t%gﬁf)ﬁg’tz%ogpéehcsﬁorﬂlu'gﬁ%na 'de:eré}g% Jt'g‘kﬁr%ﬁe(?%?g%ﬁ%rﬁgk%%@sg%%duct ive
pattern beidwseebrakdide, dmlifirst filns Airtheecbniprising filse arbexeoord condutivicpattemspat t er n,

the first and second condqucti.v atterns ea having a, plurality of
el ectrodeE“‘i‘}A‘YPB‘ﬁ“"Pbﬁ'Pﬁ t"?é'?ﬁ’@f‘c ﬁ?‘%‘f"a?‘”&ﬁf RAGFOR 9@&%%&‘?, and a second

fi 1 m bondagdnre tRESEERAGCHVE BR1ePA bliREISAAY HbRted FRom theSecampar at us of claim
24 wherein the second filmhas a first conductive pattern and a second

conduct i vEonsiietivepatterasthp fitshand sceandecopductive patiseris sachi havisg aplurdlinedf  cont act

Wi th the grgiefhith i JBER GHintdkighitel bRerdddf hd 1St conductive pattern of
t he ’

8 second film bonded to the second side of the structure.

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-electric material structure, 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

clectrodes which form a pattern of interdigitated clectrodes.

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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second filmbeing electrically isolated fromthe second conductive pattern
of the second film the first and second conductive patterns of the second
filmeach having a plurality of electrodes which forma pattern of
interdigitated el ectrodes. 26. The apparatus of claim 24 wherein the first
and secoMP §3BH8 are fabricated fromda polyi m de fil mpCTIUSOINIsE2Sappar at us
of claim24 wherein the first filmand the second filmeach have a

| ongi tudi nal |y extendi ng axis and wherein each fiber has a longitudinally

extendi ng axi t | ongi t udjnal Iy, ext endi AXk S,. Of ch fiber being
substant Lal |y T ol TheeppgebRat Ao A% WoEFRe SRR BIRenTRERa of the 111 .
AVENDED SEERchodoATH el e Mkt &6 4PecifriBRE A USRP6HGRPaidfbacdinr appar at us
of claim 24 wherein each pair of adjacent fibers are separated by a
channel , thedibgsspad inthechaprelher conprising a | ayer of epoxy di sposed over
the fibers and in the channels. 29. An apparatus conprising: a

pi ezo-el ectric material structure having a first side and a second si de,
t he piezo- el e29.ri cAnapmrited cagvipnmogur e conprising a plurality of fibers in

j uxt ition, h fiber hayi i tudinal | t endi s, h
'ber furthor ARFERGeHPFMATRLREnEr poadt e 20) pEORT A el (200 o
si des of felttrikintatdrial AAICHLLE Bsthshsing al phurkiR of fiedd in Jbdappsiton) dach fites,

respectively, of the piezo-electric materjal i‘t ructyre; .a first film bonded

to the fihavings inagigidinafiy cxiancing axia, eachdiber fugherfiaying » HG fife ands °6ndsi ge  and
a second gyl ehﬂ?ddduJeB&Jd%i&Pthtézrﬁgﬂgg F%&Poﬁd‘irl{g% 1 HatSmE Otdnd GRAUCT | Ve

patterns, eat conductive pa n el"ectrical contact wth the
pi ezo- el ectspeativaly; afithapipza-tlectfic materizslctmetust i ve pattern being electrically

i sol ated fromthe second ndqugtive pattern. .ihe fir nd
conductive pat Pgmi'?faﬁeﬁhﬁg?/ﬁwg{'ﬂ SHFIY? i"f”gt/d“G#' “gl tfg_ﬁttlﬁ%&g‘g"%lﬁﬁﬁa&gr m a
pattern QidiaRécnd sidk tAd Sich RHA&doRMPAsing iNEard secdnd cohdiachive gaerns.eash ng a
| ongi tudi nal ly extending axis, the " . ) )

conductive pattern being in electrical contact with the piezo-electric matenial, the first

conductive pattern being electrically isolated from the sccond 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 engulated 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 longitudinaily extending axes of the flims is about 45°.

31.  The apparatus of claim 29 wherein the interdigitated electrodes extend in a

direction substantially perpendicular to the axes of the fibers.

AMENDED SHEET (ARTICLE 19)



| ongi tudi nal ly extending axis of each fiber being angulated wth respect to
the longitudinally extending axes of the filnms, the el ectrodes of each
filmbeing angulated with respect to the longitudinally extendi ng axes of
the filnms; and a second fil mbonded to the second side of the material. 30,
The appam@xaigs@t cl ai m 29 wherei n t hggdegree of angul atricansediasbdse

el ectrodes with respect to the longitudinally extending axes of the filns
is about 45. 31. The apparatus of claim?29 wherein the interdigitated

el ectrodes ext snd ina direction substantially perpendicular to the axes
of the fibers3 ANEﬁBEBPgFEEWTWG_E 19) WD 01/33648 30 PCT/ US00/ 18025 32.
An appar at us GQigbblehcitt materth) RiRigel 5 deCantiBlsEdohd@bigiavi ng a first side and
a second side; a first filmpositioned near the first side of the material,
the first fil rafisshiilmpositioncdpear the first sdepfahesmaterial, the Hest filmhhavinglafirstur t her
conpri si i I . jve pattern
bei ng i n e Hseil B R fnf AR b B Ebid con W BRE SR P (1
conduct i veacpedrdactivelpaiterg being 0t ¢lectridal gontesovith g phezoveiecirie meeriah dhecfostduct i ve

pattern, the first apd second,conductive patterns each having i,t plurality
DF oF cot rSBUHYR PRt B e arle PReteg R e stiogs PR @RaRFPOlE B & 11 ot
ani sot r opingakédnd GORMIETE phetin @Rh HIVIAP @ PRIFIDESMER T 0ARAVIN BRA a bektdre T st

filmand the first side of the pi ezo-e?ectrlc material; a second film
posi t i oneef interskgiteted elrsiradng; si de of the material; and a second

ani sot ropi cal | | ; ol he second
o oot ol | uSPMic g DR JRA SRR BB U 2
(ARTI CLE fiifh) and@heifirstadeld thipitdosSiétirkttaterial3 1

a second film positioned near the second side of the material; and

a second anisotropically conductive sheet disposed between and bonded to the

second film and the sccond side of the piezo-clectric material,
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33. An apparatus conprising: a plurality of piezoelectric fibers in

j uxt aposition, each fiber having a first side and a second side, each pair
of adjacent fibers being separated by a channel; a first adhesive |ayer

di sposed womisidde first sides of the fibers and within ppeussiangel s; a
first filmbonded to the first sidesmf the fibers, the first film
conprising at |east one conductive pattern, each conductive pattern being
electrically isolated fromany other conductive pattern and in electrical
contact with the piezo-electric fibers, said at | east one conductive
pattern having a3 Iuréﬂ!ﬁ%ﬂfﬂml@mﬂﬂﬂﬁdes to forma pattern of

i nterdigitated . : @ﬂg |\ @fmﬁ v, e
second si des of hgﬁhlhge ?zg%%&‘\?\f miﬂ?'%gédo\élﬁg%%gﬁﬁﬂauﬁ a gug%%nsg{etﬂ% ?m
bonded to t hasewndske, eaciipedr affadiatent fibdvebeng sehwated bp adhdnnél conpri sing at
| east one conductiyve pattern aid.at |east,K one nguct i v tern being
electrically i sﬁlﬁﬁB@“’F'Y%{Wéi@FPBM&VUCtEﬁﬁﬁH‘T’Vé’?&ﬁ#ﬁsﬁ"‘iﬁﬁ%ﬁﬂeI ectri cal
contact Wi t lghidmeispi €zo-electric fibers, said at |east one conductive
pattern having a plurality of electrodes to forma %%tern_of

i

i nterdigitated eRd&ssfilspbanded tn the frst sidesaf thaiberso e fiest Bl comprismgpt Iopst; e
first fil | - | . HdeR ey |
pat tern of (e OMRER TR A5k kR METautinpok AfipBlly O RAFuE/ L1 Ve

conductive pattern and in electrical contact with the piezo-electric fibers, said at least one

conductive pattern having a plurelity 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 dne conductive pattern being electricatly
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 interdigiteted electrodes, said at least one conductive pattern of the firat film
being substantially sligned with said at least one conductive pattern of the second film.

AMENDED SHEET (ARTICLE 19)



