WO 01/33648 PCT/US00118025 PIEZOELECTRIC MACRO-FIBER COMPOSITE ACTUATOR AND
MANUFACTURING METHOD ORIGIN OF TIE INVENTION The invention described herein was
made by employees of the United States Government and may be used by or for the Government for
governments¥@oapedes without the payment of any royalties thereon or theoefostB&EZKGROUND OF
THE INVENTION Field of the Invention The present invention is generally related to piezoelectric fiber
composite strain actuators. Description of the Related Art Conventional piezoelectric fiber composite
actuators are typipgiiy e RIre VSR OBy ERAE @ MROSHTFidCEIRA TR encased in
protective polymer matrix material. M#aNUBXaTEU RIS BUEERREPed 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 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 uSHRCEE Qe HHERIVENT uring techniques. In addition, the use of interdigitated
electrode poling pwﬁmiﬁsdamﬁhuﬁl«teﬂae& l!elﬁitvalyslﬂﬁge beliepglionas sTH-aniadgatien strains. The

directional ture ofthls ctu IOI’ISIeS artlc gso%%%rn {r}gycm Slt};%ﬁ‘ra twistin qjormatlons in
structures. rf"m a?eﬂ/, emet'ﬁ 8 %f) manu acturing conventiona plezo@l’é%?nc f"f)er composites

typically usetfelaamytmm:ms)tale%rtmw,nrmrm‘ezoeIectrlc fibers. Moreover, alternative methods
of manufactlgg{%@ @F?réﬁﬁqﬁ’ggmﬁ%ﬁéﬁmed from lower cost monolithic piezoelectric wafers,
have been unsuccessful due to the difficulty of aligning

Field of the Invention

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

Description of the Related Art

Conventional piezoelectric fiber composite actuators are typically manufactured using
a layer of extruded piezoelectric fibers encased in protective polymer matrix material,
Interdigitated electrodes etched or deposited onto polymer film layers are placed on the top
and bottom of the fibers to form a relatively thin actuator laminate. Protecting the 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 mterdigitated electrode poling
permuts 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. 7

Unfortunately, the methods of manufacturing conventional piezoelectric fiber
composites typically use relatively high cost, extruded, round piezoeleciric 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 piezoeleciric fibers during assembly, thereby



individual square fibers during actuator assembly without shifting and rolling. Rolled square fibers tend
to expose sharp comers 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 -1) - resulting in relatively high manufacturing
costs. Another disadvantage of conventional piezoelectric fiber composite actuators is the

requirement of relatively high operating voltages. High operating voltages are needed to produce
electric fields which are sufficiently strong to propagate through the protective polymer material
encasing the piezoelectric fibers. These electrode voltages are several times higher than those
theoretically: sgauirad-topreg dos amgiven:sHainidtthe unprotected piezoelectric material. Additionally,
round fibers have a low contact area with the electrode, thereé? causing losses and decreased
efficiency. To comPEHEAE FMATESS R SoBYTHEra b REA Y ETIRG ES A TRt "Chhvéntional techniques
for applying=elécireshe siadilylyriiedbntactwigh dhez pie 7o etestamdiiyersihavesthussiadriot been practical.
It is therefore an object.of:the present invention to provide an i % [ fric. fiber composite
strain actuﬁ%’r% gﬁﬁdae Y%éctﬁg(% %c\;‘rrl%rﬁ% n%gsus%nfﬁeen.géﬁﬁpgt '“et? 8[)?8%%%%&%88/% %gggbgfg the present
invention wilbiynrarterabvicesnarnt: wiltdnigrancidappatent teriatevsperifiestisneSUMMARY OF
THE INVENTIQN,Qne, ASPRELREIRNEGEERE iByRBHRR: Rrovides-amethogt of jabrigating a piezoelectric
composite apparatus, comprising the steps of. providing a plurality of wafers of piezoelectric material,
bonding th@iﬁ/@f@%ﬁ?ﬁg‘@ﬁﬁ@%iﬁéﬁ‘%{éﬁq&ﬁ%ﬂ%ﬁﬁfé TR SPBIERCIRGHE At s IERASrs of

piezoelectrig,material:aRdadhesyg.dnatedialk the stack havipgathieknessieutingctbseugh the stack in
~adirection substantially parallel to the thickness of the stack and acrgé?s the Iternat_inq La}gers of

piezoelectritHTEEAF AFtH5ih e SRS AR ST IHEVI o APROA%E BRETBRSI SLREEHR fiBdF~

the piezoeleciric fibers have thus far not been pracucal. _

It is therefore an object of the present invention to provide an improved piezoelectric
fiber composite strain actuator and a method for making same.

Still other objects and advantages of the present invention will in part be obvious and
will in part be apparent fom the specification.

SUMMARY OF THE INVENTION

One aspect of the present invention provides a method of fabricating a
piezoelectric composite apparatus, comprising the steps of: providing a plurality of
wafers of piezoeiectﬂc material; bonding the wafers together with an adhesive
material to form a stack of alternating lavers of piezoelectric material and adhesive
material. the stack having a thickness; cutting through the stack in a direction
substantially parallel to the thickness of the stack and across the alternating layers of
piezoelectric material and adhesive material to provide at least one piezoetectric fiber
sheet comprising a pturality of piezoelectric fibers in juxtaposition to adhesive
material, the at least one piezoelectric fiber sheet having a first side and a second side;
providing 2 first film having a first conductive pattern and a second conductive
patiern formed thereon, the first conductive pattern being electrically isolated from the
second conductive pattern, the first and second conductive patterns each having a
plurality of electrodes that cooperate to form a pattern of interdigitated electrodes:

providing a second film; bonding the second film 1o the second side of the at least one



sheet comprising a plurality of piezoelectric fibers in juxtaposition to adhesive material, the at least
one piezoelectric fiber sheet having a first side and a second side; providing a first film having a first
conductive pattern and a second conductive pattern formed thereon, the first conductive pattern being
electrically isolated from the second conductive pattern, the first and second conductive patterns each
having a plurality of electrodes that cooperate to forum a pattern of interdigitated electrodes;
providing a second film; bonding the second film to the second side of the at least one -2a-
piezoelectric fiber sheet; and bonding the first film:tg the first side of the at least one piezoelectric fiber
sheet such that the conductive patterns of the first film electrically contact the piezoelectric fibers of
the at least one piezoelectric fiber sheet. An alternate aspect of the present provided a method of

fabricating iphkualibriofpezoplactiic loarsnconeprisingthe SiRPS:of stlovdingd.a1phur ality of wafers of
piezoelectric_ma%irial; b ndiré%q'tghe wafeérs together with an adhesive material between each wafer to

form a stack SFAHEFTAHIHGIESRTE SPidsaLRCHROfRatER AT s dh SRR B SR RiEtRSElsck having a

thickness; anshiedtting shraughihe hagkdntdiresiiannsylistantiatiparalightetthe thickness of the
stack and across the alternating layers of piezoelectric material and adhesive material .to provide at

least one piezoeleCtRié HBEF SRS LOMBRSTT R PINSIRG ot PIELOSIBEMETIREIRSA RIRARBSition to the
adhesive W@%&éﬁ%ﬁé@pﬁﬁﬁpﬁ@h@@h@%@iﬁﬁ@Yﬁ;ﬁ}ﬁ&ﬁ}iﬁ[@‘f@ﬁ?ﬁiﬂiiﬁaﬁiﬁ@ﬁ:@ﬂomp%ite |
apparatus made by a process comprising: providing a plurality of wafers of piezoelectric material;
bonding théﬁwa?s?g%&@ém@?wﬁ%% B S e ST 16T P5Hh 28 &HER RETHALRG 1B of

piezoelectrigamaiesfel antbadhesive slalesiakihe latack onawngea-thicknessi quingdheongh the stack in
a_direction _substa _tia'lllly %agaillgl ,toothtfh,thickness ft_h_e gt%?ék aqd ac%g%jbthe alternating layers of
piezoelectril MEaHAN B AECEIREDSE MIHEIRFI S SVde AR bk QEAHERIE sheet
comprising gubstantially parallel to the thickness of the stack and across the alternating layers of

piezoelectric material and adhesive material to provide at least one piezoelectric fiber

sheet comprising a plurality of piezoelectric fibers in juxtaposition to the adhesive

material.

A further aspect of the present invention provides a piezoelectric composite
apparatus made by a process comprising: providing a plurality of wafers of
piezoelectric material; bonding the wafers together with an adhesive material to, form
a stack of alternating layers of piezoelectric material and adhesive material, the stack
having a thickness; cutting through the stack in a direction substaﬁtiaﬂy paraliel to the
thickness of the stack and across the alternating layers of piezoeleciric material and
adhesive material to provide at least one piczoelectric fiber sheet comprising a
plurality of piezoelectric fibers in juxtaposition to adhesive material, the at least one
piezoelectric fiber sheet having a first side and a second side; providing a first film
having a first conductive pattern and a second conductive patiern formed thereon, the
first conductive pattern being electrically isolated from the second conductive patiern,
the first and second conductive patterns each having a plurality of electrodes that
cooperate to form a pattern of interdigitated electrodes; providing a second film;
bonding the second film to the second side of the at least one piezoelectric fiber sheet;

and bonding the first film to the first side of the at least one piezoelectric fiber sheet



plurality of piezoelectric fibers in juxtaposition to adhesive material, the at least one piezoelectric fiber
sheet having a first side and a second side; providing a first film having a first conductive pattern and
a second conductive pattern formed thereon, the first conductive pattern being electrically isolated
from the second conductive pattern, the first and second conductive patterns each having a plurality
of electrodes that cooperate to form a pattern of interdigitated electrodes; providing a second film;
bonding the second film to the second side of the at least one piezoelectric fiber sheet; and bonding
the first film to the first side of the at least one piezgelectric fiber sheet -2b- such that the conductive
patterns of the first film electrically contact the piezoelectric fibers of the at least one piezoelectric fiber
sheet. Another aspect of the present invention provides a plurality of piezoelectric fibers made by a
process CORRMSING: (REQVLIRG A P straditysof wafersof pieZieelaellic spateriakichapeiegdhe: wafers
together with an adhesive material between, e%}ig wafer to form a stack of alternating layers of

piezoelectrit MiztafidiSHd GehesRrRIsRAlc HE'stAek having a thickness; and cutting through the
stack in a directionssidstantisdtt darelletiedheibicknessoldbeasiagkland psfossthariternating layers
of piezoelectric material and adhesive material to provide at least gne piezoelectric fiber sheet. BRIEF
DESCRIPTISN ORI ES BRI ESPHS TRl aA P AHEPHVARAGH 372 B VAR5 BE Hbvel and the
elements chasagierisiieghdheenvgntianareeseifarta wittpastigutarty hethe-appendeddelaims. The
figures are for  illustration purposes only and are not drawn to scale. The invention itself however, both
as 10 orgarib R5h BT R BPR A Oy BE S B RBS b B R PERYE AT the detailed
description whighdelaws dakencimssnunciiamwithiheresonpanyingiteavwingsinwthiehy FIG. | is a
erspective viey of a typical piezoelectric wafer. FIGS. 2-7B are perspective views.illustratin
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actuator. material and adhesive material to provide at least one piezoelectric fiber sheet.



FIG. s is a top plan view of the assembled piezoelectric macro-fiber composite actuator having
electrically conductive extensions attached thereto. WO 01/33648 PCT/US00/18025 -4 FIG. 9 is an
exploded, perspective view illustrating an actuator fabricated in accordance with an alternate
embodiment of the method of the present invention. FIG. 10 is an exploded, perspective view
illustrating an actuator fabricated in accordance with a further embodiment of the method of the
present invention. FIG. 1 1 is an exploded, perspective view illustrating an actuator fabricated in
accordance with yet another embodiment of the method of the present invention. FIGS. 12A and 12B
are perspective views illustrating an actuator fabricated in accordance with yet a further embodiment of
the method of the present invention. DETAILED DESCRIPTION OF THE INVENTION In describing
the preferredi ‘ < s PreSHEAL etz Reference will be made herein to Figs. 1-12B of
the drawings in which like numerals refer.to like features of the invention. (1) Best Mode for Carrying
Out the Invention Ri%eeé%é}t% |g§.] glin?ﬁ%t%%}%?rs%gbﬁ ot teﬁe%roﬁét %Vd{:)af%gie “p'r’é“(gé‘):ﬁ SVeRtich ehtails
providing a fehorelesiric wafer R0h Porhaxampleiyvafer2@isfabficated fidm imetectroted,

piezoelectric material in.one.emhodiment, R4 L5 riezoglectic ceramic material i3 Usgd 1o, fabricate
the wafer 20. However, it is to be understood that any piezo-electric material may%e’ used to fabricate
wafer 20. In SIHETERER et BTt opreFielceridwales PB tIsoethickiesacistivedatalsdut 0.002 and
0.010 inches JRefgriingqadlBudihanex siepentails.dispesingRiszosleatticwaler 20.9n a relatively

thin polymer backing sheet 22. In a preferred embodiment, the polymér backing™ sheet is moderately

adhesive so as to faciitate RRTRRIGHENIRY e Stsagrisrieltens drifie fabrication method of the

present invention. FIGS. 2-7B are perspective views ilhustrating preferred method steps of the present

MBE

invention for making a piezoelectric macro-fiber composite actuaror.
FIG. 8 15 a top plan view of the assembied piezoelectric macro-fiber composite

actuator having electrically conductive exiensions attached thereto.



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 slic&i&dptderlying polymer backing sheet 22. This step results incthvessosstizn 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 WO 01/33648-PCT/US00/18025 -5 substantially the same
width, which is betWEﬁE‘ gbout 0.0g?%adnd 0.005. inches, ;—|owever, each slot 24 can have a width less
than 0.001 inch or greater than 0'0US thBRTT A rreh d S SHiBB ARASHE ¥R I fiber 26 has a
width betweenabolmonei(l parntef2)tontinasdhe thickrdss! of gie zoaleatrcamadar 20. However, each
macro-fiber 26 can i tis,| than the thickness of piezoelectric wafer 20 or greater
than twice the thi(:krilije’:is&é9 g? %%H;%%%ggr?é %\%ﬁs e?%& Ei%‘?’elrﬁrll}r% %)n% [a(é).af(,ufﬁ%rz%bi Cg‘{%ds]?s to fabricate
electrically a pafostanenvedhd detiyg dmtrélamenfsitharcthilibs temdediiometiorfibers 26. One such
film element is film 2847im; 2 cap e fapt gvérgi%qms%%ggﬂgg}&%I}nggﬂégqﬂductlng material.

In one embodiment, the electrically non-conducting material is fabricated from a polyimide. One

suitable mateASFTEREHEHHhRRRCTEE a15at atkcnsdBy Puprortersniimnepsferred embodiment,

film 28 has a thicknessbeteaendabmif: 0005-amnet %001 iinches.Pistaiakily: filkhcA8&has width and
length dimens&igns hich atLe I%rgﬁzjrn an th%;\i/:vidth and Ien%%ofé{piezoelectrjc wafer 20. The reasons
for this configirafion will be A USSR SIS0 RENHiHY FBEE. % hFASEUIMBISS two electrically

conductive palié i 3¢ R ETHANIY & Hat W EBQ TdGMprises a longitudinally extending portion 34

and interdigitated ec rQ firg)q%rs Conductive pattern 32 comprises. a longitudinally. extending
portion 38 and inter |g|%atgd1%Tec?rg%géﬁﬁggr%%ﬁg{r?é% gsn%{glr% ot Fr%\%érr]ﬁ{fj %6%%6%%{/%“ ea‘ﬁlt,epr/%es or

electrodes  made herein to Figs. 1-12B of the drawings in which like numerals refer to like features of the

invention.

{1 Best Mode for Carrving Qut the Invention

Referri'n'g 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. In a preferred embodiment, the polymer backing
sheet is moderately adhesive so as to facifitate 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 piczoelectric 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



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 (D Pyralux(r) copper clad laminates). In a preferred
embodiment, Yfé4Hiéktfess of the copper sheet material is between about 0.@9EB/848¢:8@D01 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 conduyctive sheet, such as rolled and annealed copper. Referring to FIG. 4, in a
preferred emB5d |trfﬁnetir%ﬁ,ytﬁhéa éaéﬂ?e‘?@fﬁgcmg? E&?&Wﬁrb?b?éﬁ&t%iﬁﬁfﬁﬁ SReetghss B%‘?WSﬁ?’?&Cand 38is
about six timesot i thickness widgidzaalestiOovafer 20zrandrtfteuspachmbetivees dtdesdigitated
electrodes or “fingers” 36 and 40 is abo 0 01/33648 PCT/US00/18025 -6 equal.to the thickness of
piezoelectric wa etgl 20, Tﬁgcg&%%rr?tg?gé%%ﬁagpa\‘a\gilél)’tg %?gfgﬁai?ﬁ Frtlé)l?y? zgt%‘h%&b%&?fé‘ﬁ%t % and 38
and interdigitahedkrsescif otraoadectingertst 36 diawadr hawererredivbdothehtvan delbrilpedsabove.

Furthermore, fhe widthofcQREUCTvERARIAS 3%an® 32 JAY:Pave Alv.SHilahle widiy Referring to
FIGS. 2-4, film 22 has width and length dimensions that are larger than the width and length of

piezoelectric WAHEFISB Ko™t Bermit the placement of longitudinally extending portions 34 and 38 of

conductive patterns 0is 53 FIes e ek, A KO rRIREQRIBRILYIRE 30ndNis S ralon
significantly Ie@seﬁr]s the potentjal for cracking of macro-fibers 26 caused by highly non-uniform
15 %l‘@h%ﬁ

electrical field R HBUHSh H rEgics Bafdammarg-Sapst et Qtherrgrudenan ngE Wbrtions 34

and 38. Additzmellybhdliispackbfying acongepifaitotdsadsesledeleaiigalaystempsatected from the
environment. R%fg rin ttthélqc§tr§cgpd 5, a second film 42 iséﬁgricat% in accolfdan e with the steps
] u

described above. In one embodimant, ?ﬁfrﬁcﬁﬂdggﬁﬁrﬁrs‘%tgréaéﬁs GREVE PatE s RS ETREE o dBS 44

suitable material is Kapton® manufactured and marketed by Dupont®. In a preferred
embodiment, film 28 has a thickness between about 0.0005 and 0.001 inches. Preferably, film
28 has width and length dimensions which are larger than the width and length of piezoelectric
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). 1na
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 ts 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



and 46. Conductive pattern 44 comprises longitudinally extending portion 48 and interdigitated
electrodes or fingers 50. Similarly, conductive patterns 46 comprises longitudinally extending portion
52 and interdigitetgab&dectrodes or fingers 54. Conductive patterns 44 and 48aafisme/dgdzare "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 pattérns 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 nsaetblofibeFeiIdEeRIF NRFRIRRIT U RES BhehlGestitica-vake T8r888irfy description as

having condugfiye,RRalerastheraor Hilns4d may baeanfiguaddtbeuiany conghictivespalierns.
Referring to FIGS. 6A, 6B, 7A and 7B, films 28 and 42 are honded with an adhesive to macro-fibers

26 to form a fEkiBRYRYTirFaReb S P prata fE b Bl tHE Rme Ve rth A e pRIEYuid epoxy to
bond films 28 amerd2 30 smbEraribass 2omyAniexamplenof such a liquid epoxy is Scotchweld DP-460

epoxy manufactured,by 3M Company. eyer, other, t of bonding materials can be used, e.g.
urethane, acrylic, e%%é?@ﬁﬁgﬁ%%léﬁ%t%ggﬁsrs Iggggﬁd%%ogﬁﬁ%’gg %?Séag:kélégﬁ%féégg{)gﬁa e
electrode facelef fildth4Rdvithz e kel ptivetjethin WAR:0L) 3864 8oRETIiY SeMi80REt of laystuaiiidinid epoxy,

Referring to FLM&@&%B3&@%&%&@9&(&@9 SiheacRiRgad 9Bl SHeR thalmacro-fiber

26 contacts the epoxy-coated face of electrode film 42. Light pressure, indicated by arrow 56, and

heat are applieigapelssreewafartaOpartialipeime thenspenicdallas @it e e et dofilserdteetectrode film

42. After the partial gULe iRCamBlale nRAYMST-Paskinaisheeh 2RiirwBUSH wseditarshandling of
macro-fibers 26, is peeled away and discarded. Referring to FIG. 7a, macro-fibers 26 are now

attached to theMGABRTEIECHRE R R b SHsRdEIsoRY AR addtfit ifl drdorlidhsneRaiags How
applied to macepdipesgaasia serderiefilkalkysrshinedslats24 betweanadiacent fibers 26. Application

~ of epoxy in this Referring to FIGS. 4 and 5. a second film 42 is fabricated in accordance with the steps
described above. In one embodiment, film 42 comprises conductive patterns or electrodes 44
and 46. Conductive pattern 44 comprises longitudinally extending portion 48 and
interdigitated electrodes or fingers 50. Similarly, conductive patterns 46 comprises
longitudinally extending portion 52 and interdigitated electrodes 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 F1G.
5 such that film 2R confronts one side or face of macro-fibers 26 and {iim 42 confronts the
other side of macro-fibers 26. Conductive patterns 30 and 32 of film 28 are directiy 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 1o form a flexible laminate. In a preferred embodiment, the adhesiveis a
two-part liquid epoxy to bond films 28 and 42 to macro-fibers 26, An example of such a
liquid epoxy is Scotchweld DP-460 epoxy manufactured by 3M Company. However, other
types of bonding materials can be used, e.g. urethane, acrylic, etc. Referring to FIG. 64, the

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



manner serves to substantially eliminate air pockets between adjacent, alternately charged electrode
fingers 36, 40, 50 and 54 in the final assembly. The elimination of these air pockets substantially
reduces the pryBPaiig48f electrical arcing or permanent shorts which would rendggothigmstuator
inoperable. Referring to FIGS. 6B, 7A and 7B, after slots 24 are filled with the epoxy, the next step is
to apply a relatively thin coat of epoxy to the electroded face of upper film 28. Next, film 28 is placed
epoxy side down onto the previously coated surface of macro-fibers 26 such that conductive electrode
patterns 30, 32 and 44, 46 of films 28 and 42, respectiirely, 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 amY$haEieUiHErs 26 Refiaiededile fiBssife Zdrand pprrseriivascaig i empirged istantially

complete, voidifpecued ahihe.eRoEIS 8itaingd: ihbplicatonRiithis pressiyresaisenfarcasdhe relatively
thick copper conductive patterns or electrodes 30, 32 and 44, 46 to contact and rest upon the flat

surfaces of th& THALD-fBEARSSY B Wbt BLAIREPISE Flait BRSBTS SPEoRAGRENE patterns
or electrodes B33 afftk #¥id ndiorarfldhadlalesutihcrBoflmadre-fihars 20 aredesaherdiinedaetween

the conductiv tterns lectrodes 30 nd 44, 46 and fiher 24 that is extremely thin or
et o R e A o e R e ST e voltage
is applied. ThéitseriddinBdiatmedn fHe. (nelectrodberpditronsof fitrash2BianteA2t(he ¢hetpaidions of

films 28 and 42, qaMing e GANIUGY LRSI ANGHRENR €8S SUHIGISIN JNEK IO KE 8B, IMs,28 and 42

attached. This process results in a longitudinal mode piezoeléectric fiber actuator 10. As shown in FIG.

8, conductive pEttEFASIBOLTEFERerEobT i e it elsetr dRs\R00A reEe B Pe PRISOD/ 18025 -8

conductive exighgionsR8sandubdarganestiyaiv H e ieResatinRrnan fdarnakRaWs! SRRl (not
shown) is electrically connected to the extensions 68 and 70 in a manner such that at any one

moment in timBeSFPEsiR ettt oy i< shp Srebetsembird i&\%\féanﬁﬁa@w%@ﬁiﬁoﬁm%ckets

substantially reduces the probability of electrical arcing or permanent shorts which would
render the actuator inoperable.

. Referring to FIGS, 6B, 7A and 7B, afier slots 24 are filled with the epoxy. the next
step is to apply a relattvely thin coat of epoxy to the electroded face of upper film 28, Next,
film 28 is placed epoxy side down onto the previously coated surface of macro-fibers 26 such
that conductive electrode patterns 30, 32 and 44, 46 of films 28 and 42, respectively, 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 t0 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 1s
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



50 and 54. This polarity generates electric fields directed along the length of fibers 26 in the regions
between adjacent interdigitated electrode fingers 36 and 40 and between fingers 50 and 54. The
interdigitated elexéipdes 36, 40 and 50, 54 are also used for polarizing the pigzgglgetig.fibers 26.
Polarization of the macro-fibers 26 is typically required before operating the device as an actuator.
Polarization is performed by applying a steady voltage across alternate electrode fingers 36, 40 and
50, 54. In one embodiment, a voltage which generates an average electric field intensity of
approximately 300% of the room temperature coercivg electric field of the macro-fibers 26 is used.
Such voltage is applied to the actuator for approximately 20 minutes at room temperature. Other
poling techniquesias-aretwedlonnciessiond despaeiasty Mayrials ophautise dnSukseqyentappiigation of a
voltage to con n%(%tj;}{g gltitseegwegtgodn?% gé abggt%m%ro%ces a&ind Oeol strain in macro-fibers 26. The
largest strain produiced becurs along the fibar fehgth - direction: with & IR SN ing in the
transverse direoiomr)tAitenatrEmisodicieatsrFlGiividspigisdin altertigtetpichosisciticilibed actuator

100 of the presgihinveniial,BeALMAIE ATLIAIORAP IR Sonfigied o aliaw GeniupLs pisting

moments to be easily produced in a host structure, e.g. high aspect ratio structures, beams, spars,
etc. Shear-motf&UERMAGEL 6B EHdRriRielAgsRes mAsding?s 104ndr@ plezosheesnibriisers0106. Films
102, 104 and fiess 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 previoudtF SUEERBEIC s 186 Betthand iongftatinian esddhtniirease the1o. Slots 108

are formed at pir@pglerviibeie e cioarpngitusinglinaxtensingedoe ddy RigliablyoRach slot 108 is
formed at a 45, angie il respectio e longjludinal exiending edue Lagibecarss sugh an angular

orientation prO\ﬁaes ogp imum results i inducing “préZ6@
However, slote@08 atiginite ¢feameds dingedifferéhsétof endleswithvespasttta thadgngitiudinally

extending edgge;]remes an average electric field intensity of approximately 300% of the room temperature
coercive electric field of the macro-fibers 26 is used. Such voltage is applied to the actuator
for approximately 20 minutes at room temperature. Other poling techniques, as are well
 understood in the art, may also be used.

Subsequent application of a voltage to conductive patterns 30, 32, 44 and 46 produces
an induced strain in macro-fibers 26. The largest sirain 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.



WO 01/33648 PCT/US00/18025 -9 Film 102 includes two conductive patterns 112 and 114 formed
thereon. Conductive pattern 112 includes a longitudinally extending portion 116 and interdigitated
electrodes or Wingerastd 8. Similarly, conductive pattern 114 includes a longitayeirajhy,extending portion
120 and interdigitated electrodes or fingers 122. As shown in FIG. 9, fingers 118 are angulated with
respect to longitudinally extending portion 116. Similarly, fingers 122 are angulated with respect to
longitudinally extending portion 120. In a preferred embodiment, fingers 118 and 122 are formed at a
45 angle with respect to portions 116 and 120, respegtively, so that fingers 118 and 120 are
substantially perpendicular to the fibers 106. In one embodiment, film 104 includes two conductive
patterns 124 and 12Bifarmoedhdbéseone Goddebtiveapatien 1 24dinchudesd thagiudibaliuextending

portion 128 and ipﬁ r{ii'qita}tecfgzsel(—:éztrod S cilr fingeer 130. Simil gl;{r,“&:ondlejx:tiveﬁ)e ternd126 includes a

Iongitudinally%aﬁeen Ing B‘héﬁlon&i i \als Wi é’r?ffgl?afg%lpe ectfodes™or |ﬁ(§re%ti§ SHEW in FIG. 9.

fingers 130 a@lgﬂgdIla‘ted‘»iwiihrhespe@fuqmbv@tmdihhﬂI'yxéxtflemdihnggjmmm’nkﬁ%enﬁhgﬂ@ﬂ?’oxﬂm@érs 134
are angulated,yj é@&%ﬁg{e@e@&ggy&'@?iﬂ%{%%ﬁqagmgs%%tﬁpi%%&}!@,%(r Eg‘?'i@gr%‘:n%u

old{gaent, fingers
130 and 134 are formed at a 45 angle with fespect to portions 128 an , respec ef\y, so that

fingers 130 andth 3&pae Sulsseimdnplipersedaicoraits He. fieisriodnaghotyhrarnzbiehastheen
described in thefare@aing dRerIIRIGRAS ARG CORFUGTY 8- RRIC NS INEEERM:. M 10 Ay also be

configured without any conductive patterns. Films 102 and 104 are bonded with an adhesive to
macro-fibers 166 #F4PRACEES ikt HHE THreReeds PRERRBLA dBLdABea R LA
piezoelectric fipgeaatimian 10ead shewriby fdosdabia6B thAraad ¥B. Actuator 100 further includes

four electrical condu tors(%n t shown) wherein each electrical conductor is electrically conpected to a
corresponding one o@c%’ﬁ ﬂni!}?\f{émfgftgﬂﬁﬁ%'faﬁ ?tlvéoélcglrl@f%‘? Wﬁttﬁrﬁ?j ezlrraélé é%t%%ﬂﬂ%%nt, each of
the electrical ¢tlmreloictdisrdretipositicme d2Aear tkles edgezof dimBy k02nti0d anddunetando electrically

connect adu%!’l%f&%@t&%d electrodes or fingers 130, Similarly, conductive pattern 126 includes a
longitudinally extending portion 132 and interdigitated electrodes or fingers 134, As shown in
FIG. 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 patterns thereon, film 104 may also be configured without any conductive patterns.
Films 102 and 104 are bonded with an adhesive 10 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 1s 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 fiims 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 ilustrates 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



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-grggagignvention. Actuator 200 generally comprises a pluraligy.pf pigzeglectric
macro-fibers 202 separated by slots 204, and films 206, 208, 210 and 212. Slots 204 are formed by
the slicing or cutting WO 01/33648 PCTIUS00/18025 -10 methods previously described herein. Films
206 and 208 are generally the same in construction as films 28 and 42, respectively, discussed
above. Film 206 includes two conductive patterns 21¢,and 216 formed thereon. Conductive pattern
214 includes a longitudinally extending portion 218 and interdigitated electrodes or fingers 220.

Similarly, conglemtidde pattens 2 désdrisiddesea |ongittdisalhs extendipghpaniafc24seand interdigitated
electrodes or fingers 224. As shqwn in FIG. 10, fingers 220 and 224 are substantially perpendicular to
longitudinally €Xtending 580%8?15%2 rﬁ?\%drﬁﬁf%‘ége%ﬁ%ﬁdlﬁb%% embodiment, film 208 comprises
two conductive patté&iins 286rehd @280 Gmddetotivenpatterti 226dintiuflesdal khegitudigalyextending

portion 230 a g}eﬁl 'ﬁ@ﬁ?&je lectrodes qr fingers (not shown). Similarly,.condyctive pattern 228
includes a lo gittudhmallfg/l ex'geﬁ%i%é] 88?%% )é?égg%g‘ 8@?&%{%3% é% r‘roc?étg S ﬁﬁﬁg?gﬁfé. The
fingers of filmiregefel stbstanatRnerberrtivein? i iodyitediratigiediedling politions 880 223d 232.

Film 208 may,.al5q:e GaRdioUEed gL Y. cORdUGIIVR, PRSI, ASTHALDY208 fithey gamprises

anisotropically conductive films or sheets 210 and 212 positioned on thetop and bottom of

piezoelectric THERAGHE Remspdiplanigilerainaiaaly Frierping gerionsiR! fand 287 reaprstizchirea as the

total surface area ofipiezosipetiadmaciarfibets 2PRseFiltaseldand gdareseddationd films 206
and 208 to thegligzoelecgg[itcrgw%%o-ﬁ rs 202. Each film 210 and 212 comprises a

thermoset/theroprashic AtBsive Fa R 4/ BHE Wb aiaHPe R Uehe A tHRIFISREES thickness
between about0t0@04 @it &:60Rqinthes) T Banihdiye siveiuniatt yhasy arsomidteadesktodidustive

particles. Theé%&eggagL}!)%wgn%ii%%snﬁg%lig%ted electrodes or fingers 236. The fingers of film 208 are
substantially perpendicular to longitudinally extending portions 230 and 232. Film 208 may
also be configured without any conductive patterns.

Actuator 200 further comprises anisotropically conductive films or sheets 210 and 212
positioned 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



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 pie¥aetectdesfibers 202 while remaining electrically isolated from agdiagsuiz sappositely
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.tq 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 \ADIGIGB6HSPOTYS O0p 8028ed il gappliationsehthe@poxys isrivipleinénteiddn
generally the qagmgsm@@ga@&%;vj@usly described for assembly of actuator 10. Referring to FIG. 10,
the use of films 210, 212 to bond films 206 and 208 to piezoelectric macro-fibers 202 creates

relatively strong bon&#Edeiatidfe MatheatseaiBinesdin. ahdornddinngirendiAifite 206 and 208. In
an alternate embdinensflms A6sand 208 ReRddet.diingibedabrcatian afiie shear-mode

actuator previo%ilggdescri ed and shown in FIG. 9. FIG. | 1 shows another embodiment of the

actuator of the PreSEXthIBRtIS AT Attt al5r2be §erBARRIEORHE FERe dimsah e} azd SR By wafer

302 and films 804dantldaa6g WafesriafidmayHeatpiodicasan adopgilusdinglinede orsharmmpade
actuator. Filméfgfv)ﬁgand 306 have electrode patterns and are generally the same in construction as
e

films 28 and 4 scribed above and shown in FIGS. 4 and 5. Film 304 comprises a conductive
pattern 308 which had@ lbhgittrdimailihextehdingeporfidr 3d0andintergdigitatdshveldetrodesanfingers

312. Film 304 {uher comRriseR SANMURING RIS HL3A A, WHEP09% 2 RALtsInaly; fxtqpding portion 3
16 and interdigitated

302 may be produced as a longitudinal-mode or shear-mode actuator. Films 304 and 306 have

electrode patterns and are generally the same in construction as films 28 and 42 described

above and shown in FIGS. 4 and 5.

~ Film 304 comprises a conductive pattern 308 which has a longitudinalty extending

portion 310 and interdigitated electrodes or fingers 312, Film 304 further comprises

conductive pattern 314, which has a longitudinally extending portion 316 and interdigitated

electrodes or fingers 318. As shown in FIG. 11, fingers 312 and 318 are substantially

perpendicular to longitudinally extending portions 310 and 316, respectively.

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



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 patterm@2fsaving a longitudinally extending portion 322 and integeligitasadsgiectrodes 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 pgtterns. 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 significantlyrpetivbectherpeateuibilcostiof.attuator 300 and provides a relatively high

actuation-efficiency deyiee.Adaianally..{e mRaoRAITselal heaiaehed elegiaae s 304 and
306 provides actuator 300 with a predetermined degree of flexibility an coﬁforma ility which,
although not a¥'¢redk akheidttiaters Bbrovihepom ks abrndtinesdorsupaniittsf appiicdtions

wherein endurance.andiatioveriifeamenalmaieno0nsideraliQns.fR xabRIf.lAUNGehisle payload
shrouds, WO 01/33648 PCT/US00/18025 -12- torpedo bodies, missile stabilizer fins, etc. A Turther

embodiment oftRE YRS 6T IR 'BrECRRP RRASHESRIS dRrer eSS, ek ARYmabenialmat step in
fabricating actuat@eidR0 is tadbentbhgethanarpidraliysolrelativebbahin piaraelastiigraafers 402 to
form a stack 404, In. a preferred embodiment, a liquid epoxy as previously described is used to bond
together the wa 8959 Wﬁt &%&%%ﬁ S?nogyllb & J)]fl %ﬁr%)oés%e %/e%é%ﬁ{%%w B %bsotﬁ‘gﬁff?t#é“ﬁeight of
stack 404 is abdidt G2Bidthinies ahpreferredtherisodivhantirtiiei dhid kiressieftbondines206.between
adjacent wafe I$: -aho : imes.the nominal thickness of the_individual
piezoelectric V\E/gaé%o fb‘g g%t%?nggci&tfgﬁé %%ﬁlgg%i,%%%s{%%r%%sg‘frrge%g\%ﬁ%%%g‘rz?gfop?r}égsure and
temperature téYbtE BRIty dsibistrele Dondudesradicnthaliprere thedimbootivradtptersure

aforementioneg, PressHBure are applied under a vacuuni.

Next, stack 404 15 sliced parallel to the thickness direction and along the length
direction, as indicated by dotted lines 408, to provide a plurality of relatively thin, piezoelectric
sheets 410. In one embodiment, a wafer dicing saw 1s 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 to F1G. 128, 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. Fiim 414 further comprises 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



and temperature are applied under a vacuum. Next, stack 404 is sliced parallel to the thickness
direction and along the length direction, as indicated by dotted lines 408, to provide a plurality of
relatively thin Wiiergebagtric sheets 410. In one embodiment, a wafer dicing sawusasseet4o 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 to FIG. 12B, sheet 410 is positioned
between filmspatterandFbg AEAamd 124 eonaphisesia tonddetvboentdia 2dawhictrasrasmsgitudinally

extending porgggc_)% ig‘,mg J&H@&Q@%@Tﬁ%‘?'&%UBQQ? gL fingers 420, and a conductive pattern 422,

which has a longitudinally extending portion 424 and interdigitated electrodes or fingers 426. As
shown in FIG. 128, fifgeralierann seop b dbiSstatiang Hﬁ&ﬁ@?&f@ﬁﬂé%ﬁ@ﬁﬂ%&ﬁ@ d¥ftinding
portions 418 and fiiduiasReetively: Minsdddcamprsenaicenductive natenn, 428Ba4ne Bbers
longitudinally extendin Bortion 430 and interdigitated electrodes or fingers 432. Film 414 further
comprises a cB%'ﬁ'ETﬁv% SR EFF ¥ %aving a longitudinally extending portion 436 and interdigitated
electrodes or @ngeds Ad8q&sinnersRebd aindrd 38tanecssBsiamtiathegerpendicular to longitudinally

extending portions 430 and 436 rescEectlveéXieFLIm 414 ma Haxlﬁslo be co%flleguge witho an

conductive WO 01/33828 P /Efgg /802 Oﬁla%?ersﬁasn.t S A8 Gha 214 %R B uehé(fver bonded
to sheet 410 vé_acbért'rljuiidjldpd)@ndile usmgnambalais&@ingﬂdaﬂyicci_ﬁductmﬁlmcahlcp'r@v_ﬁ)ushndjescrit)_eq_.
The CO”f'gUra‘i{%hﬁ@%@r%ﬁb‘éﬁ%&%ﬁﬂ%&@%ﬁ&%@aﬁﬂﬁ@'é%?&%ﬂ%\é@i@é%@ﬁﬁt&&r il the possibility of

“bonding to a surface skin is virtually eliminated. Second, all the macro-fibers of sheets 410 are
pre-aligned. significantly reduced. The method of the present invention is easily controlled and precise,

which greatly enhances the repeatability and uniformity of the aciuators produced. The
method of the present invention permits cross-sectionally rectangular-shaped fibers to be
manufactured and easily aligned within the actuator package without the possibility of damage
10 the actuator electrodes. Thus, the difficulties associated with the use of rectangular cross-
section piezoelectric fibers are virtually eliminated. The use of cross-sectionally rectanpular-
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, aiso provide for an umimpeded 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 sigmficantly

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



(3) Advantages Over Related Art Actuators And Methods The method of the present invention
substantially eliminates the need to manufacture and individually handle large numbers of

~ piezoelectric filagsss3das, production time and handling costs associated with-parkagigs piezoelectric
fiber composite actuators are significantly reduced. The method of the present invention is easily
controlled and precise, which greatly enhances the repeatability and uniformity of the actuators
produced. The method of the present invention permits cross-sectionally rectangular-shaped fibers to
be manufactured and easily aligned within the actuatpy.package without the possibility of damage to
the actuator electrodes. Thus, the difficulties associated with the use of rectangular cross- section
piezoelectric filwkr diamibvirtuatly-glimineiedtilhe ddawehcrossSestianaivestianguiasashapettfibers in
accordance with s presenninvantion isiead.of ound fioers allous dhe _valyme fraction,of
piezoelectric materia Within the actuator packageto bedncrease “Hiére ey“f ep?%ﬂf‘?g? &°Sttuation
stress capabilihpto ihetexindeton Tseugmuhtne relatively thick copper conductive patterns, which are
attached via liquid epey ofANSOHARIEAIMCRNANEINE. AdRERR.AlB0PIDYIR ran ypimpeded
electrical connection to be made between the piezoelectric material and the electrodes. As a result,
the electric fietderidsref et mnkydremd de griderchat ae slissriivitre arnilfieativovert! which in turn
increases the siraitRQaneed PRI aRRsKNRliAgs. Afurien scianires idhetdnRisAuars of

rectangular fibers have a substantjally flat contact area with the electrodes. This flat contact area is
relatively greatdy St I RBIHSE AR S HMEUER WOt ERbERE s BaIGIRTER Tiths each have
width and lengtbdifinensions thakasaslasgetithandie etk anshlengtbpaltpiegeelesticiwalaingo as to
permit the placemenmfalcgpglgydi ?S!ly extending portions of the conductive patterns (e.g. portions 34
and 38 of conductive patterns 36 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 -14



field distribution in regions beneath and adjacent to the longitudinally extending portions of the
conductive patterns. Additionally, this packaging concept affords a sealed electrical system that is
protected from the environment. While the present invention has been particularly described, in
conjunction with a specific preferred embodiment, it is evident that many alternatives, modifications
and variations will he apparent to those skilled in the art in light of the foregoing description. It is
therefore contemplated that the appended claims will: mbrace any such alternatives, modifications
and variations as falling within the true scope and spirit of the present invention. What is claimed is:
-15- CLAIMS 1. A method of fabricating a piezoelectric composite apparatus, comprising the steps of
providing a plyrajityof wafers of piezoelectric material; bonding the wafers together with an adhesive
material to form a stack of alternating layers of piezoelectric material and adhesive material, the stack
having a thickness! Cuttirfy tHibagethabsteasioin aptivesiion: Bulbstantiadyparaliel, toothpribiickness of the
stack and agggg%ggeogltemating layers of piezoelectric material and adhesive material to provide at
least one piezoelectric fiber sheet comprising a plurality of piezoelectric fibers in juxtaposition to
adhesive material, R slitazsplondipiedostéerriefidershedthavingalfirst side and a second side;

providing a first i haylc@ irsteensuetiue Aaltein and g serend.Pandietive, patsn dormed tnereon

the first conductive pattern being electrically isolated from the second conductive paﬁécraﬁl}at i&first and
second con&Y@ﬁ%@fgaﬁ@ﬁgcéé@:ﬁlh@mﬁ]qla(bﬁdmtyeoﬁ@m&oﬂi@s%mlca)dpgmﬁa?ctblm a pattern of
interdigitated electioges; providing a.secand film; handing the: second film.ta.the second side of the at

least one piezoelegﬁitgllél er - e DA Hi TR oL e
stack and across the alternating layers of piczoelectric material and adhesive material to
provide at ieast one piezoelectric fiber sheet comprising a plurality of piezoelectric fibers
In juxtaposition to adhesive material, the at least one piezoelectric fiber sheet having a first
side and a second side;

providing a first film having a first conductive pattern and a second conductive
pattern formed thereon, the first conductive pattern being electrically isolated from the
second conductive pattern, the first and second conductive patterns each having a plurality
of electrodes that cooperate to form a pattern of interdigitated electrodes;

providing a second film;

bonding the second film to the second side of the at least one piezoelectric fiber
sheet; and

bonding the first film to the first side of the at least one piezoelectric fiber sheet
such that the conductive patterns of the first film electrically contact the piezoelectric

fibers of the at least one piezoelectric fiber sheet.

2. The method according to claim 1 wherein the wafer of piezoelectric

material comprises a monolithic piezoelectric material.

3

3. The method according to claim 1 wherein each piezoelectric fiber has a

substantially rectangular cross-section.



sheet; and bonding the first film to the first side of the at least one piezoelectric fiber sheet such that
the conductive patterns of the first film electrically contact the piezoelectric fibers of the at least one
piezoelectric fiber sheet. 2. The method according to claim 1 wherein the wafer of piezoelectric
material comprises a monolithic piezoelectric material. 3. The method according to claim | wherein
each piezoelectric fiber has a substantially rectangular cross-section. -16- 4. The method according to
claim 1 wherein at least one of the conductive patterns is made of copper. 5. The method according to
claim 1 wherein the second film has a first conducti g_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 i st 0 sesapeCoNduIys aalieinn. of e, seqpnd i each having a

plurality of electrodes that cooperate to form a pattern of interdigitate elsctro %?%ﬁlc? he step of

bonding theTé&tfstitAeEsAmprses the step of positioning the first film so that the conductive
patterns of the first film are substantially aligned with the conductive patterns of the second film. 6.
The method according to claim 5 further comprising attaching electrically conductive extensions to the
first and second cohductivépateding asfoprdifisstofitaiand valerehiribesiestriddiyndmduitive extensions to

the first and sgoqegheondurive PRUEIN O tESeRID .. FHhe 5885%8%;@8{9“% gglaim 1

wherein the step of bonding the second film further comprises applying an epoxy to the at least one
piezoelectri¢disar sHeEheB sHecHietydsataeddingtdhel aivrsdvherbinttherfitstfilnT tirdsithensecond film

each have aggngifd %ﬂ‘?&%@&%%%%ﬁ@%@%ﬂ?Bi‘qfug%tct%%@ raduces, %Eilfezggta%@graﬁty of
electrodes that cooperate to form a pattern of interdigitated electrodes, and the step of
bonding the first film further comprises the step of positioning the first film so that the

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

of the second film.

0. The method according to claim 5 further comprising attaching electrically
conductive extensions to the first and second conductive patterns of the first film and
attaching electrically conductive extensions to the first and second conductive patterns of

the second film.

7. The method according to claim 1 wherein the step of bonding the second

film further comprises applying an epoxy to the at least one piezoelectric fiber sheet.

8. The method according to claim 5 wherein the first film and the second film
cach have a longitudinally extending axis and the step of cutting produces at feast one
piezoelectric sheet having a plurality of piezoelectric fibers that extend in the direction of

the longitudinal axes of the first and second films.

9. The method according to claim 8 wherein each interdigitated electrode of
the first and second conductive patterns extends in a direction that is substantially

perpendicuiar to the longitudinally extending axes of the first and second films and



piezoelectric sheet having a plurality of piezoelectric fibers that extend in the direction of the
longitudinal axes of the first and second films. 9. The method according to claim 8 wherein each
interdigitated electrode of the first and second conductive patterns extends in a direction that is
substantially perpendicular to the longitudinally extending axes of the first and second films and -17-
substantially perpendicular to the longitudinally extending direction of the plurality of piezoelectric
fibers. 10. The method according to claim | wherein second film has a first side and a second side,
and the step of bonding the second film comprises: applying an adhesive layer to the first side of the
second film; placing the first side of the second film on the second side of the at least one

piezoelectriciagrsAst,and ey MR AARSSIVGIRYE LG MENAH according g clal; 10 wherei

the first film has a first'side and a second sid€, and the step of fonding % e firstfilm coymprlses:
applying a S8garflesémeERerayer to the first side of the first film; placing the first side of the first film on
the first side of the at least one piezoelectric fiber sheet; and curing the second adhesive layer. 12.

The method according to claim 1 further comprising the step of attaching electrically conductive
extensions to the fit8t andl$ecaadedacivetive patky 1 18hAsiveihotoffabicetirgpdipiusality of

piezoelectrc,fpe eSS ARG, Sieps:al RIRYIING.aAIally of alets.of piezoelectric material
a a

bonding the wafers together with an esive material between eac er to form a stack of
alternating layers ciere® pcedb st stdanraind aoivesive erdftthsaieehedsitick
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st the second filin on the second side of the at least one
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piezoelectric fiber sheet; and

curing the adhesive layer.

11. The method according to ciaim 10 wherein the first film has a first side and
a second side, and the step of bonding the first film comprises:
applying a second adhesive layer to the first side of the first film;

placing the first side of the first film on the first side of the at least one piezoelectric

fiber sheet; and

curing the second adhesive layer,

12, The method according to ctaim 1 further comprising the step of attaching

electrically conductive extensions to the first and second conductive patterns.

13. A method of fabricating a plurality of piezoelectric fibers, comprising the
steps of’

providing a plurality of wafers of piezoelectric material;

bonding the wafers together with ann adhesive material between each wafer to form
a stack of alternating layers of piezoelectric material and adhesive material, the stack
having a thickness; and

cutting through the stack in a direction substantially paraliel to the thickness of the

stack and across the alternating layers of piezoelectric material and adhesive material to



having a thickness; and cutting through the stack in a direction substantially parallel to the thickness of
the stack and across the alternating layers of piezoelectric material and adhesive material to -18-
provide at least one piezoelectric fiber sheet comprising a plurality of piezoelectric fibers in
juxtaposition to the adhesive material. 14, The method according to claim 13 wherein the wafer of
piezoelectric material comprises a monolithic piezoelectric material. 15. The method according to
claim 13 wherein each piezoelectric fiber has a sub_srtggntially rectangular cross-section. 16. A
piezoelectric composite apparatus made by a process comprising: providing a plurality of wafers of
piezoelectric material; bonding the wafers together with an adhesive material to, form a stack of

alternating Igysssietpiezqelechic material ang adhesive maisnal  i0e stack Baving.a,fhigkpess; cutting

through the stack in a direction substantially parallel to the thickness of the “stack and across the
alternating |8y 85 B pidradie Bt adhatsiranalsd ddhesive material to provide at least one piezoelectric
fiber sheet comprising a plurality of piezoelectric fibers in juxtaposition to adhesive material, the at
least one piezoelectric fiber sheet having a first side and a second side; providing a first film having a
first conductive pattérn anths Bedstthieeeridingiiecisatierh Tormen theredisr tefractondactive pattern

being electricaliyisalaigg-from thensserndcangustive,patiesn, the first and second conductive
patterns each having a plurality of electrodes that cooperate to form a pattern of interdigitated

electrodes; providing a second film; bonding the second film to the second side of the at least one
piezoelectric fiber sheet; apd ek
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ing to claim 13 wherein each piezoelectric fiber has a

substantially rectangular cross-section.

16. A piezoelectric composite apparatus made by a process comprising:

providing a plurality of wafers of piezoelectric material;

bonding the wafers together with an adhesive material to, form a stack of
alternating layers of piezoelectric material and adhesive material, the stack having a
thickness;

cutting through the stack in a direction substantially paraliel to the thickness of the
stack and across the alternating layers of piezoelectric material and adhesive material to
provide at least one piezoelectric fiber sheet comprising a plurality of piezoelectric fibers
in juxtaposition to adhesive material, the at least one piezoelectric fiber sheet having a first
side and a second side;

providing a first film having a first conductive pattern and a second conductive
pattern formed thereon, the first conductive pattern being electrically 1solated from the
second conductive pattern, the first and second conductive patterns each having a plurality
of electrodes that cooperate to form a pattern of interdigitated electrodes;

providing a second film;

bonding the second film to the second side of the at least one piezoelectric fiber

sheet; and



-19- bonding the first film to the first side of the at least one piezoelectric fiber sheet such that the
conductive patterns of the first film electrically contact the piezoelectric fibers of the at least one
piezoelectric fiber sheet. 17. The apparatus according to claim 16 wherein the wafer of piezoelectric
material comprises a monolithic piezoelectric material. 18. The apparatus according to claim 16
wherein each piezoelectric fiber has a substantially rectangular cross-section. 19. The apparatus
according to claim 16 wherein at least one of the coqguctive patterns is made of copper. 20. The

|

apparatus according to claim 16 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 galielal e:SaRoNT U6 sk e secand candylive patigns o fne second

film each having a plurality of electrodes that cooperate to form a pattern of inter |g|tra?}é%eelectrodes,
and the stepP Bendisgeneistdipatfenthef BonipisBimtistcstapadypositiohihg thediistfiim so that the

conductive pafieras o thedietilmars, sibaianiiallysaligned with the conductive patterns of the second

film. 21. The apparatus according to claim 20 further comprising attaching electrically conductive
extensions to the first and second conductive patterns of the first film and attaching electrically

conducive extensions (014 sk second poRccbi, P ol second S, 20: 22 The

apparatus according to claim 16 wherein the step of bonding the second fi er comprises
applying an @pbXyth6Mmerscoa st U biezvsresifetisenahaet. 23. The apparatus according to claim
20 wherein the first film and the second film each have a longitudinally extending axis and the step of

cutting produces at least one .
18. The apparatus according to claim 16 wherein each piezoelectric fiber has a

substantially rectangular cross-section.

19, The apparatus according to claim 16 wherein at least one of the conductive

patterns is made of copper.

20.  The apparatus according to claim 16 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 & plurality of
electrodes that cooperate to form a pattern of interdigitated electrodes, and the step of
bonding the first film further comprises the step of positioning the first film so that the

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

of the second film.

21. The apparatus according to claim 20 further comprising attaching
electrically conductive extensions to the first and second conductive patterns of the first
film and attaching electrically conductive extensions to the first and second conductive

patterns of the second film.



piezoelectric fiber sheet having a plurality of piezoelectric fibers that extend in the direction of the
longitudinal axes fo the first and second films 24. The apparatus according to claim 23 wherein each
interdigitated electrode of the first and second conductive patterns extends in a direction that is
substantially perpendicular to the longitudinally extending axes of the first and second films and
substantially perpendicular to the longitudinally extending direction of the plurality of piezoelectric
fibers. 25. The apparatus according to claim 16 wherein the second film has a first side and a second
side, and the step of bonding the second film comprises: applying an adhesive layer to the first side of
the second film; placing the first side of the second film on the second side of the at least one

piezoelectric fiber sheet; agd guring tbe adhesive layes %Mﬂ?&?&%f&%ﬁ%@%%%%ﬁg@% gté

g')md25
wherein the first film has a first side and a second side, and the step of bonding ast ?mn

comprises: SFpIYHiGY seEondudhesived aysprr e firsrsigesoptivefiatditetriolAbimghhet first side of the
first film on the first side of the at least one piezoelectric fiber sheet; and curing the second adhesive
layer. -21- 27. The apparatus according to claim 16 wherein the process for making the piezoelectric
composite apparatts furtiée confrise e dep tof-dtiar Athgetestridal fre dhduativéhextensibns to the

first and seqopd cep %@E‘\mﬁgﬁﬁmﬁaﬁg ARty of m_ﬁ%ﬁs'ﬁg}gf;%f&gﬁfﬁgg?g&% JRQSESS

comprising: providing a plurality of wafers of piezoelectric materi
piezoelectric fiber sheet having a plurality of piezoelectric fibers that extend in the

the iongitudinal axes of the first and second films.

24, The apparatus according to claim 23 wherein each interdigitated electrode
of the first and second conductive patterns extends in a direction that is substantially
perpendicular to the longitudinally extending axes of the first and second films and

substantially perpendicular to the longitudinally exiending direction of the plurality of

piezoelectric fibers.

25, The apparatus according to claim 16 wherein the second film has a first side
and a second side, and the step of bonding the second film comprises:

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

placing the first side of the second film on the second side of the at least one
piezoelectric fiber sheet; and

curing the adhesive layer.

26.  The apparatus according to claim 25 wherein the first film has a first side
and a second side, and the step of bonding the first film comprises:

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

placing the first side of the first film on the first side of the at least one piezoelectric
fiber sheet; and

curing the second adhesive layer.



bonding me wafers together with an adhesive material between each wafer to form a stack of
alternating layers of piezoelectric material and adhesive material, the stack having a thickness; and
cutting through the stack in a direction substantially parallel to the thickness of the stack and across
the alternating layers of piezoelectric material and adhesive material to provide at least one
piezoelectric fiber sheet. 29. The plurality of piezoelectric fibers according to claim 28 wherein the
wafer of piezoelectric material comprises a monolithic piezoelectric material. 30. The plurality of
piezoelectric fibers according to claim 28 wherein eath piezoelectric fiber has a substantially
rectangular cross-section.

27. The apparatus according to claim 16 wherein the process for making the

piezoelectric composite apparatus further comprises the step of attaching electrically

conductive extensions to the first and second conductive patterns.

28, A plurality of piezoelectric fibers made by a process comprising:

providing a plurality of wafers of piezoelectric material;

bonding the wafers together with an adhesive material between sach wafer to form
a stack of alternating layers of piezoelectric maierial and adhesive material, the stack
having a thickness; and

cutting through the stack in a direction substantially parallel to the thickness of the
stack and across the 'altemating layers of piezoeleciric material and adhesive material to

provide at least one piezoelectric fiber sheet.

29.  The plurality of piezoelectric fibers according to claim 28 wherein the wafer

of prezoejectric material comprises a monolithic piczoelectric material.

30.  The plarality of piezoelectric fibers according to claim 28 wherein each

piezoelectric fiber has a substantially rectangular cross-section.



