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PIEZOELECTRIC COMPOSITES AND METHORS OF MAKING

BACKGROUND OF THE INVENTION

Field of the Invention

LY The present application relstes to piezoeleciric composites comprising
polymerizable matrices and plezoelectric particles dispersed thersin, Suitably
the composiies are osefil as tesue-stimulating materials, meluding spinal
implants.  The present application alse relates to methods of making

piszoslectric composiies.

Hackground of the Invention

HEUEE Blectrical stimulation has proven to be an effective therapy 1o inerease
the success rate of spinal fusions, sspecially in the difficuli-to-fuse populstion.
Howsaver, in l{s current form, i s hampered by Hmitations such as the nesd for
a battery pack or a separate implantable device to provide power, and relancs
on wser comphiance for externally worn devices. An aliernative freatment o
aid in hone growth stimulation involves the use of growth factors such as bone
morphogenic protein {BMP). However, studies on BMP have shown that i has
a substamiisl risk for complication, mcluding sctopic bone formstion. The
growth of bone spurs near the spinal canal s also of concem for anyone
receiving this treatment. Some sfudies also suggest a carcinogenic effest
related fo the use of BMP.

EEERY One potential method by which electrical stimulstion can be generated
is through the use of plezoslectric materials. Plszoclectric materials are a
class of fervoelectries characterized by a net polarization, often due to 2 non
centro-symmetric erystalline structure. &s a result, piczoelectric materials
respond fo stress with the generation of a net surface charge. Conversely,
prezoskoiric materials can be strained with the application of an eleciric fisld.
Similar to high performance dicloctric materials, plezoceramics are the most

often used piezcolectric material, though they tend to be stiff and brittle.



WO 2013/188380 PCT/US2013/045147

W

160041 In spinal fosions, the use of such malerials has generally been
hampersd by Hmitations on the size snd shape of current pleroslectric
siructuves as & result of the constraints of the manufacturing process,
specifically, the need 1o pole a composite o induce a net plezosieoiric
behavior. This procedure requires excessively high slsctric field strengths that
san thevefore bring shoot material fathue and Hmils the chodce of availsble
materials to those with a high dielectric strength. This, in turn, Hmits the total
size that the composition can aschieve. In the case of spinal implants,
thicknesses on the order of 10-20 mm or greater are generally required, which

is difficult to abizin with current methods.

SUMMARY OF PREFERRED EMBODIMENTS

[0883] Thus, there is a nesd for methods that can produce plezoslectric
somposites having suitable phyvsical characteristics and alsc optimized
elegirical stimulatory properiiss.

{onos] The present spplication provides plezoelectric compuosites, including
tissue-stimulating composites, as well a8 methods of making such compuositss,
that mect these nesds,

D887} in embodiments, meothods of making a spinal implant are provided.
The methods suilably cwmprise preparing a thermoset, thermeplastic or
thermoset/thermoplastic, or copolymer polymerizable roatrby, dispersing a
phurality of plezoeleciric particles In the polymerizable matrix 1o genersie a
dispersion, shaping the dispersion, inducing an slectric polerization in the
piezoeleciric particles in the shaped dispersion, wherein at lcast 40% of the
piezosiectric particles form chaing as a resull of the induction of the electric
polarization, and curing the dispersion (o generate the spinal implant.

{BO8RT In embodiments, the shaping comprises njection molding, exirosion,
sompression molding, blow molding or thermoforming.

L Suitably, the pierociectric particles exhibit a Perovskite crystalline
structure.  Exemplary plezoelectric purticles inchude, but are not limited o,

particles of barlum titanste, particles of hydrootyapatite, panticles of apatite,
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particles of lithivm sulfste monohydrate, pasticles of sodbum potassium
nichate, particles of guantz, perticles of lead zirconhum tHanate (PET}
particles of tariaric scid and poly{vinylidens difluoride} fibers,

ELE LT In embodoiments, the inducing an electric polarization comprises
applying an clectric field in a direction w0 the shaped dispersion,

R Suitably, the inducing an eleciric polarization comprises applying a
hydrostatic pressure to the shaped dispersion or changing the temperature of
the shaped dispersion. In smbodiments, prior to the curing, the methods
further comprice applying an electrkc field in a direction jo the shapsd
dispersion.

[O0aER] Suitsbly applying an clectric feld comprises applying 2 field with a
frequency of about 1 kHz to about 10 kHz and a fleld strength of about 1
Yolmm to about 1 kV/mm. In sdditional embodiments, the applying an
eleciric field comprises applying a ficld with & frequency of about 1 He o
about 100 Hz and a field sirength of sbowt 1 Yolt/oum to abowt | EV nm.

jH0a13] Suitably, the inducing in oocurs befors the applying an electric field, or
the inducing in can ocow after the applying an slectric field, or the inducing
and the spplying an electric feld ccour stmulianesusly.

jena14] in embodiments, the electric fleld is applisd at the same frequency with
& cychic hydrostatic pressure.

[B0g15] in suitsble embodiments, the curing comprises cooling, UV curing,
heat sccelersted curing or compression curing the dispersion.

{68816} In exemplary embodiments, the chains have a random oriendation. In
other embodimenis, 31 feast about 10% of the chains are aligned v within
about 16 degress of the direction of the applisd electric field, more suitably

at least about 50% of the chains are aligned 1o within about £10 degrees of the

e Alse provided are spinal implants prepared by the methods described
herein,
10018 In embodiments, spinal implants are provided comprising 2 polymer

matrix and s plurality of piczoslectric particles, whersin at least 40% of the
piezosleciric particles are in the form of chains, and the implant is & 1.3

COmPOosite,
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R In embodiments, at least abous 10% of the chains are aligned to within
£10 degrees of cach other, or at least about 5095 of the chains are aligned 1o
within 210 degrees of sach other.

iyl Suitably, the pizzoelectric particles exhibit a2 Porovskite crystalline
siruchre.  In smhodiments, the pieroelsciric particles are selecied fom the
gropp consisting of particles of barium tiunate, pariicles of hydrmyapatite,
particles of apatite, particles of ihism eulfste monchydrate, particles of
sodiumn polsssiwm nichete, particles of guarte, particles of iead zirconium
sitanate (PEZT). particles of tartario acid and pobyivinylidene difluoride} fhers.

LY in sutable embodiments, the implant generates a3 current density of
between shout § to shout 250 microsmps/on’ when comprassed.

{aRg32] in embodiments, methods of making a pleroelecwic composite are
provided. Suitably, the methods comprise preparing 2 polymerizable matriz,
dispersing a plurality of plezoelectric particles in the polymerizable matrix to
genergie 2 dispersion, shaping the dispersion, inducing an eleciric polarization
in the plezosiectric particles in the shaped dispersion, whersin af least 40% of
the plezoelectric perticles form chaing a5 a result of the induction of the
glectric polarization, and curing the dispersion.

{BB023 Suitably, the polymerizable mabdn comprises a thermoset polymer,
copolymer andfor monomer, 3 thermoplastic polymer, copobwaer andior
mopomer oF & thermosetthermoplastic polymer or copolymer blend.

{Bia24] in exemplary embodiments, piezoelecivic panticles for use in the
methods and compositions described hersin exhibit 8 Perovskite crysialline
structure.,  Suitable piezosleciric particles include, but are not limited o,
particles of barium tBanate, particles of hydroxyapatite, particles of sputite,
particles of IRhium subfate monohvdrate, particles of sodium potassium
niobate, particles of guarlz, pemticles of lead zirconium titanste (PZT),
pariicles of tartaric scid and polv{vinyiidene diffuoride) fibers,

{08425 Suitably, shaping the dispersion comprises injection melding,
extrusion, compression mobding, blow melding or thermoforming,

{B0a2s] In embodiments, inducing sn electric polarization comprises applying

an electric field in a direotion 1o the shaped dispersion. o other embodiments,
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inducing an eleciric polarization comprises applying g hydrostatic pressure fo
the shaped dispersion or changing the temperature of the shaped dispersion,
In additions! embodiments, an slectric field can be applied to the shaped
dispersion in combination with the application of the hydrostatic pressure or
change in femperature. This fleld can be applisd before, afler or
simudtanconsly  with the indsction of the electric polarization, In
embodiments, the elestric field is applied st the same frequency, and can be in
phase, with 3 cyclic hydrostatic pressure.

P2 in embodiments, the electric ficld bas & frequency of sbowt t kHz o
ahout 10 kHz snd a field strength of about | Yoltown to abowt HVoltimm. In
sther embodiments, the eleciric fleld comprises a ficld with a fequeney of
ahout 1 Hz o about 100 He and a field strength of gbout | Vol/mm to about
i kK¥ultfoum.

(00028} in embodiments, the curlng process comprises cooling, UV curing,
heat sceslersted curing or compression curing the dispersion.

[fEEDR Suitably, the chaing that are fwmed in the composite have a random
orientation.  In other smbodiments, al least about 10%% of the chains are
sligned to within sbout £10 degrees of the divection of the applisd elecivic
field, more sutably at lesst abouwt 50% of the chadns sre sligned o within
sbowt =10 degrees of the direction of the spplied electric feld

[EH R Alsw provided are methods of making tissue-stimulating plezosisctric
gomposites. The methods suitably comprise preparing 3 thermoset
thermoplastic, thermoset/thermopdastic {or copolymer’ polvmerizable mairix,
dispersing 2 plurality of plezoelestric particles in the polymerizable matrix to
generate a dispersion, shaping the dispersion, inducing an clestric polarization
in the pleroclectric particles in the shaped dispersion, wherein at least 40% of
the plezoslcotric particles form chains as & result of the induction of the
slectric polarization, and curing the dispersion.

G331} Adso provided are pieroclectric composites and Hssue-stimulating
piezociectric cormposites prepared by the methods deseribed throughout.

FReO32] in embodiments, piczosleciric composites comprising a polymey

matrix and & plurality of pieznelectric particles are provided. Suitsbly at least
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401% of the pleroslectric particles are in the form of chalng and the compaosie
has at least one dimension of 3 mm or greater.

86833} In embodiments, the composiies are 1-3 composites,  Suitebly, the
composiies provided herein generate a current density of between about T o
about 250 microampsicny® when compressed,

{80634} in further embodiments, the composites are 123 composites. Suitably,
the composites provided herein possess a piezoslectric charge coefficient du
of the composite between 1% and 100% of the budk plezoelestric charge
coefficient from which the compaosite is created.

08351 Suitably, the composites provided herein possess g dieleciric constant
£33 of the composite between 196 and 1% of the bulk diclectric constant of
the polymerizable matrix from which the composite is oreated.

060381 Suiably, the composites provided horein possess 3 plezosisciric
voliage sonstant g of the composite between 1% and 1,800% of the bulk
piezoeleciric voltage cretficient from which the composite is oreated.

{037 Also provided sre  tissus-stimulsting  piczoclectric  compasites
comprising 2 polymer malrix and & phaslity of plezoelectric parlicles.
Suitably, at least 40% of the piezoslectrlc particles are in the form of chains,
and the compogite is 3 13 composite,

{538 Further embodiments, features, and advantages of the smbodiments, 3s
well as the stroctore and operation of the various embodiments, are described

in detadl below with reference to aceompanyving drawings,
BRIEF DESCRIPTION OF THE FIGUBES

BB039 FiGs. 1A and 1B show representations of 43 and -3 structuved
composites, respeciively,

[Ba48] Fi3s. 2A and 2B show an exemplary method of making the
plezoelecivic compusites described hersin,

{B041] FiGs, 34 snd 3B show representations of dielectric force (3A) on

particles and piezostectric force (38) on particles, respactively.
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B84} FIG. 44 shows an exemplary manufacturing set-up for use with
diclectrophoretic {DEP) formation of piezocleotric composites described
herein,

{BB643] FHI. 4B shows an exemplary menufachiring set-up for use with
plezoelectrophoretic (PEP) formation of piezosleciric composites described
hersin.

jB0d44] FIG. § shows the piczoslectric charge coefficient for 63 and 1-3
structurs composites in accordance with smbodiments described herein,

48] FIG, 6 shows a plezoelectric composite cirouit model.

{00046 FIG. 7 shows & humped perameiers model of g mechanical system of

the cirouit model,

0847} FI(3. § shows mode] results for peak powsr versus thickness.

IG5848] FiG. ¢ shows model results for peak power versus cross-sectionsd areg.
100049} FIG. 10 shows model resuits for peak powsr versus fiber aspect rafio.
[B0G5E] FIG. 11 shows model resulis for peak power versus vidume fraction of

the fibers and load resistance for a set bnplant geometry.
[LEEEY Y FI1G. 12 shows model results for pesk power versus load resistance for
PZT and BaTilh.

DETAILED DESCRIPTION OF PREFERRED EMBGDIMENTS

Be832] 1t should be appreciated that the particuler inplementations shown and
described herein gre examples and are not intended to otherwise limit the
seope of the application in any way.

1808531 The published patents, patent applivations, websites, company namies,
and scientific {lerature reforred to herein are bereby incorporated by reference
in their entireties o the same extent as if sach was specifically and
individually indicated to be incorporated by reference. Any contlict betwesn
any reference cited herein and the specific teachings of this specification shall
be resolved in favor of the latter.  Likewise, any conflict between an ari-

understood definition of & word or phrase and a definition of the word or
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phrase as specifically taught in this specification shall be resolved in favor of
the latter.

e,

[0834] As used in this speeification, the singular forms “a” “an”™ and “the™
specifically alse encompass the plural forms of the terms to which they refer,
unless the content clearly dictates otherwise. The term “about” ts used herein
10 mean approximately, in the region of, roughly, or around. When the term
“ghout” is used in conjunction with 2 numerics! range, it modifies that range
by extending the boundaries above and below the numerical values set forth,
in general, the term “about” is used herein 1o modify a rumerical value above
and below the siated value by a variance of 20%.

R Technical and scieniific terms used herein have the meaning
commonty understood by ong of skill in the art to which the presemt
application pertains, unless otherwdse defined, Reference is made herein to
various methodologies and materials known to those of ordinary skill in the
art,

R Composite matrices with 3 comnectivity 112 are typically compwised
of particies 106 randomly dispersed within 2 matrix 104 (FIG. 1A) The matrix
104 is connected 1o #self in all throe spatial directions, while the panticles 106
lack comtact. As such, effective medivm (EM) theory portrays the bulk, or
apparent propertizs of thess composites as isoiropic. Manufacturing 2 -3
somposiie is 8 stralghtforward process thal enlaily mixing small panicle
inclusions inio a matrix until evenly dispersed. These compisites are simple to
manufacture in large guantities, typieadly at bow cost,

FROBET] Crthotropic or transversely Isopropic behavior can be induced in 2
material by inducing stroctursl orgenization, such as 13 connectivity (FIG
I8}, There are several methods of oreating 1-3 composites, one example
includes walering 2 solid materis! into rod-lHke 108 structures, and backfilling
the voids with the intended material, (thers entail weaving fibers 108 through
2 semi-porous matedy o manually aligning long fibers 108 and then filling the
surrounding area with the composite matrix 184, These techniques result inthe
siructures 108 forming continuous columns that span the thickness of the

composiie.
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[BBOREE While there can be large increases in composite properties by utilizing
1-3 composites, they typically entail ‘bruste force’ manulacturing echniques,
and can be quite costly, lsbor intensive, and time consuming to produce. Nop-
uniform  electric fields can be used o stucture particles wvis the
dislectrophoretic {DEP) force, The DEP forcs is based upon the surface
charges induced on dielecisic particles in an sleciric field, and the interactions
between the polarized particles and the applied elecwic fields (FIG 3A)
Seructured 1-3 composiies are crested by uiilizing the DEP force while the
matrix material i sl fhad, While the inclusions are still mobile, the DEP
foree structures them ingo columne-like structires, where they are held unti] the
composite mairix has solidified. Onee completed, this technigue suecessiully
creates §-3 structured composites with manufacturing technigues simile to
thoze for -3 materials.

10859 As deseribed herein, methods gre provided that utilize the plezosiectric
nafure of particles o generate composites with -3 connectivity, This is
suitably carried out by wiilizing piezoslectrophoresis (PEPY. The PEP force is
analogous 1o the DEP force, however, utilization of PEP is accompanied by
the added benefil of obviating the need (o pole the specimens prior to use {FIG
3B). By climinsting the need o apply a large slectriv field (o the sample to
induce net piezosiectricity, this technigue allows the creatlon of large scale
pigzocleciric materials. Furthermore, # allows the use of now matrix materials,
previousty infessible due to low disleciric strengths,

{EHESH Though nod wishing 1o be bound by theory, piszoelectrophoresis (PEP}
refies upon the assertion thet the applicstion of hydrostytic pressure (or
temperature change) to a piezoclectric particles {e.g., a sphere, fiber, rod, sic)
generates an eleciric potential equivalent to the induced potential of a
dizlectric particle in an electric feld. This resulis in the ability of plerosieciric
particles to experience an interparticle force snalogous o the DEP fores, bt
in the absence of an externally applicd electric feld, This PEP furce is instead
attribusted 10 & stimastos that results in the generation of charge on the particle,
such a3 bydrostatic pressure. As a note, any other stimalus thet genersies

charge on a pigzoslectric slement is capable of producing this effect {eg.
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ternporally varignt temperaturs via the pyroelectric effect (heating or cooling),
sonication, application of x-ray ensrgy, 25,

[EG6E] An externsily spplied electrie field that s applied st the same
frequeney with g cyelic hydrostatic pressurs can result in the creation of
“chaing” and 1-3 structured compostes. This ficld can be applied in phase or
out of phase, depending on the materials uiilized.  Also, as the PEP torque
causes the particles o slign thelr net moment with the electric field, this can
also result in the formation of net plezeelevtric 1-3 structured composites
without the need for an externally applied clectric field during 2 standard
poling provedwe. I a oyolic hydrostatic pressure is applied without the
addition of an exiernal elecirie field, composiies with 3-3 connsetivity can also
be created, exhibiting sn increase in dislectric, piszoelectric, and mechanical
properties compared to -3 composiies,

{B8062) As described in FiGs 2A and 2B, in embodiments, methods of making
& piezociectric composite are provided. &s used hereln, a “composite” means
a material comprising two or more components mixed or dispersed together.
Az used herein, 8 “plezcelecinic™ is 2 material that is copable of generaling a
voltage when a2 mechanical fiwes is spplied 1o the material.

{80063} The methods described herein sultably comprise preparing 2
polymerizable matrix 202, As used herein, “a polymerizable matrd” means ¢
composition  comprising monomers, polymers {(Bwo of more repesting
straciural uniis) or mixtures of monomers and podymers, of copolymers that
can form @ homogeneous o belerogensous bulk composiiion when
pobymerized.

[B0084] A phuality of pileroslesiric particles 284 is dispersed in the
polymerizable mairix 1o genoraie g dispersion 203, Asg used herein, “phuraliny”
refers t0 2 or more, suitsbly § or morg, 10 or maore, 30 of more, 100 or more,
500 or more, 1000 or mors, sto, of an item, for example pleoelectric
pasticles. The piezoelesiric particles are dispersed in the matrixes via any
suitable method, mcluding mixing, stirring, folding or otherwise integrating
the piezoeleciric partiches In the matrix 50 a5 10 generate 3 fhirly oniform

mixture of the particles in the matrix.
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[8563] The dispersion 205 is then shaped 206, 4s used hergin, “shaped™ or
“shaping” refers to 8 mechanical or physival progess by which a matrix {or
dispersion) is changed 1o & desired form. “Shaping” can alse include simply
placing & matrix into a desired contsiner or receptecks, thereby providing it
with a maintained shape or form. [t should be noted that the shaped form s
not necessarily the final form, a5 additions! processing {e.g., machining,
forming, eic.) can be completed on the fnsl cured composite {see below).
The act of shaping the disporsion for use in the methods described herein bs
primarily o pgive some initial structure 1o the dispersion prior to further
provessing. A rigid or specific shape is not reguired.

R An slectric polarization 302 (see FH3. 34 and 3B} is then induced in
the piezoelectric particles 204 in the shaped dispersion, Sultally, ot least 40%
of the piszoslectric particles 204 form chaina 212 as 8 result of the induction
of the electric polarization. As wsed herein “chain” means § (Bve) or more
piczoclectric particles connected to one ancther in a linesr or semiblinear
manaer, L.e., piezoclectrie particles at the ends of a chain are not connected o
other piszocleciric particles in the same chain 50 as o form 2 loop. As used
hersin “columng” of plezosleciric particles are suftably formed by the stacking
or aligning of more than one chain.

FBR08T) The dispersion is then cured o create & plezosleciric composite 214,
The induction of the electic polarization is suliably maintained in the shaped
dispersion until the matrix is fully cured, 3o as to keep the chain formation
unti] the metrix is solidified.

{00068] As used herein “comnected” or connectivity” when refering
piezoslecitic particles, moeans thet the particles are within sbout 25% of a
particle radius of cne another, Suitably, the radius of the largest particle of the
ropulation of plezosleciric particles is used In determining i porticles are
connected. As used herein “radius” refers to the smallest particle aspect, and
is not meant o be limited only to spherical particles, but is also apphicable to
fibers, rods, and oiher particle shapes. Connectivity between the particles is
used to differentiate the sitpation where an electric polarization i cregted in

the particles, but particles do not come & within sbowt 23% of a particle radius
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of one gnother in 3 matrix material, but instead, remain dispersed within the
matris.

{008 Chain formation requires connectivity or connection between particles
inn orrder o form the perticles into chains. In embuodiments, connected particles
are within at least sbout 25%6, af least about 2094, at least about 15%, at least
about 10%, at least about 5% or at least about 136 of & particle radius of one
guother.

JEORTE] in embodiments, at least about 40% of the piczoelectric parficles 204
form chains 212 as a result of the induction of the eleotric polarization, more
sultably at least sbout 50%, at least about 35%, 28 least about 60% at least
about 65%, at least about T0%, at least about 759, at least about 80%, at least
ahout 85%, st least about 90%%, or at least sbout 95% of the pivzosleciric
particles 204 form chaing 212 a5 a result of the induction of the electric
polarization.

{8087 Suitably, the chains are aligned with one another.  As used herein
“aligned” is used 1o mean that the chains comprising the plexoelectric particles
are oriented to within about =10 degrees of cach other. In embodiments, the
chaing comprising the plezoslectric particles are oriented to within sbout 228
degrees of each other, mors suitably 1o with within about 15 degrees of each
other, or within about 10 degrees of esch other or within about £5 degress of
each other.

G087 In exemplary embodiments, the monomers andfor polymers or
copolymers of the polymerizable matrix 202 comprise a thermoset polymer,
copohvmer andfor monomer, s thermopdastic polymer, copolymer andfor
monomen, or a thermosetthermoplastic polymer or copolymer blend.
Exemplary thermmoset and thermoplastic polymers, copolymers and monomers
are weil known in the art, and include for example, polymers, copolymers and
monomers of pely(vinylidens diffucride) (PYDF), poly{ursthans), various
epries (8.8, EPO-TEK® 302-38; EPOXY TECHNOLOGY, INC, Billerics,
MAL polviethyiene), poly{styrens), poly{methyl methacrylate} (PMMA},
pobviether ether ketone) (PEER), polyfarylethurketone} {(PARK), et
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[88673] Suitably, plezoslecuic particles 204 for uwe in the coanposites
described herein exhibit 2 Perovskite crystalline structure, 12, the same ype
of cryveial structors as caloium Hlanbum oxide (CaTin)  In smbodimsants,
suitable piczocieotric particles include but are not Hinited fo, particles of
barium titanate, particles of hydroxyvapstite, particles of apatite, particles of
fithium sulfate monohydrste, particles of sodium potassiom niobate, particles
of quarts, particles of lead zirconium titanate (PZT), particles of antaric acid
and polyvinviidene difluoride fibers. Other piszoclectric particles kaown in
the art can also be used in the composiics described herein. Suitably, a single
tvpe of piezoeleciric particle is used in the composites and methods of making
the composites, though i other embodiments, mixtures of different types or
classes of pleroelectric portickes can alse be wsed.  In embodiments, the
plezoelectric particles are on the order of luss than sbowt 1000 pm in size,
suitably less than about 730 um in size, suitebly less than ebout 504 um in
size, suitably less than about 100 jm in size, less than about 10 um, less then
about 1 jum, less then abowt 508 nm, or less than sbout 100 nm in size. As
used herein “particke” includes any shupe or configuration of material,
including spheres, fibers, sogular shapes, rods, pleces or fragments of
materiais, flakes, shavings, chips, et

{80674} Exemplary methods of shaping 206 the dispersions comprising the
mezosiectric particles and polymerizable matrly include, but are not limited to,
injection modding, exfrusion, compression muolding, biow molding or
thermoforming.  Other seltable shaping methods can also be used. In other
embodiments, the dispersion can simply be placed in a sultable container or
other receptacle to hold the dispersion while the various other steps of the
methods described horein are carved ouw.

100075} In embodiments, inducing an sleotrie polarization may comprise
applving an eleciric field 210 in a direction to the shaped dispersion. Sultably,
the electric fisld is applied in the direction (v perpendicular o the direction to
sovourd for pegative dielectrophorssis) in which # is desived that resuBing

chains are to align, As shown in FIG. 3A, spplication of an clectric field



WO 2013/188380 PCT/US2013/045147

-4 -

results in the induction of an electric polarization 302 in the particles. This
gifect is classically known as diclecirophoresis {DEFP) as desoribed hersin,

{08876} Suitably, the sleciric ficld applied in such ombodiments has a
froquency of about 1 kHz to sbout 10 kHz and field strength of abowt |
Voltmm to about 1kVolt'mm. For example, for DEP, an electric field having
a freguency abowt 1 kHz to about 2 kHz, sbout 2 kiHz o about 3 kHz, about 3
kHz7 1o about 4 kHz, shout 4 kb2 to sbout 5 K3z, about § kHz (o about & kiz,
ahout skMz o about 7 kHz, about 7 k32 to about & kHz, about § kHz to sbout
9 kHz, sbout 9 kHz to about 10 kHez, or any other range or value within these
ranges can be utilized. In embodiments, such electric flelds will have a field
strength of about 1 Volt/mm to sbow 360 Yolt/mm, sbout 58 Volthmm (o
about 300 Volt/mm, sbouwt 100 Volthum o about 300 Voltmm, sbout 10
Yolt‘mem to about 404 Volt'mny, about 136 Volt/nun to about 380 Volt/mm, or
about 200 Voltmm to sbout 300 Voltmum, as well a5 any range or value
within these rangss. Suitably, the cleciric Geld is applied as a sine wave
having the characteristics described herein, though other wave shapes,
including square waves, can be wsed,

{80877} In further embodiments, nducing sn electric polarization suitably
comprises spplying 8 hydrostatic pressure 208 o the shaped dispersion or can
comprise changing the tempersture of the shaped dispersion, resulting
piezoslectrophoresis.  As demonsirated in FlG. 3B, piezoclectrophoresis
{PEP) suitably results in both the formation of chaing 212 of plezoelectric
pariicies, while also alignment of dipoles 362 of the particles.

[B0aT8] Application of hydrostatic pressure 208 subtably comprises application
of 3 sine wave of abowl 30 pounds per square inch (psi) to sbout 5000 pst with
# frequency of about 8.1 He to abowt 208 GHz. In sxemplary embodiments,
the sine wave can have a pressure of about 100 pei to abowt 2600 psi, or abowt
HG{ pai to about 1000 psi, or about 500 psi to about 1900 psi, or about SG{ psi,
gbout 00 pai, about 708 psi, about 300 pai, about 809 psi or about 1008 ped,
Suitable frequencies include about | Hz to abow 200 GHz, sbowt 1 Hz w
gbout 188 GHy, about 1 Hz to about 1 GHz, about 1 Hz 1o abowt 500 M2,
about | He to abowt 100 M, about | He to about 1 MMz, about 1 Hz o
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about 5 Hz, about 1 Hz 1o sbowt 30 Hz, about 1 Hz to about 40 Hz, ahout 1
iz to abowi 20 He, about 1 Hz, about 2 Hz, about 3 Hz, sbout 4 Hz, abomg 5
He, about & Hz, gbowt 7 He, about § He, zhout 9 Hz, about 10 Hz, about 1
Hz, about 12 Hz, zbowt 13 He, abowt 14 Hz, about 15 Hz, shout 18 Hz, sbowt
17 Hz, about 18 Hz, about 19 Hz or shout 20 Hz  Other wave shapes,
including square waves having the charscteristics noted above, can alse be
used.

{BOGTS) As discussed herein, by eliminating the need to spply 8 large elecwic
field {e.g., on the order of 19 k¥ mm or larger) (o the sumple 1o induce ngt
piczoglectricity and “pole” the material, the methods described throughowt
aliow for the production of materials having larger sizes and morg freedom in
shape and morphology of the final product thereby enabling more diverse uses
for the composites, Thus, in embodiments, the induction of an elecivic
prlarization sultably does not include the spplication of an ¢lectric field,

REEGEH In additional embodiments, though, ap slectric field can be applied ina
direotion o the shaped dispersion in combination with the application of the
hydrostatic pressure or the change in tempersture o induce the electic
polarization. In such smbodiments, a low-level elecivic ficld can belp w
further align the chains that form as a2 result of the PEP. In embodiments, this
iow level sisciric field can he applisd with 2 frequency of about 1 Hz 1o ghout
196 Hz and s feld strength of sbowt 1 Volt/mm to about | kVolt/mm, Fur
example, an slectric field baving a frequency abot 1 He to about 75 He, sbout
i Mz 1o abog 50 Hz, abod 1 He 10 abowt 40 He, about | He to about 30 He,
about 1 Hz 1o sbout 20 Hz, sbout 1 Hz to sbow 10 ke, about | Hz, sbow
Hez, sbout 3 He, shout 4 He, showt 8 He, sbout & Hz. about 7 Hz, about 8 Hz,
about 8 Hz, about 10 Hz, about 11 He, about 12 Hz, about 13 Hz, about 14 He,
ahout 15 He, sbout 16 He, shout 17 Hz, shout 18 Hz, sbout 19 He, about 30
Hz, or any other range or value within these ranges can be utilized. In
embodiments, such eleciric fislds will have a field siroogth of about 1
Yolt'mm & sbow 1000 Yolvmrm, sbow 1 Voltmm o about 300 Yolvinm,
about 30 Volt'mm 1o about 300 Voltymm, about 100 Voltymm 1o about 500
Yolt/mm, sbout 100 Voltmm o sbowt 400 Volt/mum, about 106 Volifmm to



WO 2013/188380 PCT/US2013/045147

- 16~

about 300 Yolt/mm, or sbout 200 Yolt/nun 1o sbout 380 VoltYmm, as wel a3
any range or valus within these ranges.

{80681} In sultable smbodiments, when the methods comprise inducing a
slectric polarization vie the sprlication of g hydrostatic pressarg or 3 change in
temperature, as well as the application of an elecivie fickd, the induction of the
slectric polarization and the application of the electric Held can soowr in any
manner. For example, the mduction of the eleciric polarization can ocour
before spplying an clectrie feald or the induction of the eleciric polarization
can oceur after the application of the electric field. In further embodiments,
the induction of the eleciric polarization and the application of the clectric
field suitably occur simuliancously, ie., the applicstion of the hydrostatic
pressure or lemperaione change coours af the same tmee as the applisation of
the slectric field, for example boih take place together or within seconds o
minutes of each other.

{6608 In suitable embodiments, an electric field s spplied &t the same
frequency with a ovelic hydrostatie pressure in the methods. The field can be
in phase or out of phase with the hydrostatic pressure, depending on the
materiale utilized. When used in phase, the Hequency of the electric field and
the frequency of the hydrostatic pressure are applied so that the maximumn
smpiitude of the cyole of cach is roached 3t approximaiely the same fims,
thereby resplting in an in-phase application. The cycles can alse be phase
oifset 0 acoount for losses i the particles and matrix that can csuse a phase
lag or gain betwesn the polarization inducing stimulus and the polarization
iself,

{8083 Exemplary methods of caring the polymerizable matricss 50 85 to form
the final composite are known in the an, and include, but are not limited to,
cooling, UV curing, beat accelerated curing or compression cwring of the
dispersion.

[H084] in embodiments, the chains of piezoelectric particles produced in the
coaposites prepared according o the methods desoribed herein have 2 random
orientation, However, in further embodiments, suitably st least about 18% of

the chaing are sligeed to within sbout %10 degress of cach other.  In further
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embodiments, suiiably at fesst abowt 10% of the chains are aligned to within
about 10 degrees of the direction of the applied electric fleld. This elecinic
field can be either the clecwic field spplied during DEP to form the chains, or
the slectrie field applied during PEP 1o further align the chains.

[BROBES] Ruore seitably ot least about 20%, a1 least about 30%, at least about
40%;, at least about $0%, & least about 0%, at least about 70%, at least about
5%, or at leasi about 90% of the chains are aligned to within about %10
degress of each other andior of the direction of the zpplied electric ficld
More suitably, the chaing are aligned o within about &5 degrees of each other,
or suitably with abowt 45 degress of the direction of each «ther andfor the
apphicd clectric ficld.

FBHB086] it is well within the level of those skilled in the art W determine the
dirsction of chain alignment and its ovientation with respect 1o sn appled
gloctric fiekd,

183087] in further embodiments, methods of meking 2 tissue-stimulating
piezoelectric composite are provided, As used herein, 2 “tissus-stimulsting”
composite as described throughowt iz suitably implamied or otherwise
introduced inte @ patiest 50 as {0 provide sleciric stimulation @ a tssue of 3
patient when the composits is placed under any stress or strain, including
tranaverse shear, bending, torsios, fwisting, oompression o  fension,
Exemplary tissuss include, buwt are not limited to, bone, muscle, cantilage,
tendons and organs {e.g., brsin, heart, hings).  Suitably, the patients are
nsanunals, including humans, dogs, cats, mice, rats, monkeys, gic.

i ELY: in embodiments, the tssue-stimuiating piczoclectric composites are
bone-stimulating composites, including spinal implanis for spinal fusion. The
eleciric stimulation produced by the composites zids in stimulation of bone
grovwth and ssseointegration of the composite,

[Doass] in suifable embodiments, tissuc-stimulating piezoelectric cmmposites
are prepaved by preparing & thermoset, hermoplastic, thermosstthermoplastio
or copolymer polvimerizable mairix. A plurality of plezoslectric particles is
dispersed in the polymerizable matris o generate a dispersion. The dispersion

is then shaped.
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[O0HESE] An eleciric prdarization is induced in the piezoclectzic particles in the
shaped dispersion, whereln at least 40% of the piezocleoiric panticles form
chaing as a resull of the induction of the eleciric polarization. The dispersion
is pured 1o form the composiie.

B Exemplary methods of shaping the dispersion are described herein o
otherwise known in the art, and mchude injection molding, extrusion,
sompression modding, blow molding or thermoforming.

iDeBIZ] Exemplary piczoclectric particles  fnclude porticles exhiblting &
Perovskite crystalline siructure. Suiiable panticies include particles of barium
titanate, particles of hydroxvapatite, panicles of apstite, perticles of hithium
sulfate monchydrate, particles of sodium polassium nicbste, particles of
quartz, particles of lead zirconium titanats (PZT), particles of tartaric seid and
poly(vinylidene diffuoride) fiberes.

[B0E93] Ax desoribed hereln, in suitable embodiments, an eleciric polarization
ts induced by applying an elesiric field in a direction to the shaped dispersion.
fn additions! embodiments, an electric polarization is induced by applying a
hydrostatic pressure o the shaped dispersion or changing the temperature of
the shaped dispersion. In such ombodiments, an electric feld can also be
applied in a direction to the shaped dispersion. Exemplary feguencies and
field sirengths of the sleciric flelds for use in the methods are described
throughout.

[B80%4] As described hersin, in suitable embodiments, when the methods
comprise inducing an sleciric polarization vig the spplication of 3 hydrostatic
pressure or a change in tomperaturs, 33 well as the applicgtion of an electric
field, the order of the nduction of the eleciric polarization and the application
of the eleciric field can ocour in any manner. For example, the induction of
the electric polarization can cocur before the applving an slectric fHeld, or the
induction of the electric polarization cap ocour afier the application of the
slectric field.  In further embodiments, the induction of the slechic
polarization and the application of the electric ficld sultably ocour
simultanoously, L., the application of the hydrostatic pressure or lemperature

change coours at the same time as the application of the cleciic Held, for
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example both take place jogether or within seconds or mimites of sach other,
Suitably, the electric field s applisd st the same frequency with a oyclic
hydrostatic pressure. The field can be in phase or owt of phase with the
pressure depending on the type of materials utilized.

{BH093] Exemplary methods of suring the polymerizable matrix so as to form
the final composite are known in the an, and include, but are not Hmited lo,
eooting, LY curing, heat accelersted curing o compression curing of the
dispersion.

1804%6] In embodiments, the chains of plezoelectric panticies produced in the
composiies prepared according (o the methods desoribed hersin have a random
orientaiion. However, in further embodiments, suitably at least about 10% of
ihe chaing are aligasd to within abow 210 degress of sach other,  In further
gmbodiroends, sultably a1 least about 10%% of the chains are aligned 1o within
ghout +10 degress of the divection of the applied elecwric fleld. This eleciric
field can be elther the electric feld applied during DEP o form the chains, or
the clectric field spplied during PEP to further slign the chains.

FBGYT In embodiments, pierolectric composites prepared by the maethods
described throughout are also provided.  Also provided are tissue-stimulating
piezneieciric composites prepared by the methods described berein.

[REUE In exsmplary embodimenis, plezosiectric composiies comprising 2
polymer mateix and a plueslity «f plezoeleciric particies are provided.
Buitably, in the composites, st least 40% of the plezoclectric particles are in
the form of chains. In smbodiments, e composiies heve at lesst one
dimension of 6.5 mum or greater, suitably at least one dimension of 1 mm or
greater, of at least 5 mm or greater,

(L While in embodimenis, the chains thet are present in the composites
have 2 random orientation, suitably at least about 1096 of the chains are
aligned tw within 210 degrees of each other.

RO E 00 hore suitably 3t least about 20%, at least sbowt 30%%, at least abowt
403%%, at least about 30%, a1 least about 80%%, at feast about 70%, at least about

B%, or i losst about 20% of the chains are aligned to within about %10
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degrees of cach other. More suilably, the chains are sligned to within about
+5 degress of zach other,

(LY Suitably, the composites provided herein and prepared by the disclused
methods are 143 compositzs, for example as iHostrated i FIG. 1B,

[B0G102] As described herein, suitably the polvmer is s thermosst polymer, a
thermopdastic polymer or a thermosstthermoplastic polymer or copolymer
blend. Esxemplary polymers are desoribed herein or otherwise known in the
art. Suitably, the polymer is a PV DF polymer.

R EIRY As described throughout, sxemplary piszoelectric particles for use
the compositions exhibit a Perovskite orystalime stucmre.  Suitable
piczoelecivic particles include, but are ni Hmited to, partisics of barium
titanate, particks of hydroxyapatite, particles of apatits, particles of lithium
sulfate monolydeate, particles of sodiom potassium nicbate, particles of
guartz, particles of leed zirconium ttanate (PZT), particles of tartaric acid and
potvivinyviidene diffuoride) Bbers,

[B00104] Suitably, when stressed or strained, including transverse shear,
hending, torsion, twisting, sompression or tension, the composites described
herein generate a current density of between sbow 1 microampsfem” to about
i amp;’cmz. More suitably the composites gonerale 3 currant densily between
ghout 1 misrosmpsiom’ & abowt 300 micrommpsiom’, about |
micmmpsfcmzm about 400 micmmr&psiﬁng about | micrs}ampsiﬁmz 1o abow
108 micrsampsiony, sbout 1 microampe/om’io about 230 micra:rampﬁfcm'z,
about 1 micrommpsfom’e  aboml 200 microsmpeiom”,  about
sricroampy/iem i about 150 microamps/em”, sbout 1 microsmpsiem” to about
190 microamps/om?, abost 1 microampsiony’ 1o sbout 99 microamps/om’,
shout | micronmps/om o sbout 89 microsmps/om®, about | sicroampsiom’ to
about 70 microampsiont, about | microamps/iont to ahout 80 microampaiom?,
about 1 microampsiom” 1o about 50 microarsps/om’, about 1 microsmpsiom’

ty about 30 microanpsiom’, asbowt 30 microampsion, about 20

miaroamgsfcm?‘s about 34 micrs}amps/cmz, abouit 40 miamampsf@mz, ahoat 30

microamps/ont’, about 60 microamps/em”, showt 70 microamps/ony’, about 80

microamps/om”’, sbowt 90 micreamps/om®, or about 100 microampsiony.
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Sultably, the current density 13 a constant, direct current Jdensity and the
electric potential of the compoaiies are nogative.

80 105] Subtably, the composites have at least one dimension of 4.3 mm o
greater, subtably at least one dimension of | mm or grester, or at least one
dimension of about § mm or grester, or at least one dimension of about 14 mm
or greater, or about 20 mm or groater, sbout 30 ram o greater, sbout 40 mm oy
greater, about 530 mm or greater, about 60 mm or gregien, gbout 70 mm o
greater, abowt B mm or grester, about 90 muw or grester, or about 190 mm or
greater. While any dimension and shape of composite can be generated using
the methods deseribed, an advantage of the methods provided berein is that
composites having at lesst one dimension greater thas sbout 8.5 mum or about
I mm or about 1¢ mm can seadily be genersted, s compared to other methods
of generating plezoelectric composites where the materials ave Hmited in size,

[DBG106] Also provided are methods of preparing plercelectric composites,
including tissue-stimulating piezoclectric composites, such e spinal inplants,
that arc made via physical alignment of fibers in a relatively non-condusiive
polymer matrix 1o form g 1-3 pieroelesivic composites struchus.  Such 123
plezoslectric composites may have different characteristics as compared 1o
siructured §-3 composite oreated using the DEP force, as described hereln, in
terms of toughness, fracture properties, and eass of mamsfachuring. Examples
of sultable plezoslectric particles (Le., fiberst are described hereiln, as are
sgitable polvmeric matriess.  SuBlably, alignment of the fibers In thess
embodiments comprises physically moving the fhers into the desired position
prior i curing or other manufacturing of the composite,

QB6187] Also provided hersin sre tissue-stimulating plezoelectiic composiies.
SuBiable composites comprise 3 polymer matrix and 2 plumalily of plezoclecinic
particies, wherein at least 40% of the piszosisctric particles are in the form of
chains, and the composite is & 1-3 composite,

GB0168] As described hersin, 3t least about 10% of the chains are oriemied
within 14 degrees of sach other, more suitably at least about 30% of the

chains are orignted within 210 degrees of each other.
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REE R in embodiments, the piczociectric particles exhibit & Perowskite
crystalline structure.  Subiable pleroclectric particles include but are not
timited 1o panicles of barfum titanate, particles of hydroxyapatite, particles of
apatite, particles of lfithivn sulfate monohydrate, particles of sodium
priassivm niohate, particles of guartz, particles of fead zirconium litanate
(PZT}, particles of tartaric acid and polv{vinylidene diflucride) fibers,

{80116 In  suitable embodiments, the Oseue-stimulating plezosleetric
composites generste a curvent denslty of between ghout 1 micmamp!cmz o
about 250 microsmpsiom” when compressed.  This current density is ideally
provided 1o incresse tissue healing, e.g., the e of bone fhsion.  As the
pieroeleciric composites described herein generate current density shinply In
TESpOnSe 10 pressurs, no additional prwer source is resprired.

SRR In further smbodiments, the composites, including tissue-stimulating
plezoelestric composites, arg 1-3 composites. Suitably, the composites
provided herein possess 3 plezosleciric charge coeflicient dys of the composiis
between 196 and 100% of the bulk piezoslectric charge coefficient from which
the composite is created.

il Suttably, the composites provided hereln possess a diclecirie constant
zax of the composite between 1% and 1009 of the bulk dielectric constant of
the filler material from which the composite is created.

06113 These ranges are functions of severs! variables thut can be altored
between composites, As the composite material approaches a 180% volume
fraction of piszoelecivic pasticles, the propertizs spproach the values of the
bulk plezoeleciric material. In the smbediments, the volume fractions are ofien
below 5(%%. Another key factor these properties depend on is the aspedt ratio
of the plezoslectric pasticles. If the aspect ratio is above 38, suitably above
100, then a composite with only & 30% volume fraction of fibers suitably
possesses & day close to 100% of the bulk material. If the aspect ratin i cloger
t 14, then for a 30% vohume fraction, the dys would be much closer 1o 358% of

the bulk material value,
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HEE R This ssme justification holds for the dicleciric constant, except that
there ie a firly linear relstionship betwesn dickoiric constan snd vohime
fraction,

HERNEY Suitably after curing, the plerosleciric composites are further shaped or
molded into thelr desired fnal shape., In the case of tissue-stimulating
composites, these final shapes will be determined by the final n-patiznt use,
taking into account patient suatony, size requivementds and altimaie use,

LY In embodiments, the tissue-stimudating piszoslectric composites can
further comprise & coating on thelr surfacs, .., 3 polvimer coating or shell, lo
facilitate bincompatibility, or in some cases 2 coating to deliver g desirable
compound o drug to the tisswe. For example, 3 costing such s
hydroxyapatite or other bone growth stimulant, drug, or resorbable scaffnld
pelymers such as PLA {polylaciic acidh or PLLA {poly-L-lactide) or POA
{polyglyvestic acid} or antiblstics or nonresorbable coatings such as polvisther
giher ketone} (PEEK), polyiaryistherkeptons) (PEAK) or wother suitable
materials, can be coated on the componites.

L TR In embodiments, the piezoslectric composites are provided with an
inaufstor which may be made of ultrs high weight polyethylens or titanium
ouide or any other suitable nov-conductive non-toxic biocompatible material
The insulstor can be provided on the plerociectric clement but not where 3
tissue-interface is desired {ie., contact with a tissug), The conductive materis
can be g commaercially available biocompatible cpoxy composition or it can be
a thin layer of a precious metal such as gold or silver, or other metals such as
titanhem and its alloys, tantalum or cobelt chromium alloys.

[B08138] Exemplary tissue-stimulating composites that can be produced
according to the methods provided bersin include bong plates, bone sorews,
bons implants, spinal implants, ot

a1l In embodiments, the tissue-stimulating composites described herein are
strain coupled fo bone or other body tissue 30 83 lo gencrate charge as the
tissue undergoes sirain, and the generated charge is applied via clectrodes to a
region where B is desived to sthimulate s tissue, e.g., bone growth {see. e.g.,

115, Patent No. 6,143,033, the entire disclosure of which ig incorporated by



WO 2013/188380 PCT/US2013/045147

L34 .

reference herein in its entirety for all purposes) o embodimems, the
romposites described hersin can be attached by pins or bone screws to & hong
and the poles of the plezosieciric element ars connecied via leads 1o carry the
charge remotely and couple the charge to promote healing.

[B068120] Thaus, the sirains from the natural loading of the tissue {e.g. bone} are
coupled into the plezosiectric composiies and gencrate charge across the poles
of that composite which oreates g current fow.

iBai2i) In genersl, the direction of current flow created by the material will be
alternating, dependent on whether the boplant iz being loaded, or unloaded
{e.g., by the patient). Suitsbly, the dircetion of current flow s controlled
through the use of 2 rectification circuit attached io the device prior o use,
incheding implantation in o patient. Fusther clrouitry can be invelved o
sondition the signal, store and deliver excess engrgy, and power additional
features or functions of the device (i.¢. enabling telemonitoring, Isb on 3 chip
devices, ete).

Bagizz) When an implant (e.g., 2 spinal impland) Is loaded, I may gzoneraie 8
positive charge on top, and negative on the bottom. However, when unloaded,
it will then generate a negative charge on top, and positive on the botiom, This
implant will operate suitably under cyclic loading (.o, walking}, as such, an
AC current would be created. Tn order wo deltiver DO stimulation, as that is the
most effective form of electrical stimulation, the AC signal must be rectified
before delivery io the patisnt,

[B68123] In general, the direction of current fHlow induced in & patient i
dependent on the pole orientation of the piszocleciric composite snd the
divection of sirain loading, e.p., lensiie of compressive sirain, applied o the
gomposite, Suttably, the direction of current flow is selected duwring
manufacture and configuration of appropriate cireuitry 5o that implantstion of
the composite produces the desired effent, e.g., enhanced bone growth effecis.

[Bad124) In pddition 10 use 335 tissue-stimulating composites, the plezoglectric
somposites deseribed herein can suitably be used in any number of additional
applications and configurations, Methods of shaping, forming or otheradse

nreparing the composites deseribed hereln o be wiilized in such applications
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are well within the level of one of ordinary skill in the art of the various
applications.

fonaiisy For example, plezosiectric composites described hersin can be utilized
in the following:

1088126 Carbon black impregnated PMMA or other pelymers 1o gencrate &
mairix of composiies;

08127} The composites can be filled into an expandable device to il space o
slimaingte frial size Implants in general;

086128} The composites can be filled into any pressurized cavity that can be

filled with bone coment and have z metal implant inserted, o.g., for bone

stimulation;
HBailY Fracture fxation devices (bong plates, screws, pins on exiemal

fixators, 0.}
[t} 348 Drental Implants for hone healing;

[0B8331] Posterior instrumentation for spine fusion (pedicle screws, rads, ete};

008133 Linkage 1o power s batiery for a pacemaker;

[BB8133] Linkage to power any internal devies/sensor;

[D88134] Attachment to any foad bearing part to stinnsdate internal organdtissue
healing,;

D815 Lab on & chip devives that need powsr supplies;

HEE R Telemelry powering for sensing - “bullt in sensors™;
Boa13T Lise in a continucus extrusion process for piezoelectric rods;
HEEHR S, in combingtion with slight twisting/distortionfrotation of electricsl

field {or could be mechsnicall during extrusion as rods/structures before
curing 0 generate twist coupled sensors and sctuatons;

[RB5H139] A variety of enengy/powsr harvesting devices inchuding:

R Tires on any vehicle o powsr rechargeable batteries and

provide vibrational damping;

3861433 Dirive shafl on a car 1o power rechargesble batteries;
JRBHI42] Car paint or part of 8 car grill 1o power rechargesble batteries;
88143} “Rubber” surfsce on a floor to capture loads and convert (o

poOwer;
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{80144} Application on load-bearing structures in vibration genersting

devices in 8 housshold o feed to power grid;

{a001458] Roads o capture vehicular loads;

LB E Y More efficient wind milis — biades or other structures loaded to
generate power;

{EEDE Plates/structures in oceans/seas to capbure wave loads;

[80H148] Bleachers in sport stadivms 1o power novelty Hghts or fesd

power into the grid as a fanction of fan loading of bleachers;

(808149} Body of ool phone 1o recharge bafteries:

HEEH R Structured  components  in building  for energy
harvest/sensors/damping;

{DBISE) Shingles on houses to translate wind forces and feed o power
grid;

IB0G152] Bridge components for sensing/power gengration;

LR RE] Parts in power tools like jackhawmers or drills for energy

harvest/sensorsidamping:

[GH3154] Parts of  construction squipment for Energy
harvest/sensors/damping:

IBH0135] Mechanical damping with piezoclectric structures;

IB00154] Use in structures in regions of high scismic activity {o capture eatly

detection and damping;

(BOBLET] Hook up to prid to form a giant network of sensors;

[HBOESE] Snow ski vibration damping;

HEETIG Sceli-hesting boots;

EE ] Shoes with lighting;

HEED I3 Sensors for clothing

IB08E67] Fabric made for various applications;

000163 Sound proofing materials for damping

[508Ea4] Sails of sail boats 1o gensrate ship power;

HEHER]] Incorporate with any power plant system o increase efficioncy;

1888166] Poleg in power lings;

HEED B Piezosleciric transmission Hnes or conductive cables;
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Bg0I68] Road sensing Hoes/pads to trigger stop lights, sense presence of cars,
2ic;
890169 Self-powered exoskeleton;
G00T70] Electrorheological fimids;
[Bp0371} Fhuid brakes and cluiches in vehicles that change viscosity based on

applied pressure instead of electric field;

608172} Heart blanket/sock for heart fallure treatiment (wrap around heart and
contract based on applied voltage);

[RB8173] Treads on tanks;

REEES: Remote sensor with sustasined power from loading/vibration;
[BOBITS) Front fork on bike @ power bike devises or provide vibration damping;
OB TH Total disc replacement.  Endplstes constucied of piezosiectric

composite, with negative clectrodes lining the interface betwoen device and
verichraz, while the positive terminal is placed nesr the center of the device to
ensure bhong dogs not grow ings, and impinge the dypamic parts. This sheadd
improve the bond between the device and vertchrae, while strengthening the
vertebrae o avold endplate subsidence, and ideslly further securing the devics
g0 1t does not migrate;

[LEL ! Use of composites in a positive (healing of tssue) or negative
{stopping tissue growth) in any novel implant;

608178 Raduction of biofouling in implanted sensors through generation of
surfzos charges,

L) Adr filters to kill bacteriafother pathogens through surfsee charges; and

[GGGIEG] Self-sanitizing surface/structures,

{0881} Fit3. 4A chows an exemplery manufacturing setup for use with
dislectropboretic {DEPY fwmation of piezoelestric composites described
herein. FIG. 4B shows an exemplary marufacturing set-up for use with
piczoglectrophoretic (PEP) formation of pissoeleciric composiies described
herein.

[pnaigz] The DEP maenufbcluring set-up 400 shown in FIG, 44 sullably
comprises 8 mold apparatus 492 for holding shaped dispersion 208, Mold

apparstus 402 suitably comprises an inlet 406 for introduction of dispersion
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05 comprising the polymerizable matrix 202 material and dispersed
piszoeclectsic particles 204, The set-up further suitably comprises an electric
field generator 412, connected (o a first elecirode 408 and second slectrode
414, for application of an electric fisld to the shaped dispersion.

{06183 The PEP manufacturing setup 414 chown in FIG. 4B, & g
modification of the DEP setup 400, PEP set-up suitably further comprises
insulating conngciors 416 and 422, scparating clectrodes 408 and 410 from
actuator 418 and load cell 424, respectively, Actuator 418 and load cell 424,
are suitably & material tosting sysiem (MTE), e.g., an MTS 838 MiniBionix
{(MTS Systems Corporation, Bden Prairie, MM}, comprising & plunger and
load cell capable of applying a cyclic pressure 420 4 the shaped dispersion
26, Inclusion of insulating comneciors 416 and 422, allows for the
appHcation of an electric field as well as the hydrostatic pressupe, as deseribed
herein, Through compuier or other sxternal control, 3 cyelic pressure can be
generated gt the same freguency with an applied electric fleld. The slectric
fleld and the cyelic pressure can be applied in phase or out of phase with one

another depending on the types of materials wilized,

Exampley
Example 1: Preparstion of 1-3 Composhie using DEP

(80184 Structured 1-3 composiles wers prepared using diclectrophaoresis
{DEP:. The polymerizable mafrix for these composites was a two part resin
{302-3%, Epotek), and the partickes were 3 micrometer barium tHanste
Composites were structured using an eleciric field strength of T KV/mm and 2
frequency of 1 KHz. The resulting dielectric and plezoeleciric properties of the
composite materialy were charscterized using well-known techniques as
describad below,

1886185] Dieleciric characterization was conducted using 8 Fiokd 3522-3¢ LCR
meter (Hioki EE Corporating, Negano, Japand. This meter is used {o assess the
capacitance, and resistance of the samples. This information, coupled with
knowledge of sample geometry, can be used o determine a szmple’s

resistivity, condugtivity, and dieleciric constant. The meter can alse assess the
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disteciric loss factor {tand). DMeasmrements are carded oml a8t room
temperaiure, at frequencies from DC io | KHe Confidence intervals for each
setup are construcied using 2 Sudent’s Tetest. Comparisons hetwesn control,
DEP, and PEP structured materials at sach volume fraction are conducted
asing sre-way ANOVAL

EEE Dretermination of pisroeleciric properties are measured via direet or
resonanee methods, Resonance methods are widely used for piszoceramic
orystals, and are highly accurate in that instance, Howeover, when mechanical
lossss are high, which is Bkely in & gquasi 1-3 composite, the quality of the
results degrades. The direct method s easily implemented utilizing 3 material
esting system {(MTS), and can readily provide acourate resulis for material use
at Jow freguencies. Siress is applied 1o the semple, while simultansously
recrwding the charge genersted by the sample. This is done by placing a
capacitor in elecirical parsliel with the sample, and recording the voliage.
Sines capacitors follow the refation: § = C*Y, g plot of charge vs force can be
generated. The slope of this line represents the pieroelectric chargs
coefficient, The principal charge cosfficient {dxn, dy and du) i3 also
measured,  Eleotrodes are applied 1o samples in the 3 dircction during
manuizcire, and as such, dss, dus, and day, can be readily messured, The
piezoelectric vollage coefficients {g) can be caloulsted based on the &
soefficients, and dislectric constant of the material. This ooours 48 gy = dyfe.
The piezoclectric properties provide information key to the material’s use as
Both sensing and actuating elements. Confidence indervals for cach setup ave
constructed using a Swudent’s T-test, Comparisons between control, DEP, and
PEP structured materisls at cach volume faction sre conducted using ong-way
ANOYVA,

[B05I8T) Resuits obiained compere well o the models presented for 13

composites In Equations 3 and 4, below, as shown in FIG. 4.
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sorstant o polad dirsction

f - invarss depolarization fastor dys, — Plazovisctic paricls charge constant

9w Particle volumes fraction

Example 2: Plezoslectric Composite Spinal Fusion Interbody Implant

[B0EIEE] Provided herein is the development of 3 plezoskciric composite
biomaterial and interbody device (spingl implant) design for the generation of
clinically relevant levels of electrical stimulation to help mprove the rae of
fusion for in patients,

[BOHI8% A humped parameter model of the plezoslectels composite implant was
developed based on a model that has been utilized to successfully predict
power generation for plezocersmics. Seven variables {fiber material, matrix
magerial, fiber volume fraction, fiber sspect ratio, implant cross-seotional sres,
implant thickness, snd electrical load resistance) wore parametrically analyzed
o determine their effects on powsr generation within implant constraints.
Influences of implant geometry and fiber aspect ratio were independent of
material paramsters. For a cyeolic force of constant magnitude, implant
thickness was divectly and cross-sectional area Inversely propovtions! fo power
generation potential. Fiber aspect ratios above 30 vielded maximum power
generation potential whils volume fractions above 15 percent showed supsrior
performance.  These resulis demonstrate the feasibility of using composiie
plezoslectric biomaterials in medical mplants, such a3 spinal mplants, to

generate therapeutic levels of divest current electrical stimulation.

Methods
Modsl
R A model was devsloped to predict the power output of plerosiectric

cranposiies {181, The piezoslectric composite model was developed based on a
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simifar model that has been utilized 1o successfully predict power generation
for piezocermmics {17, 18} This circutt model can be broken down into four
different sections: input vollage, squivalent mechanical elements, composits
impedance, and load resistance (FIG. 63 The load resistance {RL} is the
electrical resistance of the object to which the eleetrical power is being
deliverad,

LY The circuit model was developed by constructing 8 lwmped pavameter
model of the mechanical sysiem, based on the mass, damping, and stiffhess of
the composite (FIG. 7L

{Ben9z] This weibknown model can be desoribed by the sscond order
differsntial egquation presented in Equation 3,

Pt Btk {Fa. 53
F = gopternal force

M = effective mass

B = damping

K = stiffness

% = mass displacement

% = mass velooity

% = mass geceleration

[BRBI%3] This moded i3 coupded jo the chrouit model shoown in FIG. 6 through the
wse of o piezosiectric tramsformer ratio, ¢ {18), When used, this ratio affects
the mechanical performance described in Eguation 5 by introducing an
glectrical damping term that effectively descoribes the amount of snergy

transferred from the mechanicsl to elecirical systom (19).
22
w — Fy. &
f=— (Ey8

t = Thickness
A = (ross-sectinnal area
s = {omposite cumpliance
[RGEHEET When applied to the mechanical cloments of the spring mass damper

systern, the fransformer ratlo cstablishes eguivalent circull slements which
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describe the conversion of mechanical vibrstions #© elecirical energy
{Eguations 7-10},
Rom = &°B {Eq. 7

= G4 M {Eq. 8)
Cem = ($TEIY (Eq. 9}
Vin = §¥F {Eg, 1%)
Fhaaies] Furthermore, the composite implant’s slecirical epedance can be

determined by Equations 11 and 12, While plezoceramics are primarily
capaciiive, plezoelcirie composites also include 3 polymer matrix that sois
predominantly as ¢ resistor at low frequencies. Thess were placed in paralisl,
representing the two parallel paths electricity has through the composite
theough the copacitive fbers or the resistive madrin,  Combined, these

slements represent the electrical impedance of the composite material,

&p = {1 mm}m {Eg.
Bp =22 (5q.12)

88196} The equations presented above have been utilized and validated fwr
tow frequency homogeneous plezoceramic materials {18). However, in onder
i utilize them to analyze plezoelectric composits materials, several compusite
materia] propesties must frat be defined. The composite’s dislectric constant
gnd  pleroslectric  charge  coefficient  have been  theoretically  and
experimentally determined to follow Eguations 13 and 14 for high aspact ratio
fibers {123

{r@g’gfz = by 1 gew 5
£ ( {egmayd E:;;ff'd%} %;«»iz-—-aﬂl’isg)m}" (1%}

{Bg. 13}
d = (mﬁmw}i; silgg (B 1D

oy, ${L -y

where
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&= {ompostie dislectric constant
£y = Matrix dielectric constant
&3 = Fiber diglectric constant
sy = Matrix compliancs
87 = Fiber compliance
d = Composite piezoelentric charge constant
dzz = Fiber piezoelectric chargs constant
o= Bffective ratio of the elecirie feld acting on the fber
¥ = Piber volume fraction
[Bo8isT The composiie material’s elastic modulus and electrical resistivity are
based on eguations for composites materials (Hguations 15, 16). For these
squations, §-3 composite sguations were used o approximate the guasi-1-3

material, and produce 8 conservative estimate of electrical power generation

{203
Eom B 14 e
== ""’;""‘ : bl - {1
& 1 = Ey Fo. 15
B e

where
E=Matrix elastic modulus

Es=Fiber elastic modulus
(&gl
P#y

Pe=py 1+
Z H %’f *‘@‘“’%ﬁ“ﬁw (Fa. 16)

where
oy = Matrix slectrical resistivity

p » = Fiber electvical resistivity

Environmental Variables

(D809} The performance of a piezoeleciric powsr generator depends on
multiple variables. These variables relste not only 0 the material composition
and hmplant gsometry, bl the snvironmental operating conditions as well. The

environmental operating conditions, which include the applisd fores,
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frequency of compression, and slecirical resistance of the surrounding tissue,
have been reported by other investigators, and are discussed below (15, 21~
2T

LR The force on the implant is primarily controlled by the weight of the
patient and the patient’s sctivities. The majority of the patient’s upper body
weight i5 supported by the spine. Purthenmore, after a lumbar fusion, the
majority of this weight is transferred divectly through the fusion cage. During
common activitics such as walking, the force on the Intervertebral dise in the
lumbar region can range from 1.0 o 299 times body weight (21-24)
Hewwever, with the inclusivn of posterior instrumentation, the force on the
implant itssif is halved (23). For pstienis that have just undergone a spinal
fusion and are reeovering from surgery, walking is one of the most infense
activities that can be expecied, Since the average weight for an aduk is
reporied o be 808 N {26), the aversge person would load an implant with
between 300 and 900 N while walking. For this model, an Intermediate value
of 300 M was wtilized as the applied force.

[nG2460] The frequency of implant compression slso depends on the Inlensity of
the activities performed by the patient. Most activities cocur with frequencies
less than 5 Hz. Walking, for example, usually scours at a3 freguency bebween
1.2 and 2 Hz (23) K is possible o increase the frequemcy of implamt
stimulation by applying 2 bigh frequency, low ampiliude stimulus to the
patient, such az ultrasound; however, this would require additions! patient
compliance, and likely visits to the doctor or physical therapist, For this
moded, 1.2 He was used for the frequency of bnplant compression.

LY At the present thme, FDA approved DC slectrical stimulation devices
are designed to deliver the appropriste cwvent density to bone with an
electrical impedance from 0 #o 40 k€2 (135}, Experimentally, bone undergoing
fracture healing has reported topedances between 4 and 7 k83 27}, The load
resistance thal generates maximum power is determined in the subseguent

analysis, and vsed o validate a stand-alone implant.
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hdaterial and Implant Geometry YVariables

[B0G2H2] In addition io the environment conditions, several of the variables
affecting power generation can be readily controlied during the manufacturing
provess, These nclude propsr material sehection and implant geometry. The
materials used in the composite saltably comprize a polymer matrix embedded
with 2 dispersion of aligned pleosiectric fibers. The polvmer mairix provides
structural stability for the brittle, coramic fibers, while the fibers provide the
net piezoeleciric proparties o the composite.

[REEDRIRY: For this snady, two different materials are investipated for the
pierosieciric fibers: PZT and BaTi(h (Table 1)

Tabde 1: Material propertics used in theoretical analysis.

Elzstic | Dislectric
Muterial fdodulust Constard Resisthvity dig
{GPa) {3 om {pC/N
Fiber Materials PZT 63 135Q C3.0%085 300
BaTily &7 1000 1.O%1040 120
Batrix Materials [Epotel 302-3011 1.7 3.3 1.0%1013 e
PLEK 3.6 3.3 4951016 -~
PYLF 2 8.5 1.8%1014 -
PYRE-TYFE-CFE 0.5 &0 9.5%1013 -
1B04294] PET is one of the most commonly used piszoslectric materials dus to

its high piezoslestric properties and coupling coefficient (28), BaTil: is
considered a viable option due io it biovompatibility sud current wee in
implaniaide medical devicss,

[0802a3] Several raairix materials are analyzed including epoxy, PEEK, PVDF,
and PYDF-TYFE-CFE, PEEK is suitably ptilized a5 1t is commonly used in
fusion cages due to Bts high sirength, similar stiffhess to bone, and excellom
biocompatibility (293 A two-part epoxy (Epotek 302-10) has been used
previously in pieroeiectvic composiie resgarch, [t was analyeed in the model to

provide comparison 1o other composites (30). PVDFE and PYDE-TYFE-CFE
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were analyzed due o thelr promising theorstics! resulis with piczoslectric
particie composites and blocompatibility {18). The material properties used in
the theoretical mode! are shown in Table 1.

[B06206] Additionally, implant geometry also afferts the supected power
generation. Cross-sectional ares and thickness measuremenis were iaken foan
conunercisily svailgble small TUIF spinal fission cages a5 well as large ALIF
cages to provide a reasonable range of inputs for the theorstical model. Cronse
sectional arcas of these cages ranged from 120 to 323 mrn” and the thickness
ranged from 5 # 20 mm. Typical ranges of fiber volume faction (-40%) and
aspect ratios {1-1080) were also analyzed. Bince tissue eloctrical properties
are varizgble, the influense of load resistance was also studied by varving the
sircult variable from 0-10 TG, Table 2 licis the ranges of these controllable
variables that wers analyzed to determine the influence of implant variables on

power gammﬁziﬁn .

Table 2. Ranges of controllable variables for the composite when used as a

spinal fusion cage.

Controllable Yarialiles Rangs
Fiber Yoriablesi  Wolume Fraclion £ A0%
Aspect Ratio 310680
imnplant Geometryl Cross-secions! Ares | 120-323 rnrTe
Thickness 5-20
Clreudt Warlablel  Load Resistance O30 T
Results
I Seven variables from the model were smudied to determine thelr

influence on the electricity genersted by the composite: fibsr material, matrix
material, fiber volume fraction, fiber aspect ratio, implant crossesectional area,
implant thickness, and load resistance.

IG0824%] Preliminary tests established that for a oyelic force of constant
magnitude, maximum power was generated with the lorgest implant thickness

and the smallest cross-sectional ares (FIGs, § snd 9). These resulis were
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ungaffecied by changes in other variables, For the following amalbyses, the
implant thickness was set {o 20 mm and the oross-sectional ares was set to 120
mmw’ in order to determine the potential maximum power output of this device.

(568209 The influence of fiber aspect ratio shows 3 large increase o power
output (BRG%%6) from ratios of 130, followed by a smaller increase of 7.0% for
ratios between 30-100, and slmost no change (<1%) from 100-1000 (F1G. 18},
Therefore, in order to generate maxbmum power, the fibers used in the
composiie suitably have an aspect ratio of at least 30, These trends resolt from
drastic increases in material properties associated with high aspect ratio
particles and correspond wall with the experimental resulis of Van den Bnde e
af {173

[BR8218 FiG. 11 Hlusiraies the influence of fiber volume fraction and load
resisianos for 3n implant with a 120 mwd® cross-sectional ares, and thickness of
28 o with fiber aspect ratio of 100, This imnplant size and shape can producs
a peak power of £.47 mW ot a volume fraction of 31% and load resistance of
8.5 Ga.

jasqa2tyl The snabvsis performed above was conducted for all sets of matrin and
fiber materials. It was found that the same trends were present, and that peak
performance was genersted in each composiie for the same specimen area,
thickness, fiber aspect ratio, and fiber volume fraction. Therefore, using the
impdant geometry and fiber variables from the preceding analysis, the effects
of using ditfersnt materials were then compared by using the fiber and matrix
variabies given in Table 1. The power genersted was then plotted versus load
resistance as shown i FIG. 12, The PZT ~ PEEK composiie generated a peak
power of 3.1 mW, compared to the BaTi(;y - PEEK composile which
generated 047 mW.

B0} As the BaTi(s fibers were capable of producing an average rms powser
approsimately 2.4 thnes the maxbnum power that is needed for clinical use
and as BaTiOy materiale are currently used in FDA spproved bmplants, this
fiber type was used 1o analvze the remsining matrix vaviables. The results for

matrix  materials showed no meaningful difference {(<11%) In power
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generation betwesn the highest and lowest output. Similar trends were seen fiw

PZT fibers embedded in the varicus matris materisls,

Discussion

BBz According o this analysis, an implant comprising 2 1-3 structursd
composite of BaTiG, Ghers and a PEER matrix is suitably able to generate 2.4
times more power than the madimam currently used to stimulate bone growth,
$-3 composite squations were used o caloulste the slastic miodulus and
electrical resistivity; howsver, the composites are actually quasi-1-3
composies, The 1-3 composite equations sre believed 1o overestimate the
electrical outputs. Therefore, the -3 ocomposite ecguations provide a
somservative sstiraate for these values, providing 2 mintowm baseling for the
material’s slectrical gensration,

[BB82 14} A 31% fiber vodume fraction vielded the Jargest peak power output for
# 20 mem thick implant. Unlike spherical particles, fr which theorstical
models show 3 steadily increasing power output with volume fraction {16), the
aligned fiber piezoslectric composite ouipwt doss not exhibit a constantly
increasing correlation to volume fraction and instead pesks at an intermediate
value. This relationship is due to the varistions in piezosieowric and dielectric
constant created by the aligned fibers of the 123 composite. At low vohune
fractions, the day value increases rapidly with incressing volume fractions, but
platesus at a relatively low volume fraction, while the diclectric constant of
the composite steadily increases with increasing volume fraction (12} The
theorstical model demonstrates that powsr genergtion invresses with higher
daz values, but decreases with increasing fiber diclectric constant. Thus, the
peak power output does not have a direct relationship with fiber volume
fraction.

[GHG215] Designing an implant that is thick with & small cross-sectional ares is
one way of increasing oversll pleroclectric implant powsr output. Sinve the
spplied force magnitude remains constant, 2 smaller implant cross-sectional
aren results In increased brplant stress, dhus vielding higher power generation,

However, the fusion cage must still be sble to provide mechanical support for
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the spine while the veriebrae are fusing and not pose a risk for endplate
subsidence. The grade of PEEK that is used in spinal implants has a fatigue
strengih of 0 MPa, and 3 compressive strength of 118 MPa, considerably
farger than the 4.2 MPa stress level predicted in this theoretical analysis {31}
A PEEK composite implant with typical geometry and 2 cross-sectional area
of 120 mw” ia predicted to have 2 fatigee limit of 7.2 kKN and should survive
compressive loads up o 14.3 kKN, much larger than the anticipated in wive
foads.
1088216)

recistance of 8.5 G, many owders of magnitude higher than the tissue

Peak power for a monslithic pleroeleciric composite ocoars &t 2 load

resistance found & vivo (040 kiZ). A piezocicotric spinal fusion implant may
require additional energyy harvesting cirouitry with a load resistance of 8.5 G0
arsd deliver the electricily gensrated 1o the desived fusion slte. An alternative
design utilives mubiple smbedded slectrodes 1o reduce the optimal load
resistance. This method wary proven & be effective for bulk pizanceramics
and is anticipated to work for composite materials as well (18}

Be6217]
using & structured 1-3 BaTi(h fiber and PEER mairix are sumunarized in Tabls
3.
Table 3.

The niezoelectric mplant parameters found & generste optimal power

Yarisbles that generate maximum power for a BaTi(3 - PEEK

spinal fusion cage,

Yalue for
nplant Yarizbies | Badimum
Poarsr
Fiber Yariables Yodume Fraction 3%
Aspect Ratio 10
implant Geomelryi Cross-sectionat Areg) 120 sy
Thickness 20
Clreuit Yariahle Load Reslstance B5 GO
atariale Fiber BaTiO3
Riatrix PEEK
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[BBH2IR] A piezoslectric composite spinal implant with these specifications
suitably pensrates an average rms power of 0.33 mW, which is 2.4 times
grealer than the target powsr of 014 mW, A pieroslectric composite spinsl
fusion implant suitably delivers 3 higher cwrent dessily thas existing
slectrical stimulation devices, thereby speeding bone growth {14, 32}
However, i 2 lower constant dose Is required, the excess power generaied
during patient activity could be stored and distributed as needed when the
patient is inactive. In addition, the generation of excess power means the
piszoelecivic composite implant could stifl effectively be wilized with cross-
sectional arsas up to 275 mm’, or thicknesses as small as 9 wn, all while st}

generating the target constant power of ¢.14 mW.

Conchision

[BOH21% The plezosiectric spinal fusion cage anslyzed in this study suitably
increases swecess rates of apinal fusion, particularly in the difficult to fuse
patient population. This design Ols a lsrge onmet need in the medical
community due 1o the low success mates of current spinal fusion methods in
patients with compromised bone fusing sbility. Unlike other bone growth
stimulants, the piezoelectric spinal implant desoribed herein would not add
additional expense, instrumentation, or prolong the bmplantation procedure
greatly, and B predominantly independent of patiest compliance. A
pigpoeleciric spinal lmplegd would simply replace the interbody device
currently wsed in the curgery and ulllize the patient’s own movement to help
stimuolate bong growth. Based on the model developed for piezocleciric
somposites, an implant made of BaTi: and PEEK sultably generales
sufficient power 10 improve the raie and goantity of bhong growth, thereby

increasing fusion success rates, thus reducing overall patient care cosis.
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applications described herein can be made withowt departing from the scope of
any of the embodiments.

090253} I iz to be understood that while certain embodiments have besn
iflusirated and described herein. the claims are not to be limited o the specific
forms ar arrangersent of parts described and shown. In the specification, there
have boen disclossed Hlustrative embodiments, and although specilic torms are
employed, they are used in g generic and descriptive sense ondy and not for
purposes of Hmitation, Modifications and variations of the embodiments are
prssible in light of the above teschings. H is thergfore fo be undersiood that

the embodiments may be practiced otherwise than as specifically described.
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WHAT IS5 CLAIMED Is:
1. A method of making 2 spinal implang, the method comprising:
a} preparing 4 thermose, thermoplastic oF

thermosetfhermonlastic, or copolymer polymerizable matex;

by dispersing 8 plurslity of piezeelectric panicles in the

polvmerizable matriy to generate a dispersion;

¢} shaping the dispersion;

dy inducing an electric polarization in the plezoslectric particles in
the shaped dispersion, wherein gt least 40% of the pieaosleciric
particles form chains 88 a resulf of the Induction of the electric

polarizgtion and

g} curing the dispersion (0 generate the spinal tyydant,

2. The method of claim 1, whersin the sheping comprises
injection  molding, extrusion, compression molding, blow molding or

thermoforming.

oy

3, The method of claim 1, wherein the plezoeleciric particles

exhibit a Perovskite crystalline structure,

4. The method of claim §, wherein the plezoslectric particles are
selected from the group consisting of particles of barium titanate, particles of

hydeoxyapatite, particles of apatite, particles of iithium sulfyte monchydrate,
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particles of sodium potassium piobste, particles of quarte, panicles of lead
zirconium iitanate {(FZT), pericles of iararic acid and poly(vinylidene

ditfhuoride) fibers.

5. The method of claim 1, wharein the inducing an electric
polarization comprises spplyving an cleowric field in a direction (o the shapsd

digpersion.

6. The method of claim 1, whersin the inducing an eleciric
polarization comywises applying & hydrostatic pressure o the shaped

dispersion or changing the temperature of the shaped dispersion,

7. The method of claim 8, further comprising, prior to the ouring

in ¢}, applying an slectric field in a direction to the shaped dispersion.

&. The method of claim 3, wherein the spplying an cleciric fisld
comprises applving & field with a frequency of about 1 kHz 10 sbowt 10 ke

and a field strength of gbout 1 Volt/mm to sbout | k¥ mm,

G, The method of claim 7, wherein the applying an elevtric field
somprises applying a fiehd with a frequency of about T He o abowt 100 Hz

and o field siwengih of sbout | Volt/mm to sbowt 1 BV /mm,

10, The mothod of claim 7, wherein the inducing in &) ooowrs

befors the applving an electric flald

11 The method of claim 7, wherein the inducing in d) ocours sfler

the applyving an elecivic field,
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12, The method of chim 7, wherein the inducing in d) and the

applving an eleciric field ooour shimultanecusly,

13, The method of claim 12, wherein the clectrio ficld is applisd at

the same fequency with a cyclc hydrosiatic pressure,

14.  The method of claim 1, wherein the curing comprises cooling,

UV curing, beat scoelerated curing or compression curing the dispersion,

5. The method of claim 1, whereln the chaing have 2 random

orisntation.

14, The method of claim 3, wherein at least about 10% of the
chains are aligned to within about +18 degrees of the direction of the applied

electric field.

17. The method of claim 16, wherein at least about 50% of the
chains are aligned to within about 1€ degrees of the direction of the appled

glectric field,

8. The method of claim 7, whersin gt least about 16% of the
chains are sligned to within zbout 416 degrees of the diraction of the applied

electrie fisld.

LA The method of clabm 18, whereln at least about 50% of the
chains are sligned to within abowt 210 degrees of the direction of the applisd

eleciric field.
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. A spinsl implant prepared by the method of olaim 1

21 A spisal implant comprising a polymer mairix and a pherality
of plezoslkeciric particles, wherein st least 40% of the plesoslsciric particles

are in the forrn of chains, and the composite is 8 123 compuosite,

32, The spins! implant of claim 21, wherein at least about 10% of

the chains are aligned fo within +10 degress of each other,

33 The spinal implant of claim 22, whereln at least about 30% of

the chains are aligned fo within £18 degress of each other,

¥, The spinal implant of cleim 21, whersin the piezosiectric

particles exhibit a Perovskite orystalline struciure,

35, The spinal implant of claim 21, whersin the plezoelectric
particles are selected from the group consisting of particles of barium tianate,
partivies of hydroxyapatite, particles of apatite, particles of Hiblum sulfate
monchyvdrate, particles of sodivm potassium niobate, panticles of guanz,
particles of lead zirconium titenate (PET), perticles of tartaric acid and

poby(vinyiidene difluoride) fibers.

26, The spinal implant of claim 31, whersin the mplant gensrates a
current density of betwsen sbow § io about 250 micreampsfont when

compressed,

27 A method of making 3 piezoclectric composite, the method

comprising:
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EY nreparing a polymerizable matrixs

b} dispersing a plurality of piezocleciric parnicles in the

polymerizable mairix 1o generate 3 dispsesion;

o shaping the dispersion:

Oy inducing an electric polarization in the plezosheciric
particles in the shaped dispersion, wherein at loast 40%
of the plezoslectric particles form chains a5 & reseli of

the induction of the slectyie polarization; and

&} euring the dispersion.

28 The method of claim 27, wherein the polvimerizable mairix

conprises:
3 tharmoset polymer, copolymer and/or monomer;
ik a thermoplastic polymer, copolymer andfor monomer;
QF
i a thermnset/thermoplastic polymer or copolymer blend,

8. The method of claim 27, whersin the plezoelectric particles

exhibll & Perovskite crystaliine structupe.

3 The method of claim 27, wherein the piszoslectric particies are

selected from the group consisting of particles of barfum titanate, particles of
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hydronyapatite, particles of apatite, particles of lithium sulfate monchydrate,
particles of sodium potassium niohate, particies of quartz, particles of lead
zirconium titanste {PAT), particles of lartaric acid and poly(vinylidens

diftuoride) fibers.

31, The method of clmm 27, wherein the shaping comprises
injection  molding, extrusion, compression mwolding, blow molding or

thermeoforming.

3% The method of claim 27, wherein the inducing an elecwric
polarizetion comprises applying an eleciric field in a divection o the shaped

dispersion,

33, The method of clam 27, whersln the inducing an elegiric
polarization comprises applyving a hydrostatic  pressure to the shaped

dispersion or changing the wmperature of the shaped dispersion.

34, The method of claim 33, further comprising, prior to the curing

in g}, applying an elecivic fleld in a direction fo the shaped dispersion.

35, The method of claim 32, wherein the applying an clsotvic ficld
comprises applyving g fleld with a feguency of about 1 k¥Hz to sbout 16 kHz

snd 2 ficld sirength of abowt | Voltirom to about 1 KVolvmm.

36.  The method of claim 34, wherein the applving an clectric field
comprises applving & field with 2 frequency of about | Hz o about 100 GHz

and a field strength of about 1 Volt/mm o about 1 KVoltmm,
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37, The method of claim 34, whersin the inducing in ) ocours

befors the applying an eleciric field.

38 The method of claim 34, wherein the inducing in d) ocours afier

the applying an sleotric Seld,

3%, The method of claim 34, wherein the Inducing in & and the

applving an slectris field ocour simultaneously.

48, The method of claim 39, wherein the slectric feld s applied at

the same Frogquency with a ovelic hydrostatic pressure.

41.  The method of clabm 27, wherein the curing comprises cooling,

UY curing, heat accslerated curing or compression curing the dispersion,

42,  The method of clabm 27, whereln the chaing have a random

orientation.

43, The method of claim 32, whereln at least about 10% of the
chaing are aligned © within about +10 degrees of the ditection of the applisd

electric field.

44,  The method claim 43, wherein at least about 30% of the chains
are aligned 1o within about $10 degrees of the direction of the applied electric

field.
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45, The method of claim 34, whereln at least sbout 10% of the
chaing are sligned to within sbout =10 degrees of the direction of the applied

electrie field.

44, The method claim 45, wherein at lesst shout 50% of the chains
are aligned {o within about 218 degrees of the direction of the applied electric

™~

field.

47. A method of making a tissue-stimuiating plezosiectric

somposiie, the method comprising:

&} preparing 3 thermoset, thermoplastic or

thermosetfhermoplastic, or copolymer polymerizable matrix;

by dispersing 2z plurslity of piszocleciric particles in the

polymerizable matriy (0 generste a dispersion;

¢} shaping the dispersion;

4} inducing an clecirie polarization in the piszoeleciric particles in
the shaped dispersion, wherein at least 40% of the pleroziecinic
particles form chaing as & result of the induction of the electric

polarization; and

¢} curing the dispersion,



WO 2013/188380 PCT/US2013/045147

.53 -
48,  The methed of claim 47, whersin the shaping comprises
imjection molding, extrusion, compression molding, blow molding or

thermoforming,

4%, The method of claim 47, wherein the piczoslectric particles

exhibit & Perovskite crystalline sircturs,

3¢, The method of claim 47, wherein the plezosiectric particles are
sefected from the group consisting of particles of barium ttanate, particles of
hvdroxvapatite, particles of apatite, particles of lithium sulfate monchydrate,
particles of sodium potassium niobate, particles of quarte, particles of izad
zircomium titanate {(PZT), particles of tamaric acid and poly{vinyviidens

difluoride) fibers.

51, The method of claim 47, wherein the inducing an eleciric
polarization comprises spplying an slectric field in & direction to the shaped

dispersion.

532, The method of claim 47, wherein the inducing s electrie
polarization comprises applying 2 hydrostatic pressure to the shaped

dispersion or changing the tempersture of the shaped dispersion,

53, The method of claim 52, further comprising, prior 1o the curing

in £}, applying an slectric field in s direction io the shaped dispersion.
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84, The method of claim 51, wherein the applying an clectric field
comprises applyving a ficld with 8 frequency of sbout | kHz w about 10 kHz

and 2 field strength of abowt 1 Volt/mm o zbout 1 kV/imm.

55, The method of claim 33, wherein the applving an eleciric fleld
comprises apphving a fleld with 8 fequency of abowt 1 Hz to about 108 Hz

and 2 ficld strength of sbout 1 Volt/num w0 abouwt 1 KV /mm.

58,  The method of claim 33, wherein the inducing in d) ooowes

befure the applving an eleciric Held,

57, The method of claim 53, wherein the inducing in 4} occurs after

the applying an electric fisld.

58,  The method of claim 33, wherein the inducing in 4} and the

applving an electric field ocour simubiangously.

59, The method of ¢laim 58, whersin the eleciric field is applied at

the same freguency with a cyclic hydrostatic pressures.

603,  The method of claim 47, wherein the curing comprises cooling,

1Y curing, heat acoelerated curing or compression curing the dispersion,

&1, The method of claim 47, wherein the chains bave a random

ortentation.
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#2, The method of claim 51, wherein at lesst about 10% of the
chains are aligned (o within about +10 degrees of the direction of the applied

sleciric field.

&3, The method of claim 62, wherein at least about 30% of the
chains are aligned o within about £10 degrees of the divection of the applied

sleotric field,

&4,  The method of claim 53, wherein gt least abows 10% of the
chains are aligned to within about 414 degrees of the direction of the applisd

electric fisld,

65,  The msthod of claim 64, wherein 3t keast sbowi 30% of the
chains sre aligned 10 within sbout =10 degress of the direction of the applied

electric fisld,

86, A pieroelectric composite prepared by the method of elaim 27,

67. A tissue-stimuleting plezoelectric composite prepared by the

method of claim 47,

8. A plezoeleciric composiie comprising a polymsr marix and &
plurality of piezoelecivic particles, wherein st least 40%6 of the pieroslectic
particles are in the form of chaing and the composite has al least one

dimension of 5 mm or greater.

9. The piezoslectric composite of claim 68, whersin the chains

have a random orientation.
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7. The piczoclectric composite of olaim 48, wherein at jcast about

106% of the chains sre aligned to within +10 degrees of cach othsr,

71, The piezoelectric composite of clalm 70, whereln st least abowt

30% of the chains are sligned to within +1{ degrees of gach other,

72. The piezcelestric composite of claim 68, wherein the

compesite is 8 -3 composite.

73, The piezcelectric composite of claim #8, whersin the polymer
s a thermoset polymer, a thermoplastic polyimer or a thermoset/thermaoplastic

pobymer o copolvmer blend.

4. The piezoslectric composite of clsim 68 wherein the

piczociectric particles exhibit s Perovskite orvstalline structure.

75, The piezosleciric composite of clelm 68 wherein the
piezosleciric particles are selected from the group comsisting of panticles of
barhum tianate, particles of hyvdroxyapetite, particles of apatite, particles of
lithium sulfate monohydrate, panticles of sodium potassium nichate, particles
of guartz, particles of lead zirconium tHanate (PZT), particles of tartaris acid

and polv(vinyiidene difluoride) fibers.

76 The pieeoshectric composite of claim 68, whersin the
composiic generaies 8 current density of between about 1 o about 230

microamps/om’ when compreased.
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I A tissue-stimulating plevoslectric composite ommprising &
polymer malrix and a plurality of piezosleoivic particles, wherein at least 40%

of the plezosiectric particles are in the form of ¢haing, and the composiie is a

1-3 composiie.

TE.  The tssue-stimulsting plezeelectric composite of cigim 77,
wherein st least about 1096 of the chains are aligned 1o within 210 degrees of

each other.

79, The tssue-sthnulsting plezoslectric composite of olsim 7§,
whersin at least about 50% of the chains are aligned to within +1¢ degrees of

each other.

8G. The tissue-siimulating plezoslectric composite of claim 77,

wharein the piezoelectric particles exhibit a Perovakite orystaliine structure.

81l. The tissue-stimulating plecosleciric composite of claiis 77,
whergin the piezosisciric particles are selecied from the group consisting of
particies of barium Hisnate, particles of hvdroxvapatite, particles of apatite,
particles of lithiom suifste monohvdeste, pasticles of sodhum potassiumm
pisbate, particles of guartz, particles of lead zircontum titensie (PIT)

particles of tartarie acid and pobvinylidene difluoride} fibers,

82.  The tissue-stimulating pleroslectric composite of claim 77,
whersin the compositec generates a current density of between about 1 1o shout

o P s
250 picronmps/om” when comprassed,
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INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2013/045147

A. - CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1L 41/257 (2013.01)
.USPC - 310/358 -

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢l

USPC - 29/25.35; 252/500; 264/405, 435; 310/311, 357, 358; 623/24

lassification symbols)

IPC(8) - A61F 2/02, 2/30, 2/44; HO1L 41/00, 41/16, 41/18, 41/187, 41/22, 41/253, 41/257(2013.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC - A61F 2/02, 2/025, 2/30, 2/44, HO1L 41/00, 41/16, 41/18, 41/183, 41/187, 41/22, 41/253, 41/257 (2013.01)

Electronic data base consulted during the international search (name of

Orbit, Google Patents, Google Scholar

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X VAN DEN ENDE et al. Improving the d33 and g33 Properties of 0-3 Piezoelectric Composites 27-30, 32-36, 66

- by Dielectrophoresis. Journal of Applied Physics. Vol. 107. 25 January 2010. [retrieved on 22 e e

Y October 2013]. Retrieved from the internet. <URL: http://www.googte.com/url? 1-20, 31, 37-65, 67
sa=t&rct=j&g=&esrc=s&source=web&cd=1&ved=0CDQQFjAA&uri=http%3A%2F %
2Frepository.tudelft.nl%2F assets % 2F uuid%3A0f938f54-7{7e-4d30-8¢9¢-6654d23(df87%
2FvandenEnde_2010.pdf&ei=69ZpUsnCKai52wWb2YDQAg&usg=AFQjCNEOcFaAQugwhahN
UdBXdqYEivY6ag&sig2=J5bd1SV3UMU323B0sOmQRA&bvm=bv.55123115,d.b2I>. entire
document

Y US 2011/0118852 A1 (EVANS) 19 May 2011 (19.05.2011) entire document 1-20, 47-65, 67

Y US 2004/0000661 A1 (SATO) 01 January 2004 (01.01.2004) entire document 2,14, 15, 31, 41,42, 48,

60, 61
Y US 4,407,054 A (ZIPFEL, JR) 04 October 1983 (04.10.1983) entire document 9, 12, 13, 39, 40, 55, 58,
59

Y US 2004/0232803 A1 (MATSUSHITA et al) 25 November 2004 (25.11.2004) entire document 10, 11, 37, 38, 56, 57

Y BOWEN et al. Tunable Electric Field Processing of Composite Materials. Journal of Intelligent ' 16-19, 43-46, 62-65
Material Systems and Structures. Vol. 6, No. 2. March 1995. [retrieved on 24 October 2013].
Retrieved from the internet. <URL: http://jim.sagepub.com/content/6/2/159.short>. entire
document

A US 2010/0104876 A1 (ZHANG et al) 29 April 2010 (29.04.2010) entire document 1-20, 27-67

A US 7,615,373 B2 (SIMPSON et al) 10 November 2009 (10.11.2009) entire document 1-20, 27-67

D Further documents are listed in the continuation of Box C.

[l

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means :

“P” document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive

step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

oy

“&” document member of the same patent family

Date of the actual completion of the international search

25 October 2013

Date of mailing of the international search report

08 NOV 2013

Name and mailing address of the ISA/US
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Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

-because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.: .

because they relate to parts of the international application that do not comply with the prescribed requirements to such an -
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are depehdem claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Extra Sheet

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims. )

2. D As all searchable ctaims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-20, 27-67
Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the

payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:I No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)
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) . International application No.
- Information on patent family members PP

PCT/US2013/045147

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-20 and 27-67 are drawn to a method of making a device or component.

Group II: Claims 21-26 and 68-82 are drawn to a spinal implant, a piezoelectric composite, and a tissue stimulating piezoelectric
composite.

The inventions listed as Groups | and |l do not relate to a single general inventive concept under PCT Rule 13.1 because unde‘r PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group |, method including the steps of preparing a copolymer, dispersing particles in a matrix, shaping
the dispersion, inducing an electric polarization, and curing the dispersion, are not present in Group |l; the special technical features of
Group Il, a spinal implant, a piezoelectric composite and a tissue stimulating piezoelectric composite, are not present in Group |.

Groups | and Il share the technical feature of a piezoelectric composite wherein the composite comprises a polymer matrix and plurality
of piezoelectric particles, wherein at least 40% of the piezoelectric particles are in the form of chains; and a spinal implant and a tissue
stimulating device consisting of a piezoelectric composite. However, these technical features do not represent a contribution over the
prior art.

US 2010/0104876 A1 to Zhang et al. discloses a piezoelectric composite (Para. [0001], ..a piezoelectric composite material) wherein the
composite comprises a polymer matrix (Para. {0002}, ...polymer matrix...; ) and plurality of piezoelectric particles (Para. [0002], ...array
of piezoelectric fibres...embedded in a polymer matrix...), wherein at least 40% of the piezoelectric particles are in the form of chains
(Para. [0002], .. .piezoelectric fibres...).

US 7,615,373 B2 to Simpson et al. discloses a spinal implant and a tissue stimulating device consisting of a piezoelectric composite
(Col. 65, Line 55-Col. 66, Line 14, electrospun matrix...matrix is further electroprocessed with polypyrroles... piezoelectric elements may
be electrospun into the matrix to produce electric discharges that promote healing...; Col. 49, Line 64-Col. 50, Line 41, ...bone can be
made by combining electroprocessed collagen with, for example, osteoblasts, and bone growth factors...the matrix can also contain a
conductive material to allow application of a current to an implantation site to facilitate growth and healing...in spinal disc repair or
replacement...). '

Since none of the special technical features of the Groups | and Il inventions are found in more than one of the inventions, unity of
invention is lacking. )

Form PCT/ISA/210 (patent family annex) (July 2009)
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