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BACKGROUND OF THE | NVENTI ON The invention relates to

ort hopedi ¢ (bone) inplants which hre used to replace a mssi.ng or

di seased portion of bone. 10 Several conditions can lead to the |oss
of bone including trauma,- arthritic diseases, tunors, '

muscul oskel et al defects, orrceRMdERiFENt of a failed inplant.
An intranedullary inplant is generally used in | ong bones (i.e.,
the fenmur and humerus), and is inserted into the medul - 15 | ary canal,
whi ch runs through the di SpPAYEMENT I {GOVRARNMEN®AL INTERES®Ne and is filled
with bone marrow. A long bone inplant is one of two different types
of intranmedullary inplants, the ot her being categorized as joint

repl acenents. ThEhigjhpvention wascppdechibh Gonsmment suppork wnpdek: knee
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i ntramedul lary inplants being used today are generally fabricated
fromnmetal, using an all oy ofpaprcReund daNTEEN INUVENTIDON or cobalt chrone
(Co-Cr). The joint replacenent inplants are primarily nmade with a
Co-Cr all oy containing nol ybdenum ( M), which is added to inprove
the wear resistafibe én!@%ﬁggnx¥3%atﬁﬁet° orthopediker(bpne)  AMpAaBES aWaich

consi der at | QreMigBAt BE rEPLAtY d midEeHdg or disedded gRirddenabEi Buhéti ng
surfaces. 3Q . ..o ‘é'an‘#‘g%gﬁﬁb%% &%Q'daﬁ L ié@sla&ti%a re imiﬁdfﬁgzﬂe)nl y

fabri cat - onj ,. erther rn rts conmerc y pure s or as
an trauma, arthritic diseases, tumors, musculoskeletal defects,

and the replacement of a failed implant.
An intramedullary implant is generally used in long bones
(i.e., the femur and humerus), and is inserted into the medul-
15 lary canal, which runs through the diaphysis (shaft) of the
bone and is filled with bone marrow. A long bone implant is
one of two different types of intramedullary implants, the
other being categorized as joint replacements. The joint
replacement implants (i.e., a hip or knee implant) have a much
20 . more complicated geometry, than the rod-like, long bone re-
placement. Both types of implants have shown similar modes of
failure in clinical studies.
The intramedullary implants being used today are generally
fabricated from metal, using an alloy of either titanium (Ti)
25 or cobalt chrome (Co-Cr). The joint replacement implants are
primarily made with a Co-Cr alloy containing molybdenum (Mo),
which is added to improve the wear resistance properties of the
material, an important consideration when the implant is used
to replace articulating surfaces.
30 Long bone replacement implants are most commonly fabricat-
ed from Ti, either in its commercially pure state or as an
alloy with aluminum and vanadium. These materials have been



all oy with alum num and vanadi um These materials have been

WD 98/ 19617 PCT/ US97/ 03836

2 experinmentally and clinically proven to be bioconpatible. It

i s not conpl etely understood biochem cally, but the bone tissue

grows and atwacisassito the surface of Ti nore readily than twerwsorossss Ot her
materials. This property allows Ti to aid in the fixa- 5 tion of the
i npl ant in bone, an extrenely i nportant p&rt of the oper ati.on

directly aff r o] e npoctan

for inplant s cécr[e}'gnstr{%%lg y %hh e ‘E%ﬁ %&ovenr 5RePR 21‘%??%‘?’3’156 t#&f bone
ti ssue can beginehk G%ﬁt&%u erStOOd bijochemjraldy, shubithe fanen tiissue
achi eved t hrqghs tah@ uteaehebow E110 surfa@@rra&rt Tapﬁbf@dréauim tHhand oy .

whi ch acts fill t wee nd, t he, nt. _The
i nt erfaci al %h}cre n}ast,: | ?ﬁed V\#H’ls property @é‘ﬁ'@ 6 34 aﬁ'# r@é%’ﬁe £I%Brant
and Pnhi bit tian ®@f thiseipppant in bone.camm:tmmelyaimpumnm@amgr the

parti cul at e SgEmRASidne dﬂQEMﬂE{r affecting &ie adraehaﬁewyél;%%éﬁﬁ r %loﬁtee
| is

(PMW) . 15 abiJ i tlono

achi eved Itb}shgg‘gﬁﬁgﬁg%o# s1 th§uGResRct %‘?f% IWPIARE | npl ant .
The rengigustetichayyi so ethdcdonedddesoe gahdeeymitd tdreuws arbaad of
the inplant. il qfnJ.@i@'ioéiaﬁﬁiiiﬁtidﬂﬁ)lsa&%hﬁmeaaﬁﬁ{-é@éﬁ thd hise of 5,01-,3900(1
bi oggnpati bility and agstlrru athgr_t ﬁcommnl 20,

cregﬁe thi s PBY %ﬂ:s g‘l"F Uring  furgetya, ¥316ht 8RS @ flllern?@&?’eeg

Ti) inplant the é:ctmelansl nhehimlthMeMineenfaaial space irsarfidmedr wa;zhof
particul at escemdift 'ﬂe b%aﬁl?ﬂii@dtﬂ@ {3 aS Eﬁﬁelnhtblt m?ﬂforf he pnEP L3Rk

usi ng plasma_ spr tecg surface coatlng nust
have | arge 55 ig h?l%v’v"l'ﬁ?m“et PﬁEtBSH%aE%I‘F%‘“R%lttreaPellYP‘ﬁFough
and create ac%lt]xadlgaoﬂ.umethpu(ethacrylate i(@MMA) xati on by reconnecting with

adj ggent bone ti gyug tBERUSPabi1ization Q% tﬁ? ﬁgf{)ht T Sodit hd a@hﬁgveﬂ

fixation relli ei_’@on t'he connecti on one tissue to
impl ant in pPad@Ving #nBOEGRE coating o FE?U@“HS%%erRﬁ theoimpdants, Thenot
strong enougierause conpliagt i80either isided ocomplleéelqn&i and isuedagedof

i cronoti on gaNn ﬁﬁﬂ_‘d'ht._ (T or hydro{%%@é:m 2] L Y nLa%ﬁgﬁsdﬁ§£ﬂns

stemfromthe erence in gaopertles et ween t

material s ufapd b"°°°mpf“ﬁ }Ph%"?m%‘(@rs%?ﬁﬁiﬂﬁ Y FArEanss SommonAY Ti
al 129 has amsed to crehbtetthismphrois egatlingo 1tD.fs Gintek®d) oXtdOtner |

ng())S ?(nd thetda (e. g. ol :BLLL%J'%.% 23 +RE2ShH fedP Uy L&ﬁﬂ}é%l wipeld@ 8 GPa
random array of particulates. The HA is applied to the surface
of the implant using plasma spraying techniques.
The surface coating must have large enough pores to allow
25 the bone cells to travel through and create a strong interlock-
ing fixation by reconnecting with adjacent bone tissue through-
out the mesh. This method of fixation relies on the connection
of the bone tissue to hold the implant in place. If the bone
tissue does not grow fast or is not strong enough, the implant
30 is not completely stabilized and micromotion can occur.
Problems with current implant designs stem from the
difference in mechanical properties between the materials used
in the implant system and the bone itself. The Ti alloy has an
elastic modulus equal to 110.3 GPa (16.0 X 10° psi), and the
35 Co~Cr alloy has an elastic modulus equal to 210.3 GPa (30.5 X
10° psi). 1In comparison to the modulus of cortical bone, equal



10[err] psi). In conparison to the nodulus of cortical bone, equal
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3 _ to about 13.8 GPa (2.0 X 10[err] psi), these netallic inplants
are a mnimmof eight tines stiffer. This |arge gradi ent causes
stress shi el digwgnegaross the inplant-bone interface, where tfeyuser/03s3s

I npl ant supports and absorbs nost of the |oad and | eaves the 5 bone
virtually inactive and unstressed. 3 As stated in WIff's | aw,

bone needs to be cyclical Ia/ shres,sed to survive_and, repain strong
enough to s&PpdPPutnd3-8 GPa (304X 1Ph PN e heFe BREALLICIBLIR S Fd a
metal inplam minimum oPegidgtst tthineas @tiifded. caThis ckadge mradtienéncahses

i mpl ant and 0o Vist i yegke jxat i d | ow
m cronoti on ?EQ%S& Sh%?l?#ggﬁan%ﬁo-agr%teﬁ%% H‘i'gf%%ne, e%e]{'nr?%éﬁg%ﬁro ﬁglgng ocal
wear impdpntsSURPRF S U AHSGRPSgROBEI9T iehe ras iang depNesstheound-

i n}g %1 ssue Wone Virf@g&11ly hindwthwes a](cilﬂf anstra®sddni sm and cause o

i nfecti ous reactign o) ' e | ' i rnev o i bl e
W t hout inter venbl‘g’oﬁtgﬁﬁ&uf’fﬁirga]{%'% Ilé%dshggégﬂér%égsi%%#% %&%hgélﬁr ation.
A patient c&Fresppdubigesgvive and memadnaghrengrenough to supperkdthes

bef OL e the :%aq.bema%(s;n,iemdw,a!udzﬁt&ea&bao]cﬁeﬁ@téﬁoﬁxlm a metal SwpRAht

anot her repiLacengn an | consi aer, non-1u tlonal .

SUMARY G FREITRVERTTCRPED g cavitied®Rorh Betlidh ene dppaant pnd, the i o
of ¥he invelongn The cavitigsiwaaken thgofixatiomand aliiew micromother| di ng

ef f Fct t of theeahplaRy #n NEied/bdna %i}bntﬁﬂllﬁ% prcliditot QoRalloResE
i npl an e

lLifepine in the body. | ne odi.nment ,. a.ther | ic
boryor i ¢ ReRFAEr achtEEaathrils Seion RoRP rySt SO 1o’ shOORIBRORRALE
is used for imgetiisphanvill trigger the bgfiyce defense meckandsal apdnpeusee
materi al conp@geRtishsareactions. M8t fichséhiAgOsHane Bfldntoigaiireevers-

b , . I I ' f terials t
Gt or  t mpitEiE: withSie heervant o' apd, e PRI Herdt 5o Anreib iRt or 1l
properties 3peratiohaveAzpatient icamaonlynunfergotwmiors threecadditionaks

repl ace- procediB8s Béférd)ithe HIMeE beBoRES OFGL G i AR bstebpbi6€Scato

conposite support another replacement and is considered non-functional.

SUMMARY OF THE INVENTION

20 The isoelastic bone-implant system of the invention
minimizes, if not eliminates, the stress shielding effect
created by a metal implant, thus, leading to a longer implant
lifetime in the body. In one embodiment, a thermoplastic
polymer with an elastic modulus approximating the modulus of

25 bone is used for the implant. )

Since bone is a natural composite material composed of a
matrix with organic and inorganic substances, composites are
also an excellent choice of materials to use for implants,
specifically for those situations where material properties

30 have a large impact on the implant's success, such as replace-
ment of a hip. Hence, a second embodiment comprises a composite
comprising a thermoplastic polymer and a reinforcing material,
the composite having an elastic modulus approximating the
elastic modulus of bone. The composite preferably comprises



conprising a thernoplastic polymer and a reinforcing materi al, t he

conposite having an el astic nodul us approxi mating the el astic
nodul us of bone. The conposite preferably conprises WO
98/ 19617 PCT/ US97/ 03836

4 mo gseberer et her ket one (PEEK), a high tenperat ur epéhigsdipsgast i C,

contai ning preferably 10% by vol ume of chopped E-glass fibers
which results in a material having approxﬁmately t he sane

stiffness as an refore n a significant rovenent wth
respect to t"fﬁgl %P@{?tgﬁf’ £HPRY fo‘?’%f:’;f em?@ a Rign temperggu%é‘lquléﬁé'ﬁcrs
the appl i cat¢antadningr preferably alqfokhyusrolume of cno@edrgz-eyldsrse fstbe\f/:-waﬁe of
th | ant e3Ro Y, ro

e inmplant i i edsh1tBeiR £%§teﬁ]1acil.r Oav1?1 h%g?g%ﬁfx egf;{ tl'.q'{éh Jaid

The coating can conprise xyapat | e surface a
roughness f GYned 5?5185 b°net?%dsr}?1¥°&'@§°r8r ano%b‘ﬁ%hﬂ‘Eﬂ’ﬁ: dpEovenentic h
as tbtani umwith respeetheddtlie i stidms-stikadéng problem. A tvvo pi ece

enbodi ment  of anT%Qt%§H§§u££@§y1Sﬁﬁ#@@%@%ﬁcatlon or f5¥ Fggouﬁ

t oget her, after t gosr te en | ece are |nser
the medul | arSPatdmgl on Eha sARTaGR Of dhe implant t?rﬁr%aﬁﬂesms‘#ﬁrr sing a
fluted prot rersiizonmentngopi Bose alrhrowth. The eﬁif:ﬁ&?Qﬂeﬂf Rbnipriieed cavity

f{gpterfgdot herhy@r%g&a%rtgtéhgpgﬁrééaq_%%stﬁﬁg%t i ons ﬁl ng %Im%ﬁent arily

Fi g101 i || udtheasxtage, ofr et atoenmpadriddet material rslcgmaszoutamum
M cr onechanieabefadal ihoth&osmerades, Materi al s software program

Fig. 2 illustrat rist% tgiggédéﬁélfim%% | S Ehtze. %E%J'ullary i"ﬁlFﬂgel (FEM

of a prosthesis W Eor Bfcal
extracorti caloipede apdi dgrked together, afterprthe oppesitelendsopft kachtress

gradi ents t lpieughairbeinberted ih ffed eRduIBALY | Sdnd By &iidPlan! HAtERI8EkL C

d 4
18 o henmting mechanish Yok S 4" 23t MR on ong piger paf g
assenbl y. °°rresl’°nding FFiuted jeavityhdnothe pother epi%mfﬁb}'l tbeefluted

| ongi tudi - portions being complementarily tapered.

BRIEF DESCRIPTION OF DRAWING

Fig. 1 illustrates the orientation parameters in the SMC
20 Micromechanics Model for Composite Materials software program.

Fig. 2 illustrates a three-dimensional finite element
mecdel (FEM) of a prosthesis with bone cement, and cortical bone
with extracortical bone bridging.

Fig. 3 is a plot of the stress gradients through the

25 different material layers for the metallic and composite
implants produced from the FEM.

Fig. 4 is a schematic representation of the in-house
injection molding assembly.

Fig. 5 is a photograph of a randomly selected, longitudi-

30 nally sectioned PEEK/10% glass preform.

Fig. 6, consisting of Figs. 6a and 6b, are, respectively,
an image showing relatively aligned fibers (darkened) lying
predominantly in the 1-2 plane; and an example of fibers
pointed into the plane, and thus not chosen for measurement of

35 orientation.



30 nal ly secti oned PEEK/ 10% gl ass preform Fig. 6,

consisting of Figs. 6a and 6b, are, respectively, an i mage show ng
relatively aligned fibers (darkened) |ying predom nantly in the 1-2
pl ane; and an exanple of fibers pointed into the plane, and thus
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5 Fig. 7 illustrates the i®plant of the invention with the

mating flutes anq,the ti.p.flutes. . Fig. 8, consistin Fi gs.
8a and 8b, shoms%’rqésaeéﬁilﬁgraées the implang. of; Jﬁg?nb"‘%‘l’n*ﬁ%‘ ﬂitgbi%{he
around [a seeating dtluteseang the tip mfllubes. and a magnified picture of the
?FFed?edtTl In tfﬁ?g. f,tco?s§§fiﬁ§€bfﬂEﬂdE§ ?EEKnd 8b, shows, ﬁgfﬁ#ﬁ§i§g-2x)
illustrates a pysh-out test cross-sgcti,Qn of epox ) Kl ,
represent i ngf1 orﬁ‘e[ iwﬁé‘ﬁ‘é,ngt ﬁgtggﬁrfgtﬁﬂﬁd aé'mmg [ Se‘P’E’éP@i‘?éﬂ that did
not Rave a Timpdand;cend enbaduiflied piwtur@e of thenphbeddedirtiicin the

Fig. 10 is agpficellof eRd ¥Eefli spl acenent for four push- out tests
for sections of e}p,oxy, r.epresenting bone tissue, surroundi ng a

PEEK i npl ant havift§+-a 2T IAPFEY_ESS % MASHTOYL; fest cross-geptiqm ofepoxy
surface. 15 (magnified BiX}, tépréserstimai eone phsbuelttla®Ssaracainidea af tge
epoxy rmi e ' SERId R0 [ , Ao e
t he ?EF%(EK | ﬁfnlgn?h %Q%lérﬁmvf re coigl Tgnggﬁ%egéﬁe?%%de% f°4Ad
Fi g1912 i||d§!1?1aﬂtf\§sr;1%ﬁ£aPEEK i npl ant with enbedded Ti wire coi |
(magni fied 2X) afftiey. hei dg pusherd ebHMpad el.yaibphagéméme 4 four pREKY-

DETAI LED DESSR REN %fTEEc‘EW@ITA&r?oxy, represen‘!t:ir]:%engié %:tis%a%p i n

producing the inplant of the ipventio ] was, to develop a naterial
that has si rﬁq?;})‘ﬁﬁlﬁ’gnécﬁgﬁKcH}‘Plant haviggopelTii Bire 9o smkeddegndn A
nunber of pdithardmpllaatesantaces properties including sonme polyners

:Qﬁg?gﬁziﬁe ??LgkgﬁnoﬂghiEQustrates &' Push=odt EEBLANL M {10 e RS QSSnyor
g(magnif'ied 2X), representing bone tissue, that surrounded the
PEEK implant with Ti wire coil embedded therein.
Fig. 12 illustrates the PEEK implant with embedded Ti wire
coil (magnified 2X) after being pushed completely through the

20 epoxy.
DETAILED DESCRIPTION OF THE INVENTION

The first step in producing the implant of the invention
was to develop a material that has similar bulk mechanical
properties to those of bone. A number of polymers have such

25 properties including some polymers that may be stiff enough to
use as an implant without the need for reinforcing fibers,
e.g., Poly-X™ Self-Reinforced Polymers manufactured by Maxdem
Inc. of San Dimas, California. A key aspect of the invention
is the use of a material as an implant that has an elastic

30 modulus approximating the elastic modulus of bone.

For a composite implant, a high temperature thermoplastic
polymer, polyetheretherketone (PEEK), was chosen as the resin,
or matrix, material for its relatively comparable strength,
high toughness and previously recorded biocompatibility with



e.g., Poly-Xerr] Self-Reinforced Pol yners manufactured by Maxdem

Inc. of San Dinmas, California. A key aspect of the invention Is the
use of a material as an inplant that has an elastic 30 nmodul us

approxi mating the el astic nodul us of bone. For a conposite
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pol yet her et her ket one (PEEK), was chosen as the resin, or matri X,
material for its relatively conparable stYength, hi gh toughness and

gE$ngg$}%3§§§9£d€95£ﬁémégﬂ¥§J bbLEEXSEAEPbers were selectgd a!mkﬁéllﬁgﬁ;n

tissue cel | §eipfgraing imakardaje forsEhedr cstrangtie r ei nf or ci ng
materi al for thealthbuggidrbon fibers can Keé tusBginCc PEER) GlasssEiberse

used [n PEerg! 838000 Nelhuse the, gUELELENVED MBRAURSH! BReURLELLE! oS

nore cost eCt Ve, nj €cti on no
(desktri bed EBRodMIggEion m°1d1n§a§ﬁeﬁh9eEE%%QFW#uJQﬁ%%§§bFﬁbBP%Gﬁ}éwﬁ%ss

abrasi ve thaas§atbpécause the gYask iEipars amte w.eééwabg-la&&svef thanscaron.

transparent o %)%tr psttak1y, 4 the 1HEE2RYRANY Aid 'e AR pBl RALC L3P A0SYE: fin

interfere w |ve I'és ~of
constit uent tharePYamd Mill notalcevelaltst euadwsrm emterfere with post~-

Table 1 operatEbASrH-é‘aml PeBpdFEi &I vidad IBRBtYRLERL At éFidld
Mat eri al El astic Modul us GPa (psi)

Pmi%on s Rﬁffeol"i%ed in Tabd&-R - osin 4.2(0.6 x 10[err])
0.41 E-gl ass fibers 72.4(1.1 x 10[err]) 0. 20
To predict the properties of PEEK W t hpgljasg fibers, a sof t war e

package, calgrxb1CMEDULEMPOR aME SREGIIE IANDO FTEERPRATERTALS OF THYAlCOMPOES,
devel oped t ar#et ermi ne thernoel astic properties of 20 fiber reinforced

conposite naterlals was usedﬁ Thi s program uses the constituent

properties Eﬁ.lastlc ﬁmSu us GPa (psi) | Poisson's Ratio

15 PEEK resin 4.2(0.6 x 10%) 0.41

“ E-glass fibers 72.4(1.1 x 107) 0.20 j

To predict the properties of PEEK with glass fibers, a
software package, called SMC Micromechanics Model for Composite
Materials, developed to determine thermoelastic properties of

20 fiber reinforced composite materials, was used. This program

uses the constituent properties of the resin and reinforcement
phases, their composition, the fiber aspect ratio, and degree
of orientation of the reinforcement throughout the resin, to
calculate a longitudinal modulus for the composite material.

25 The longitudinal modulus for the implant substrate being

' created was chosen to be slightly lower than that of bone in

anticipation of the additional stiffness and strengthening of
the biocompatible, metallic porous surface to be added later on
in the fabrication process.

30 Commercial compounding services typically provide fiber
volumes of 10%, 20% and 30% for both glass and graphite fibers.
These are the compositions used in the SMC program to determine
material properties. Instead of relying solely on commercial



phases, their conposition, the fiber aspect ratio, and degree of

orientation of the reinforcenent throughout the resin, to cal cul ate
a longitudinal nmodulus for the conposite material. 25 The | ongi t udi nal
nodul us for the inplant substrate being created was chosen to be
slightly | owsvodsn@sr7t hat of bone in antici pati on of p¢tresedsissi onal
stiffness and strengtheni ng of t he bi oconpatible, netallic porous
surface to be added | ater on in the fabrication process. 30 .

Conmrer ci al o oungdi ng, s | typicall [ OV, oLymes of
10% 20% an /ﬂ"gh‘ %15?‘% égl‘? et} %pm%%er% {E 1|:kggrﬁlléﬁjam was lllﬁgée{:are t he
conposi t i onPreddgti the proper-tiasycfm i‘G gamer@eprositions buk with

properties. vargiagdsober cbyiditatdloplsy on comerci al WO

98/ 19617 RCT/USOT 3
data BB PERERCEERS e asnd &P dpecTiRg. (i iR Brienta- |
pred5 ct the tdomger t The parametemfy deapobhes dihe plenart fiber °rlem'-';m#’g

fiber orientsg 'tﬂ@s 1-2 lane, and f£]\Qe PHREHTRINY Sx3a8 Bﬁﬁéniﬁtﬂ&icﬁéiﬁ- t he
fiber orienta- ? i on The paraneter flerr] describes the. p nar

fiber ori enttd{"leoﬁ° the 3 ax‘i-?l g -1 12 -pl ZRE, PECIFIT HAS Ty | e§"f’ﬂe Ri al
orientation patiga of moduli foweedch idompdsakion(fran d)corfleteldygrandems run

to find the distr&butiag :? P:{b%g%jlgg al %1§§§be éd)'alfétgibﬁtﬁgﬂpl etely
random I on to a relatively aligned
di s1Pi but i o/fhel(yalues a‘l‘ﬁel%f%?%s”hr'réhllies?ed in Table 2.
Table 2 OQUTPUT FROM SMC PROGRAM FOR PEEK COWMPCOSI TES
Longi t udi nal Modul us GPa
(psi) Conposition (% fiber) TabdspBetel y Random Perfect |y
Aligned 15 OUTPYToFRQN| B PROGRAM FOR PEEK; GOMPOSI
10. 54 (0 83 %
| O[err]) 20% E- gl aps Longitu@in#l Modulus
16. 98 | (1" 19 cpal Qpei)] ) (2. 46 x
10[ err i
[ D Composition (¥ fiber) Completely Random Perfectly Allgned
15 10% E-glass 6.05 10.54
(0.88 x 10°%) (1.53 x 10%)
20% E-glass "8.22 16.98
(1.19 x 10°%) (2.46 x 10°%)
30% E-glass 10.65 23.15
(1.55 x 10°%) (3.36 x 105)
10% graphite 6.89 16.27
(0.99 x 10%) (2.36 x 10°%)

A composition of PEEK with 10% glass fibers had a predict-

20 ed modulus range from 6.05 GPa (0.88 X 10° psi) to 10.54 GPa
(1.53 X 10° psi) for completely random to completely aligned
fiber orientations respectively. Note that both values are
still less than the modulus of bone of 13.79 GPa (2 X 10° psi).
The lowest volume ratio (10%) of graphite fibers available

25 predicted a range of moduli with an upper limit that was
already greater than the modulus of bone. Therefore, the
composition of PEEK with 10% glass fibers was chosen to be the
substrate material for the composite implant.



30% E- gl ass 10. 65 23.15

(1.55 x 10[err]) (3.36 x 10[err]) 10% graphite
6.89 16. 27 (0.99 x
10[err]) (2.36 x 10[err]) A conposition of PEEK
wi th 10% gl as dsibairs had a predict- 20 ed nodul us r amgRusyrosesé. 05
GPa (0.88 X 10[err] psi) to 10.54 GrPa (1.53 X 10[err] psi) for
conpl etely randomto corrpl etely aligned 8 fi ber orientations .

respectively. Note that th v es _are | e h
modul us of bone 5P l%r‘?%e%ﬁfs(g SIBiRpd| PhsFYC wetd 'then ?‘%ehl %&es’? vol unme
ratio (109 deveyoppent eof |d:)dhs11a:na|eﬂameat2@°del (FEW)edicreated na#pe of

modul i withg BQMHB?ﬂrFihﬂé ﬁlf@tfen\ﬁainalysz.s Soﬂﬁﬁ%iy g.‘h%ah%aelhﬁﬂst:bﬁe
nodul us of bone her ef or PEEK \#th IO% | ass
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extracortica bone, cortical bone, bone cement, and implant

20 layers, are evident in the graph.

While the stress that the composite implant bears is much
lower than that for the metallic implant, the stress in the
cement and bone layers are higher for the composite implant
than for the Ti. This is a direct result of matching the

25 elastic modulus of the composite to that of bone. The compos-
ite implant is not bearing as much load as the metallic im-
plant, allowing the bone to absorb more of the applied load.
Therefore, the cortical bone layer bears more load when using
the composite implant, theoretically confirming that an implant

30 with properties closer to that of bone leads to the elimination
of the stress shielding effect evident with higher modulus
metallic implants.

Prototypes of the composite implant were made using a

pressure/injection molding system, shown in Fig. 4, developed
35 specifically for this project. The assembly consists of a

reservoir (1), where the material sits and heats up to its

molten state, with a channel (2) that is opened and closed by a
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pressure during cooling of the part increased their density.
Small pellets of 10% glass-filled PEEK, were heated up to

680°F to reach its molten state. Since PEEK is such a highly

25 viscous material even in its molten form, the injection pres-
sure was set at 75,000 psi. A 30,000 psi back pressure was held
while the part cooled from 450 °F to 275°F. The high initial
pressure created the fastest injection speed within the con-
straints of the system, and the back pressure forced residual

30 air pockets to escape. The production rate was fairly slow due
to the lag time in heating and cooling the system each day, the
limited amount of material used from one filling of the reser-
voir, and the manual assembling and disassembling of the mold
to make each individual part.

35 The prototype molded part is a preform of the final
implant. Several additional machining and molding processes
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The PEEK/10% glass composite preforms were also evaluated
non-destructively via C-scanning to observe if there were voids

20 or air pockets in the parts that might eventually interfere
with the strength of the part. The scans were calibrated to a
sectioned part to see what signals corresponded to impurities
and discontinuities in the material. The rest of the parts
were non-destructively scanned, and the results showed consis-

25 tently solid parts with no significant defects.

A random preform part was chosen and cross-sectioned,
exposing the flow pattern of the injected composite material
(see Fig. 5). Images of the micro-polished cross section were
captured at 40X magnification using an optical microscope,

30 producing a clear picture of the fibers. The image was then
digitally imported into NIH Image software to measure the fiber
off-axis angles with respect to the horizontal (longitudinal
axis). Fiber angles were measured from images taken along the
center-line of the part in a two-dimensional plane, spaced

35 approximately 0.1375 inches apart. The angle measured from
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by being tapped together and locked by the tapered press fit.

The intramedullary implant is also designed with a means

for resisting rotation between the first and second pieces. 1In

25 one embodiment this comprises a six-fluted interlock to insure
that the implant is rotationally stable. Flutes were chosen to
minimize stress concentration while maximizing interlock or
fixation but any keyed or indexed means to prevent rotation,
such as notches and recesses, are acceptable. In addition to

30 using an adhesive to seal this connection, the mating flutes
apply a positive lock during torsion.

The design of a six-fluted mating interlock is alterable
in consideration of the surgical procedure for implanting these
devices. The addition of more flutes would retain the strength

35 and resistance to torsional forces, while decreasing the angle
between each mating flute. This decrease in angle would make
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which may require that the wire coil be inter-meshed, i.e.,
overlapped, to achieve.

The desired pbrosity may also be achieved by using HA on
the implant surface instead of Ti or, without Ti or HA, by

25 forming different surface roughnesses on the material forming
the implant. Surface roughness on any material increases bone
cell attachment and can be created by using a mold with a
roughen surface or by some treatment, e.g., etching, sanding or
sandblasting, of the implant after the molding process.

30 The titanium coil can be embedded into the polymer via one
of several methods, all of which should be done in a vacuum or
inert gas atmosphere: 1) the coil is heated via electrical
resistance while being pressed into the polymer; 2) the coil is
preheated in an oven and then placed around the polymer while

35 being pressed into place; 3) the coil is heated by induction in
a high frequency RF field while being pressed into the polymer-
ic surface; 4) the coil and polymer surface are both heated by
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and around HBﬁeTan&UInﬂF‘ont MRChike’ ﬁerformincgy lg%ﬁ%g'ragnsgﬂpfgééi&? %ﬁ' ne

per form ng conpression of a
order to prg¥ggflﬁ3’f the results of the push-out tests repr esent

the2% orces at thEniowxder duwe provehthabi thentedults of the paghxyut itedtgnd of
the PEEK angehRgsén@*the ¥brdéls! bl th&Sint¥Srace of the coil and the
epoxy, instead of the PEEK and the epoxy, an initial test was
done using a section of the implant without any coil embedded
in the surface. The results showed that there was no bonding
25 of the epoxy to the PEEK. The implant was smoothly pushed out
with a maximum load of 540 1lb, creating a shear stress of 419
psi. Fig. 9 is a cross-sectional picture of the epoxy that
surrounded the part. It is obvious that there was no shearing
. or failure of the epoxy, which would have resulted if it bonded
30 with the PEEK.
Tests were then done using sections of the implant with
the coil embedded in the surface. Three tests were done with a
low rate of displacement, applied at a constant 0.05 in/min.
The maximum recorded push out load was an average of 3386 1bs,
35 with an average maximum shear stress of 2269 psi. Test 4 was
done with a higher rate of displacement, applied at a constant



done using a section of the inplant w thout any coil enbedded I n
the surface. The results showed that there was no bondi ng 25 of the
epoxy to the PEEK. The inplant was snoothly pushed out with a
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maxi mum shear stres .4 was . done with a higher
rate of di shhdkhek0. afpe canststenghdisbvious with tests 1-3,3ngsAige17
PCTBUS97/ 038téeper slope is shown for test 4 (this maximib force was It

| n/mn. Theré@&@&&&“&ﬁ%ﬁ%ﬁé&?%g%&g?’asg%@r‘é‘foﬁ'gmé’éfﬂaﬁ@d from Itlhet he

sl ower tests. i splacenent curves for all tests
are shown ultimate gheay styesshef cHheieRBoy SEBCELHTRS RPAKY IFIRRYetelY3 and
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recorded quj,ckly. enou nd. was_theref.or e, .esti ot

ultimate sh%}é?kt s%‘frez:sos}g{)ate %t %leleeﬁi(%‘(gj glhéc gnt ﬁ%‘%%%@f% np e{&g‘? y"a'poxy ar_‘d

f ailled) . Fixenained completelycanchered pirn ttihee PEEK, hevepbyally fracturing
Surrfu?dfd the &pdity. Th?ﬁThSEHSﬁieéll O%Htéla:flddke ofPeN¥ epéytlin thehl’d?.imi ned
conpl etely ancho in_the , s £ventua r . pOXY.
The nechani%‘gffﬁ’%t% q SERXS wtlﬁg bgﬁ? #rl‘{%sefpé%?’%g Lﬂgough'pulﬁle%’ t 2g epoxy
with it as showmsthaipeat efteughelmy gustped completshyykhronglpdihe fmoxy .

bei ng DSSh?ﬂhéoéh K&ttﬁi@idf o g’ﬂhéﬂeré&M%S d attt:ﬁchetdp;ﬁé '&lﬂ?l&‘éipfpx&ﬁﬁw t Ithﬁt
remai ned at}ac Q the_cai rpve at. _the nterl oc
of rﬂhe mat e{:‘?%’ e‘fq'fﬁ A& Qngerf?)%]? K & F‘g%‘srflgl%%ﬁ?‘% rong.

The push ouporeuws sswifisder et hatrenelyistsing.i s nechani cal - |y

| ocked in the Sufeqmetl oubetoBBhadbne AN ithe takolficia mechaniBaal
amagi ng str ai e, i nt/coi.l interface wauld experi: , en
ot ant ad | Toote D Y sRPEare Cof i Sniilnt . Bohtiating, trdll el
coil is essuostddamagiconwtanini the hbuplant/coil inteyface TweulbdmRHREX¥~ epoxy

rfe%i ni ng iénééewﬁéﬂ lipfp3 dnfte@dn vivo is PUSROEak!)r eHabe SEE¥Es e this type
o porous S;%oggﬁ éhsatmi:rhee Ti coil is essentially permanent in the sur-

face. The amount of epoxy remaining in the coil as it was

pushed through shows that this type of porous surface is more
than adequate at providing enough space for a material (i.e.,

25 the epoxy in the test and bone tissue in vivo) to grow through-
out it and create a mechanical interlock. Test 4 (performed
with a higher rate of displacement) simulates a worst case
scenario of the force the implant might see if the repaired
bone experiences a major impact.

30 Clinically, the use of an implant that has an elastic
modulus approximating the elastic modulus of bone will have a
great impact on the orthopedic industry. Long term advantages
of this new technology include a decline in the amount of
revision surgeries necessary, reducing the rise of health care

35 costs. The new implant will have a longer fatigue life, which
will better serve the younger patient population, with a lower
probability of recurring pain and surgery for the patient.



t han adequate at providi ng enough space for a material (i.e., 25 t he
epoxy in the test and bone tissue in vivo) to grow through- out it
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rate of displacenent) simnmulates a worst case scenario of the force
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I npact. 30 Clinically, the use of an inplant that has an elastic
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wi Il have aaieé'a@éd fﬁ&*tﬁ‘dﬁ bief Bondhi € implant %h.brbgih rasﬁiéémdﬂl%s-

%g?ﬂggadpgh g 98 ula ggpr%ﬁte?astlc modqhasggp%§8¥§ma ing éhe 'elaetic"Y

PCT/ US97/ 03868@ulus of bone- 16 We claim 1. An

or t hopedi ¢ i npl azt f%r&&mﬁbagcalﬂ@fﬁmf&r z@pisaaﬂs 80hikomgioone, the
I mpl ant conﬁ |S|n a thﬁé, S tic polyner aV|n% e astic anf us

appr oxi nmat i bs?ﬁ% N 9&uPaBe ot iplant comprigigg: f SRS Fﬁblant
for repIaC|qgmprnstmgmg or diseased portion of bone, the inplant conprising

a conposite conprising: a thernopl astic polyner; and a

material for reinfarcing._the p0|é r; wherein the conposite has an
el astic nodul us & %Eﬂé%%ﬁsﬁﬁctﬁ 1yprext iahdodul us of bone. 3. The

inplant as recited in claim?2, wherein the polyner conprises
poIyetheretherkegcu§¥é§¥§§€kor reinforcing the polymer;

wherein the composite has an elastic modulus approximating
the elastic modulus of bone.

3. The implant as recited in claim 2, wherein the
polymer comprises polyetheretherketone (PEEK).

4. The implant as recited in claim 3, wherein the rein-
forcing material comprises glass fibers.

5. The implant as recited in claim 4, wherein the glass
fibers comprise between 5% and 35% of the implant by volume.

6. The implant as recited in claim 4, wherein the glass
fibers comprise 10% of the implant by volume.

7. The implant as recited in claim 3, wherein the rein-
forcing material comprises carbon fibers.

8. The implant as recited in claims 1, 2 or 6, further
comprising a porous coating on a surface of the implant.

9, The implant as recited in claim 8, wherein the porous
coating comprises hydroxyapatite.

10. The implant as recited in claim 8, wherein the porous
coating comprises a roughness formed on the surface of the
implant.

11. The implant as recited in claim 8, wherein the porous
coating comprises a biocompatible material partially embedded
in the surface of the implant.
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4. Thé inplant as recited in claim3, wherein the rein- forcing materi al

conprises glass fibers. 5. The inplant as recited in claim4,
wherein the glass fibers conmprise between 5% and 35% of the inplant by
vol ume. 6. The inplant as recited in claim4, wherein the glass
fibers conprwees/idss of the inplant by vol une. 7. ThecrigsbAgkasAS
recited in claim3, wherein the rein- forcing material conprises carbon
fibers. 8. The |an ant as recited¥n clal m; 1, 2 or 6, further
conprising a porQus [ on,a_surf

i npl ant as recit (r#% &m%lgntmﬂ%rﬁ?%%ﬁ?g ggfl‘ﬁ‘é‘”&%’ﬁbﬁ@é&”'

hydroxyapat¢@mpatlble mtepiali fphpnises trmmm | n claim8, wherein the

porous coating cpypriTHRS 1ﬁpﬂﬁﬂﬁhﬂ§5§eéi¥éﬁ3(1rp%ﬂaﬂﬂ 240 f gheréin Wi iER-aNt .
11. The i npl ant %aq recited !P'? claim8, wher el n the por ous coating conprises

a bi oconpat FEIRAYARS “ﬁteﬁé 8?1“9%%%&&?% the surface of the inplant.
WO 98/ 19617 14. The implant as recited in claiRCIB8USSHéX&R8dhe coil

17 123 Ty Aoudd EfRel Ifshdar Cl @i m 11, wherein the bio-
conpati bl e naterlﬂarlsw onpr.1 ses tltﬁ}uﬂrﬁ 13. ,The inplant as recited in

claim 11, whereilPt h&h§ dMPAERHRF Feeiad dmcladfpif s c¥herein |the coiliy
The i npl ant issemiseridest] tion acdepth 18f hétawemm 1i/3c andi /2 Sofvr tipp alli atetidrd t he

i mpl ant . %@ q_flnplant as recited in claim 14, wherein the coil is
enbedded to a tch between 1/3 and 1/2 of the dianmeter of the coil.

16. The inpl ant ﬁ%‘ r dhi® dBPLANE| 8% Kaciteghdnecdainr 18y vherein, affer
partially etiedstedd iz pactialiacenibédddie inthenkurtacei of etlsd | i3gH k!, ween

t he nonembegygled; pantiqnsg Lewsf_ﬁ%el g?&%s},ﬁe&:ﬁzalﬁgﬁfoﬁgoof“&{eow §fs-

17. The inplant as recl ted € COl rise
titanium ¥ange Fromd 50y kPraAP0 MigRemetars.n claim 17, furt her conpris- ing
a first piece amy.a Teeoddppanteas thecited inedasfcos| PMerssn aid@dia ned

and | ocked é&g‘g{@s l@it%?:ihﬂt.e” ocki ng

18. The implant as recited in claim 17, further compris-
ing a first piece and a second piece, the first and second
pieces being joined and locked together by an interlocking
means comprising:

a protruding member on the first piece, and

a cavity in the second piece for receiving the protruding
member.

19. The implant as recited in claim 8, further comprising
a first piece and a second piece, the first and second pieces

being joined and locked together by an interlocking means
comprising:

a protruding member on the first piece, and

a cavity in the second piece for receiving the protruding
member.
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means conpri si ng: a protrudi ng nenber on the first piece, and

a cavity in the second piece for receiving the protruding menber .

19. The inplant as recited in claim8, further conprising a first piece and
a second piece, the first and second pieces being joined and | ocked

t oget her by wemesmter | ocki ng means conpri si ng: a propé&pdiamsgggnber on
the first piece, and a cavity in the second piece for receiving the
pr ot rudi ng menber . WO 98/ 18617

PCT/ US97/ 03836 . . . 8, 20, The inplant as

recited in claiff19, ThErHREAE A5 FESLERY %a‘ié“f”brlgr'efluﬁpﬁﬁ ?B{P@ﬂ%ﬁ

bet ween t hénfi meananfiox aemidtiingceotation kdatweadne thepifimstasndesecendin

claim 20, yheegkh the rota- tion resisting neans conprises a flute on the

protrudi ng menber and a corresponding,fluted opening in _the,cavjty.

52. The i npl ant 2&s rDes (TRPYATE RS, FROSEGLh ¢F 1A ohtsr SDEFREH FRS HERERT and

t he cavitytdon respstimptmeansy conprises a £luids . onllthe proartdisgreenbexd i n

claim 22, ar 81 BotPés :ﬁﬂp%ﬁh&%dtEgeﬂiHGr%ﬁﬁﬁﬂé'HﬁvT%§.°n the first piece
n

and the end opposite_t e,caV|H¥ on t Seco igece are_ both fluted
24, An intranmed@BtarPre iRIANY @8 repiled nip £IAiai20; shegeinathe PYRTi on
of bone compudihgomember and the cavity are complementarily tapered.

23. The implant as recited in claim 22, wherein the end
opposite the protruding member on the first piece and the end
opposite the cavity on the second piece are both fluted.

24. An intramedullary implant for replacing a missing or
diseased portion of bone comprising:

a first piece comprising a first end for insertion into
the medullary cavity of a bone and a second end having a
protruding member thereon; and

a second piece comprising a first end for insertion into
the medullary cavity of a bone and a second end having a
cavity formed therein for receiving the protruding member
on the second end of the first piece.

25. The intramedullary implant as recited in claim 24,
further comprising means for resisting rotation between the
first and second pieces.

26. The intramedullary implant as recited in claim 25,
wherein the rotation resisting means comprises a flute on the
protruding member and a corresponding fluted opening in the
cavity.

27. The intramedullary implant as recited in claim 26,
wherein the fluted protruding member of the first piece and the
fluted cavity of the second piece are complementarily tapered.

28. The intramedullary implant as recited in claim 25,
wherein the first ends of the first and second pieces are flut-
ed.
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a first piece conprising a first end for insertion into the medul | ary
cavity of a bone and a second end having a protrudi ng nenber thereon;
and . a second piece conprising a first end for insertion into

the nedullary cavity of a bone and a second end having a cavity forned
therein for weesi%sing t he protrudi ng nenber on t he segpendseindsssl t he
first piece. 25. The intranedullary inplant as recited in claim 24,
further conprising neans for resisting rotation between the first and

second pi eces. n J 1 5! Ia|n125
wherein the rota |on%?185|1§§r?1 @%co%ﬁ'?ggggg *?é‘;?téf rf%;eiapg‘o radi ng
nmenber and %PRﬁhﬁﬁé§P@RHFﬁgnﬁl%tERFQHﬁHﬂqqﬁlpﬁ PReacayrface of the7 im~The

i ntramedul |gxand.mpl ant as reC|ted in claim?26, wherein the fluted

protrudi ng menmb of he f LSt e and the fluted cavity of, . t.ne_second
pi ece are conplgﬁﬁ |Iy 55%? ary i an*hgs ??%ﬁkéhﬁh |%?Hﬁh§?dnt as
recited in vdienammshevmemua cort ing somprdsest hy@roxyapatities second pi eces

are flut- ed. 31. The $hPBiné@d1Nary implant as reclted ln clalm 29,
PCT/ US97/ 03836

i nt ramedul I¥RSFeIR RS PREOREFRARLNG, GamRLiFSE, afE???Rﬁeﬁﬁnﬁﬂqqﬁquinatﬂﬁrous

coati ng on susfladenof &hethmplnntplant 30. The |ntranedullary |nplant
as recited in clgim3fe Wherghdaiita f3RLNPeE 000 | P Tl
hydr oxyapat i te. e. Theé?ntranéﬁplﬁ&aa ? as ré%fteg' i m 29,

|
wher ei n thé“HHFUﬁSt@ﬁa??ﬁ@“ﬁoﬁ?ﬁ?%ﬂ%;quﬂﬁhﬁﬁﬁe s B??HRPY%P%?N?@ﬁﬁFP& e of
t he |nplantpartiall&ZemEhddedtlnnthhnSunﬁpcenpfahheasmprnnt£uj| n claim 29,

e o Porc 98 M cpiRnceme Soasangl eI o) sttt 1Y,
as recited Yhergin ﬁpgzblocompatlb e material 1s titanlum.

34. The intramedullary implant as recited in claim 33,
wherein the titanium comprises a coil.

35. The intramedullary implant as recited in claim 34,
wherein the coil is embedded to a depth of between 1/3 to 1/2
of the diameter of the coil.

36. The intramedullary implant as recited in claim 35,
wherein, prior to being embedded, the coil is wrapped around
the implant.

37. The intramedullary implant as recited in claim 35,
wherein, after the coil is embedded in the surface of the im-
plant, the interstices between the nonembedded portions of the
coil range from 150 to 200 micrometers.

38. The intramedullary implant as recited in claims 25,
29, 32 or 37, further comprising a thermoplastic polymer having
an elastic modulus approximating the elastic modulus of bone.

39. The intramedullary implant as recited in claims 25,
29, 32 or 37 further comprising a fiber reinforced polymer,
wherein the fiber reinforced polymer has an elastic modulus
approximating the elastic modulus of bone.

40. The intramedullary implant as recited in claim 39,
wherein the polymer comprises pclyetheretherketone (PEEK).

41. The intramedullary implant as recited in claim 40,
wherein the reinforcing fiber comprises glass.
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wherein the bioconpatible material is titanium 34. The intranmedul | ary
inplant as recited in claim 33, wherein the titanium conprises a coil.

35. The intramedullary inplant as recited in claim34, wherein the coil is
enbedded to a depth of between 1/3 to 1/2 of the dianmeter of the coil.

36. The int veowsiekizary i nplant as recited in claim35, whepei/osoriasgzer to
bei ng enbedded, the coil is wapped around the inplant. 37. The
intramedul lary inplant as recited in cl &% 35, wherein, after the coil is

enbedded in the gurfgace of the i lant . .the intersdti b n,t he
nonenbedded portédns F %ﬂ%r%ﬁu% e 1PPLAR S%St%e%%ren%'@r g%)tr]fe\é?ergg"

38. The i ntwhemednl theyglaps sfibers comprdgei 03| of thesinpdant3pyoyolyme.
further conprising a thernopl astic polyner having an el astic nodul us
approxi mating the el astic nodul us of bone. 39. The intranedul | ary
inplant as recited in clainms 25, 29, 32 or 37 further conprising a fiber
reinforced polynmer, wherein the fiber reinforced polyner has an elastic

nodul us approxi mating the elastic nodul us of bone. 40. The

intramedul lary inplant as recited in claim39, wherein the polyner

conpri ses pol yet her et her ket one ( PEEK). 41. The intranedul |l ary inpl ant
as recited in claim40, wherein the reinforcing fiber conprises gl ass.

WD 98/ 19617 PCT/ US97/ 03836

20 42. The intramedul lary inplant as recited in claim4l, wherein the

gl ass fibers conprise 10% of the inplant "by vol une.
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