;nopge3e/, | RL6TI 3 FEB 2004 MANUFACTURI NG SYSTEM AND METHOD RELATED .. . .
APPLI CATION This application clainms priority from provi si omhml?ﬁ%ti on
No. 60/149,896, filed on August 23, 1999, the contents of P r

i ncorporated herein by reference. TECHNI CAL FI ELD The present invention
generally relates to articles of manufacture and, nore particularly, to a
met hod and apparatus for manufacturing objects having response: -0 . i
characteristics that are optimzed for a desired application or use.
BACKGROUND AND SUMVARY COF THE | NVENTI ON Hi storically, analysis perfornmed by
engi neers is one st eMANUFACTUORING PSSR ANDNOESH: t to sinmulate and
verify real -worl d expected performance of engineered products. 15 Conpl ete
nodel s containing informati on such as geonetry, naterial properties, |oads
and analysis type are entered into an analysis program and basic results
such as di splacenents are c¢ u d; se_val ues can then be conpared to
predetermned limts of themﬁlﬁpmpbf sotropic, orthottropic, or
ani sotropic,.to locate any critical areas in the nodel. Areas of the nodel
t hat exceed T&fﬁﬂ?&g\eﬁ% ‘%EF“I‘%‘ RAQHH & previsionak Agplicagion &b. 60/ 209,886, ai n
positive margins of safety, although a majority of the tinme, areas of high
mar §i nfidgd rafiugyst 38 1999 thewnuteasgedvinch mtinm@pdameaefémihbzrraﬁe}émé. such as
changing the material or conponent geonetry can reduce the margin of
safety. This process is both I engthy and not very cost effective. 0 3 FEB
2004 A nmet hod known as Vol unetrically Controlled Manufacturing (VCM can
assist in reducing cost) tine ing, and margi ns of safety. VCM
is described in U S. Patent No@@%%‘?g%i%nd ~, ~94,6~ |, the contents of
‘which are i t. erein.  VCM may be applied, for exanple, to an

"ort hopedi ¢ g?’%@%g%‘?‘é ger?%\%ﬁa er"i"IIYW I%‘S%/%?I “Fﬁ?lﬁg%fﬁlﬁi“éfﬁﬁ&éq‘%‘)dv IFHES procedur e
i nvol ves repl.acing a, patient's hip with a hip stemrso as to maintain the
pat i ean?C% %i'BA0BTES oA pRASFRNY {PrFRangficraingved) ¢ctniopvimg responsEr adi t i onal
anal ysis revealed a couple of areas of hilt stresses that an isotropic
mat@r i eharyiesistiae dat enstaptisnizadoiion didegjrducpelienidncaused pain in the patient and
premature failure of that sane bone structure) pronpting post-THA surgery.
The problemthat arose involved using a |0 configuration and material that
was nmuch stiffer than what it replaced. Attenpts at reducing the stiffness

i nvol ved using cpRpesti AR AN Imq'!b@ g r failed due to
i nter-lam nar shear causing %‘é‘f’g% nat i on?%mﬁé matri x/fi ber

di sbondi ng. yThese, failures occurred due to an inability to come up with a
ol y ‘conf | guIr'ha Ltqn(g:%ly,ha&afyéme&&mned gy éngineers is one step in the Yong process i the

(7]

o

attempt to simulate and verify real-world expected performance of enginecered products.

15 - Complete models containing information such as geometry, matenial properties, loads and

analysis type are entered into an analysis program and basic results such as displacements
are calculated. These values can then be compared o predetermined limits of the
material, whether fsotropic, orthotropic, or anisotropic, to locate any critical areas in the
model. Areas of the model that exceed any specified limit need to be reconfigured to

20 obtain positive margins.‘ of safety, although a majority of the time, areas of high margin of
safety are left unchanged or not optimized. Iterations such as changing the material or

component geometry can reduce the margin of safety. This process is both lengthy and

not very cost effective.



w w t hstand the | oad environnment and uni que structural properties of bone.
15 In order to provide an efficient analysis tool to deterniqfaqqggqﬂm%nun1
mat erial properties for an engi neered product such as a hip stem a

di fferent approach fromtraditional analysis had to be nade. The VCM
process enconpasses this new approach. Instead of determ ni.ng the..

di spl acenents, stresses and strains in a product using traditional analysis
nmet hods, through real world testing, displacenents are recorded and 20
entered into the analysis. The material properties are now the unknowns and

are sol ved forA mahdekeswbed Violrge@RbBY CIREA ' he Lal .
properties may be solved for in an itg ati veieg#g ﬁg%gé&np%@;@‘s “FhEsishal ysi s

cont i nuesinuBdudi gsmgifngﬁe@ Lamat s, di spl . 3.FEB 2 di spl acenents all
within a 1:peci fied toler andc%e. I%ﬁﬂ?kﬁj\%ﬁ@%ﬁlgﬁoﬁa&[& ?’gﬁwﬁ dessgedigidSnues

until co e <Qpt,iJd.zing the entire nmodel for its particular
envi ronrrerlyﬁférgn l%’gg@ﬁy%‘?}aﬁ%ﬁb@i’W%Q"ESP%)?EW\?E?‘WWGWHOMM hé¢reinuse of

conposi tev{zgf er i gl S qeca%use they can be tailored in many different ways to
come up w TH PREOHERRIE (Sreramp AR gEhesedic prbdelarei isonaR I THARTalk! Hes t hat
have | ess tailorability in conparison to conposites. The optim zation may

al so Be eXABMREEEY o Thsmreeidurhavolyes reflacind a1patenss hipabitk o8 dref' B bpE
above-descri bed processing. For exanple, the systemmy be ‘constrained to
find a sahaipiabrthe patidricshphtykielddicditc@paliy e neeTRAlSH 4 + | &) ,.that make up
t he object 10 have certain syr?rretrigs. By way of ﬁ?ﬁglt\éﬁé iglﬁ,d"ti?'f@s system

may be cansiysiardvesiedd chlpR F SQlsUir L i,ch the vaxels are_isotropic or
are transversely isot rcop?%. I npog%ﬁr??g&s%%ﬁyggﬂ%%? PPERPIG atereal Siipiacedns

i nproves SRy ahil i fini.ng each voxel in ternms of properties
(e.qg., PO sso%ﬁgﬁ#gf ;B!c))%lé %%%usgg%mpggg PRIk ang prerpaturesaiiere afthatisare have

certain mmetries, thraqughout_the voxel. In sone inplenentations, the
system n@é“%%p—”f r?:’(ﬂ’l'f’i”@ﬂ?gﬁoftowaﬁtfé 4b¢ problensthioarossiololopd asivgxel s,
transversely isotropic voxels, and for anisotropic voxels. The actual

sol ut? onCeRfEEITHioN ardndtedaluhinganeyci e fthasenviesesafed hendghabi ve ease of
control ling manuf acturing equi pnent to produce the desired object. As

ment i onetedabing ehe wiffrpesinvel veatS I BdcmmsRe HSakyl v cause they .can 20
be tailored in many different ways tolﬁcorre up Wi gﬁéstehae g %V&evr?ﬁ?%&fjal

proper t ydustoGaRPashing MLEE4RINJ ' ion of..two or re materials in
whi ch the individual materi al sn“r%mggg%gﬁafeec% Y FEEHE Foiiebanding . one

way to Ceppsk| ' material is to lamnate structural fibers in
appropri a!ti'e;s %ﬁ?ﬁ%@gg‘g%g% i%ofl% RGO £9,6ume up with 2 ply configuration that cosid

& withstand the load environment and unique structural properties of bone.

15 In order to provide an efficient analysis tool to determine the optimmum material
properties for an engineered product such as a hip stem, a different approach from
traditional analysis had to be made. The VCM process encompasses this new approach.

_.Instead of determining the displacements, stresses and strains in a product using
traditional analysis methods, through real world testing, displacements are recorded and

20 entered into the analysis., The material properties are now the unknowns and are solved
for.

As described in greater detail below the material properties may be solved for in

an iterative analysis process. The analysis continues untl specified elements display

(B



O 3 FEB 2004 w, fibers. As described in greater detail below the matrices.
i n-which the fibers are incorporated may be nodified to incgyggqﬂgﬁﬁgén
"inmpurities". In the case of a THA, for exanple, the inpuri

bi ol ogic material, bone, crushed bone, co-factors, biological cells,

bi o-active nmaterials, nedications, antibiotics, radioactive materials, etc. -
5 BRI EF DESCRI'PTI ON OF THE DRAW NGS These and ot her features and“advant ages
provi ded by the invention will be better and nore conpletely understood by
referring to the follow ng detailed description of presently preferred
enbodi nents in conjunction with the drawings of which: 10 FIG 1

i | 1 ust r at displdsemaat piideitugy spevifiet miéantdrinnigs MayObi @F4td braGROEGANREs W t h

the present invention; FIGS. 2A and 2B illustrates forces applied to the
fenoral head! afnvergenee, dwrtbig optigiang 8@ StiANGEIARG: ifd Sidld 1 hai r
respectively; FIGS. 3A and 3B illustrate a force applie l{rggg%ﬁg?rﬁc@iagg hi p

and t he r esdidcaddndkpnSt t - F 4 illustrates a finite

el enent nodel of a prn os'tTl.ﬁsZ%g?:s \Fﬁrg I%I ég%e%ﬁu%en‘%f%gg‘pf’f‘h@ﬁc&%é%ﬁﬁ‘@?i al
propertie X L.+ ustrates functional nodules that may be
used to iﬁrrggee&t‘{rrg%tg %ﬁﬁc’é&{{rﬂgg?& d‘iﬁlr‘?\r/eé"%t""fagﬁfo SpngyRavitl thesdesirgd matera@l agr am of an

envi ronnent whi ch 'tkrga%: be used to inplenent one or nore of the functional
modul e5 oPTOBFEY: Uik iSptepis metallics shat breeriess eilofabdity prtongladsanmut er f or
controlling a manufacturing machine. 4 03 FEB 2004

composites. _

The optimization may also be exrended to control the type of solutions that result.
from the above-described processing. For example, the system may be constrained to
find a solution in which the finite volume elements (“voxels™) that make up the object
16 have certain symmetries. By way of illustration, the system may be constrained to find a
solution in which the voxels are isotropic or are transversely isotropic. Imposing such
symmetries on the solutions improves manufaéturability by defining each voxel in terms
of properties (e.g., Poisson’s ratio, Young’s modulus) that are the same, or that have
certain symmetries, throughout the vael. In some implementations, the system may be
configured to generate solutions for isotropic voxels, ransversely isotropic voxels, and
for anisotropic voxels. The actual solution used for manufacturing may be chosen based
on the relative ease of controlling manufacturing equipment to produce the desired
object.
As mentioned above, composite materials are useful for VCM because they can

20  be tailored in many different ways to come up with the desired material property. A

composite material is a combination of two or more materials in which the individual

materials remain separate on a macroscopic level. One way to construct a composite

material is to laminate structural fibers in appropriate matrices compatible with these

(¥3]



DETAI LED DESCRI PTI ON OF EXAMPLE EMBODI MENTS OF THE INVENTION FIG 1 will be
used to describe a nethodol ogy for manufacturing an object or_ part in
accordance with the present invention. As will becone apparel&§)fFrE(5n20%
description 5 bel ow, object or part (hereinafter "object”) as used herein
refers to any -object that may be manufactured by a process or technique in
whi ch manufacturing paraneters nmay be controlled to vary constitutive or
material properties within the object. The methodol ogy for nmanufacturing an
obj ect in_accordance with the instant invention is based on solutions of

t he equatfibses. 145 qes§riad) in{gxgatevhizea! Beldw b mastues sn ahfchehdibsahrani | | be
applied to the object in its intended use, {x} represents a potenti al

cor r esporinkarportied ey teppbdididd th Blctbde@BRail KimpiBRlees Rl e AR JFRNETA Aor
properties of the object. The nethodol ogy of the instant Inventionh nay be
utili zed ewhinpleaih¥ iBRKE alat : i i ] t he nuf act uri ng
paraneters mgy be I\Ii}gri eﬁ%%?ag%}%‘f gﬁggagipg?%:&ﬁégﬂéig% esgo'g%t%’ a brai der
may be u : > ' conposite ohjects. Fiber conposite

mat eri al ?gg?%g?ﬁ%fﬁg&?ér#{cvr%e%@?ﬁésu%‘% “é‘glof’ﬁém?}b’l‘?é’ﬁ’ 103G VAERAEET 3 Cfcor
conpopents such as body panels of autonobiles) aircraft, prosthetic

i nplants, golf club shafts, tennis rackets, bicycle franes, and Fishing
pol es. These conposite materials offer 20 high strength equal to, or
exceedi ng, that of net BRI RESERIBTION OF TEEDRAWINGS | e at the sane tine
are lighter in weight and have other inproved functional properties.

Par amet er s suJhessantfothes ffezrdreptind bévantagedprovived ba i RheARRANE] be BREr

thi ckness of the fibers) and the tension applied'to the fibers are
cont1 ol e rexeanpibly aidkisaassy RRRGL 1 88 iop 4FER 004 Blod B 110
Skl t on. PRReEYARELE ARG i laieh ki Peran Bss ot iichs U S Pal . No.
4 97?0 262 to Isﬂﬁol illustrates the methodology for manufacturing an object in accordance with
the present invention;
FIGS. 2A and 2B illustrates forces applied to the femoral head of a hip during a
one-leg stance and rising from a chair, respectively;
FIGS. 3A and 3B illustrate a force applied to an in vivo hip and the resultant
stresses, respectively;
FIG. 4 illustrates a finite element model of a prosthetic hip;
FIGS. 5A and 5B illustrate material properties databases;
FIG. 6 illustrates functional modules that may be used to implement the present
invention;
20 FIG. 7 is a block diagram of an environment which may be used to implement one

or more of the functional modules of FIG. 6; and

- FIG. 8 is a schematic of a control computer for controlling a manufacturing

machine.



Coirposite material s may al so be constructed by | am nating structural- fibers. .
in appropriate matrices conpatible with these fibers as dechgP?E i &g:s
Pat: No. 5,023,800 to Carver et al. Fiberglass is a wi dely uSed gng ite
systemthat incorporates glass fibers within an epoxy resin matrix. For
formation of aircraft conponents nore exotic conposite systens-having

i nproved properties are desirable. Currently available for use are exotic

i norgani.c materials such as carbon fibers, boron fibers, inproved gl ass
fibers, 10 al um num oxi de fibers, inorganic whiskers of different materials
and certain organic fibers such as aram des and extended chain

pol yet hyl enes. These fi bers or whiskers are incorporated as threads,

fabrics, MEETARED BESCREBTION QRERAMSLE EVEODIMENTY OF THYS INVENTION

t hernosetting epoxi es, polyesters, polyethers, polyimdes, and

bi smal ei i des s ltﬁﬂﬁrb@‘ﬁ% {deberitd! Y A ABL LD B m ORI a2t LQ N B

pol yet her ket one ol'yphenyl ene e er sim pol'ymeri c

material s.. Co site.objects may be forned utilizing nolLding techni ques --
Using ef t BACERTEFR BT BESTR B eaPan o 3l SRR SRR FORLYE CERFTN AL ect
or an interpal mandrel type mpld on which the conposite object is built. A
nol d ufi | bRty fobject peParoiharsinadar :efiecs Uras vgedrerainaefeprsiany obiscednat ingy bal | ed
a bonding tool and the curing is carried out under precisely controlled

t enper at umemwizdir2d bp a@swessey. te¢hriqedo vdacc mamithttuing paapects ohytke present
invention, certain "inpurities" may be introduced into the matrices in

whi ch t he chhielle Bhary AROiREVAbEatelia] frdpeios #itBin e Shibet. Ffe MXABRbIBey t he
inmpurities nmay be biologic nmaterial) bone, crushed bone, co 3 FEB %004

factors,  BbOLOREAHAE S)iedlif afldhide TRIEHL Hshm: ARAMEAH s ¥0d ARG €.
‘radi oactive materials] and the |1 ke. VCM provides manufacturing on an

el ement-by-f | enent basis and the outer surface el enents can be nade to

i ncl ude i Pt WA x material a certain per cent age of the above-nenti oned
inmpurities. The actual percentage ma¥ vary with 5 depth fromthe surface
(e.g.,!%as the surface is approached,{fth&Id&hcent rati on may be increased).
By incorporating, for exanple, biological material in a THA, biol ogi cal
growt h t o wheee { fiptpmsenis s8¢l tiawil despphed @ttkelobjed: imidimendedniser {x }
antibiotics are incorporated in the THA, the nedication can diffuse out

into the sepreqiaici fderitiasoteRpotiife eraFgEedOﬁél&,%ﬁ [léFﬁePﬂ:s&@Q{HxﬁﬂtrehﬂD
systemon a lathe or a mlling nmachine may be used to nmanufacture netal

obj ect s. ?9(51; AL 2o d &f:efks to the continuous renmoval of material in an
application 588%% as tur’gdlr'ne-bl ade machi ning. Paraneters such as the part

surface, the drjive surface d.the check surface.may be controlled to vary
The. i 111 ng t ooihe FatibdatEd of8E ihiEF SHEGRAT ey BPRNEE i ee Papwadrpe: ne
surface on which the end of the mlling tool is riding; drive surface

r ef er 45t o ePBIWE IR yhchdbamasefagiyras paramarg aay he yrriedheFoR $92MMe-t2ool ri des;
and check surface refers to a surface at which the current mlling tool

noti on i s brodsiggoceBetsngd sbmidea mugriteased ngmapshanediter shmposiienotjectswor t h et
al ., Conputer-Integrated Design and Manufacturing, McGawH Il Inc. (1991).

Of cour se Fildt@ompsiitthateAMS Bel fitih S indedasinigWkd SChE CoRhRELS maiiBdousi ng
brai di ng, nolding, or contouring and the above di scussions are nerely

exanpl es ?EH Il clyy Wl 5L (N

i nventi ve%{)re o%?%%g -ak @19 %ga%goégemg g&ehzébe{}r%g' %@Eﬁﬁ%ﬁ%@?&ﬁﬁ’%ﬁ%@% of
exanpl e, but. not by f limtation ol r nuf act uri.n I QCESSES,
crystal | | ST PECRT et S5yl AP LT RERRIFS: N CAmPEHEdnAaRES OFET | | ke,
3 FEB 2%004}11igh strength equal to, or exceeding, that of metallic materials, for example, while at the

* same time are lighter in weight and have other improved functional properties.
Parameters such as the speed of the braider bed and/or mandrel, the thickness of the

fibers, and the tension applied to the fibers are controlled to vary the stiffness properties



‘At step 21, the fields) {f} that will be applied to the object inits

i ntended use, as well as the desired potentials) or responsgiﬂféé}a}%_these
field(s), are defined. For exanple, an object nmay be applie f
mechani cal force field, an electric current field, a nagnetic field, a
thermal flUx.field) and/or a fluid velocity field. Oher fields {f} my 5
be derived using these primary fields. For exanple, an acoustic field may
be derived by conbining the mechanical force field and the fluid velocity
field. A magnet ohydrodynamics field may be derived by conbining the fluid

vel oci ty ofiiel fibeaREmpbsiteBgBaLl. CAf belriple bag B Bderthe dahone- fofestddil.gd fiel ds
has a correspondi ng potential. These potentials are displ acerrent

Correspor&%&acto@caﬁeoﬁeqﬂﬁehmhs Gl 8! P 1}68'&9@?1_7%% esegﬁdi. ng to

the electric fie magnetl c vector potential) cdfreéspondi

magnetlc ture Qrres di to the r f|UXer|d and
f1uid poten? gcfn ﬁgf %SCPES@HPP&Q ]%*él\g‘?:l %}%fﬂ%gltﬂ SUs noted, the
fields deflne%l,at step e resent one or nmore fields that will be applled
to the object SHPRPBLEE P'ﬁ‘f %é‘éo besenusiad by, lagynating swaererabfiberspr ost het i ¢
hip, the 15 field may be the nechanical forces that will be applied to the
pr ost et iappreppatamasricdsepmeatibiervith el frbers bo dsscribat indk SnPhreNot 5,62386@Ws i n
FIGS. 2A and 2B represent the forces (direction and magnitude) applied to

the fenoraCavenet duFibetslassanewidgyskedeampatite spgetiaiak imempdraes exaypl e) and
rising froma chair, respectively. The force distributions and orientations

are basediben viithiN b &p @Eﬁ‘éklﬁ%ﬁrﬁﬁo'ﬁoﬂorﬁ%&o{r} Of pfeBbL Bpoddiliedth e |

"Contact 20 Pressures I'n the Human Hi

Acad. Scr 19-2 I986 I tant force ach of

t hese for crelgogte%ygﬁ%?g?(‘l”ﬁﬁtl% o2 5666° STWEI% eafly gy# I 3t change
fromone-leg stance to mdrj Loadl ng As anot her exanple, in the case of
a heat cBFdFOHF P S n@Edten Shsélc |aeF%Fbﬁ‘é§’bF)‘é lpgven fikem improvesl $EE PEoY f | ux
that will be applied to the object in its intended use. O course, an

obj e¢® nalpmisumppidediben, inprpanie whiskersoofalifferehumamdale and certait begmid i el ds may
be defined at step 21. For exanple, an electrical conductor nmay be applied

with an @bestsuttcad drhities andregeatecHaiepélyetBidna. Mehomb&abr (BIkerfdrel d in
its intended use. The potentials) {x } defined at step 21 define the nmanner

I n whi ChlﬁCB?pO‘?ﬁ@&'m}é&H?rfaﬁ?és} Erﬁﬁ%%pﬂieqmeqﬁg.\?é] phifte p&g% %QIFOQ uﬁ&ﬁ}cﬁe“ ned

field or fields {f} are appliéd tHheret ecase e prosthetic hip,
the defi Lentd re the desi ddl ts correlate
mat hemat .E]‘CQP$§F H?”“eétpr"zée%eff Rﬂi)ﬁtﬁ ﬁg% the&f prosthetic

hip is sybjected to t he nmechanic Forces shomn |n FI GS. 2A and 2B during
| 0" wal ki H&J ARlast R R eI B ‘r—‘ther sulignes.aphypthes ketoaes. @ekiphenyler
prosthetic hip to respond to forces in the same manner as an in vivo hip,

t he !Heskyl8deinspitbarsmpilargolymetihaapriodst Hatrimoshie pbjeety mdydve fexmep! e,
correspond to the displacements generated in an in vivo hip during wal ki ng

and ri si aglifing mokdind &ichniqitsG.- usthgl dithesEtaheSmas tHar ¥ie T NdhReBEhes, W th a
force of 2000N as indicated and FIG 3B is a table setti ng forth

Measur engiiss (Ohy aaeéthﬁ afl i SR LA SRR ¢ e,q;%frﬁ@g ﬁ%@é gogrgao&’tesoéﬂg&%ed A B,

C, D E dF|n FIG 3A 1 n respons rce

manuf act facture r.ost et| c h| p ichr onds to the
force ing'I1 i[at‘og 41 @%ﬁd?%fgﬁfe %wgﬁ‘g ﬁﬁ?m@ 2 CUMBESIEE POIFCH B %ﬁﬁg\ﬂoul d '
define the force { f} to be the force indicated in FIG 3A and woul d defi ne
the di spPerd ‘F&WP&*“{@(%‘GFB“E)@&W%H Q| 'denpracisely senttaliedniemperaiwes sl e of
FIG 3B. Simlarly, in 20 the case of the heat conduction elenent that is
appl 2®ed pestures.t hermal flux field, the defined responses correspond to
desired tenperatures at various portions of the heat conduction el ement
when the defi hestcbhiaheewith X abpert 8 ihe paRRAt iB¢bntibA, &%1&‘5}%uﬁﬁe§'ﬁnay

el ectrical conductor which is applied with an electric field, a naghetic
field, aa@u@mdu&ﬁnrg ARR BN AN Gk FALS S fn%&rg ra'eeed oK x s
correspond to desired displacenents at vari ous € conduct or
when the ned rre ni.cal force fi IS a esired magnetic
vect or p'g?@htf rq‘élmg R R (ﬂ‘?gj ‘Ed)!Pg’fﬁ‘éﬁ OQH?FO‘FN FfHeYef i ned
magnetic field is applied, and to desired voltages at various portions of
t he conductor when the defined el ectric field is appl i ed, respectively.



"At step22, conputer aided design is used to geonetrically nodel -the object
to be manufactured. Geonetric nodeling is a technique of usin

conput ati onal geonetry to define geonetric objects. The purrﬂ)ge}éE@fgag%
geonetric nodeling are object representation, which nandates a conplete
definition of the object for manufacturing and other |0 applications such
as finite elenent analysis: design, which allows the user to input and

- mani pul ate a geonetric specification of the object; and rendering, which
uses the geonetry to paint a realistic picture of the object on a conputer
gr aphi cs OBEHTR bigdegied cellth bid-mitivieahatgealsphedica g iBbit N e OBIcEGE Or part
may, for exanple, be based on the experience of the design engi neer or bed
desi gnat edninyrislbeanidnhelikedvase pafviddd ' ' For,_exanple, the
initial geonmetric nodel or a p?ost heﬁﬁmﬁ%ﬁ?g%ﬁﬁée%%nﬁé%'ﬁl%m?ﬁ[ Opdil p. O

cour se, t hing thebdbAdurfa8€OIRBIch? b ubsequent|ly nodified for
adaptation to an "'ndi vi dual fsccéﬂgg?ﬁd%ﬁt?gé’%‘g‘h i 1§ e DRFK Shatgral greertainh e

o
initial degj o] r i ol f. club. sha is again known, i.e., a

cyl i nder ??*‘%?te"agtgg?‘%ﬁ “ﬁ‘éﬁg Pgﬁg?‘hedalﬁ‘?“a’i“&ﬁe ¢ actpal pefgentagd may wautyi with desi gn
geonet Ly dified to provide a shaft for a golfer of a particular 20
hei ght 5or %ﬁthmesuﬁf%%%ﬁ" #aibe surfeaceds approechetine comehemjonangy be a

narrower dianeter ‘near the club head. Suitable CAD software packages for
carrying &ifFeased)s Rjeisaepprasingoftelekagpienbioltstical mfHaSin LATAApiofsMcal
rlulVliz-5000. These software packages nmay be run, for exanple, on

UNI X- bas e@ranathko dtedtripbas itself barfise $chagiareay af alikg:dr om Sun. . osystens t0
3 FEB 2004 or Silicon Graphics. O course, the gth%lldgre&%m%%én%%ter will be

det er m neghcbypordted HOMPULHA | j and the invention is not
Timted int il?lrl) s respect. Th[gagis?gmc%pﬁéﬁ%’ﬁ&g{g{%ﬁg)g?t&m&hﬁﬁﬂ"’%@ Ng ISt war e

packages perm tS i | of an object or part to be defined by a
user and nodi f}qec(?% acg?@g&’;&g%%@ggalcpgmﬁﬁnﬁé BN dhaths ogemiiing ynwhingt a

whi ch g£an be con%jrerted tfo formats useful in a conputer aided manufacturing
step shd/ B P5 WSt ePeuiacyes mefak ohieqte Epriquring reitrh txths teminuohs pimeeps ar e
di scussed in greater detail below. It is noted that the initial geonetric

" nodel can®liB2EH#gE @ applicpdinesutiess tiybise-dind mgichinifD] Reimdadisish th@edesi red
geonetry. For exanple, the initial deometric nodel in the case of a

pr ost het i parhiwpfacanhdérigenafat cthdifie XhécksuRbc@ms I §1ed] ing, 10 for
exanpl e, a Sienens Somatom DR3 or a CGE 9800(:CI'}'l ggg%ﬁg}r@e@#\s{ 'ntgege data may

dir ooty comer ool fo g R ponuRlmd Tt B g dp RSHTEE A Wb Pckage

directly converted to a format usabl

(for exa - .10 be described below. At step 23, a finite
el enent @ :Olf[lgef B@Eﬁ%ﬁ g%?‘%%% %%Vﬁeﬁu 61 THET AQ theserfrgeragaimst hish aheedge

methad. Th fiiqg.tg el ement thaod is based on the theory that an
i rregdl ard $hes b&dt%j &% 3G R Piriace eafetsrio o ssifadelag whicght eutrréritmhilleng

el ements. Each el enent can then be treated separately and the aggregate
ef fect i $oolBotimis & stope Detafilsof s cohtoating afstéeard iHdivhan Be@WeRE St kN t he
object. The finite elenment nodel is created by a user using an appropriate

sof t var e QrmhageintayatedDesigh afd MurbRGUTMIC GwiBith: 8¥5T)0ped 10 step 22
us, the

Of course, the instant invention is not lmited to objects formed using braiding,
" molding, or contouring and the above discussions are merely examples of manufacturing
20  techniques which may be utilized in the inventive methodology. Other processes and
techniques include by way of example, but not by way of limitation, polymer

manufacturing processes, crystallization techniques, ceramic manufacturing téchniques,

and the like.



20 finite el ement software package generally accesses a data file that :
contains the geonetry of the object devel oped in step 21. §@r§e 'jzgte r at ed
sof t ware packages, such as |-DEAS from SDRC, Inc., link no ek o?ﬂ%?%
geonetric nodeling and finite el enent analysis so that the user does not
"have to redefine the geonetry specifically for finite elenent 11 .. 03 FEB
2004 analysis. O her suitable software packages for generating the finite
el ement nodel include NASTRAN ABAQUS, and ANSYS Thus, the finite el enent
nodel is generated by dividing the geonetric nodel of the object into a

plurality of eheswepnts thddelnensoghi Qi at, the boundaries of the 5
el enents. An exeﬁrrgfrary fini que}?e%%n%mrgr%glgﬁﬂl%ﬁé? Eh& IS5 Y mEenhipch Uses 3% hown

in FIG 4yeifasviBE dedided Yok e be used in the finite el ement
nodel of the obj ect . Ethe ﬁgﬁgﬁréﬁggféf}g@}d?’&ﬁ%ﬁ@ﬁ@s @ Kefnasid Far e

general | d the type of. field and the geonetry of the object. The
vari ous ?‘élx'lr%?l? %’ %?gbﬁéér}tm@g% Rphed At ameshanirahiares Geldatinlectge narrand feld ncl ude
l'i braries of eI.e?EEGILg and el ement clusters to enable nodeling of areas tO

havi ng part4aha Msrmrkduiiiel. andiees feideeldcite dielie gh@er BEIGRGEURFY

Thus, an_el enent having a el enent size of a predeterm ned val ue or an

el eneht BF d8tiead wing/hedeqhrimany| fmidn tForkauinpl, & féoﬁ&iceﬁeléiu;asr 8 g 84 b
~predeterm ned value may be utilize. If element clusters are urfll I'zed, the

cl ust er oumbining wp edichahiéd Tors FRIM add@e Fiuti § pt ynodel . A cluster may
i nclude el ements that have different sha;t)les.eq:?—;géryeﬁe@%nﬁl e, if the object to

be 15 mamabaabbYR8dMahdicsdX$e1s Uhivasmt ear forces, elenents having shapes
that are beést @Li te})('jﬂ for m gﬁyﬁ% dsehg'g?%y(gf”@ R e@él%‘fqi?‘ilﬁv’e@eléﬁﬁgori ent ed

as appr of\Li . t | enent s, ar. rouped together, they may define a
cluster t'c'-alt-l?ZI @5& gﬂi é%gli?gﬁ‘,e aPgye-ien F‘g,ﬁ"—]idﬁh&?r@mﬂsavtmggsbnehﬁﬂr

georretri,fﬁ and/or. which are applied with simlar forces. In addition,

di f f er ent "EFf PECEPIFAIR YSRIAGPMSAL FoBEsRAndingte lthoinp einicaDIdrt DRSOt oledok! | cal 20
tol erance. So-called super-elenments nmay be used where tol erance i S not

cri ti%al corssprasiingie the¢leouiolfady: mignctie veny el icSrbyRhafld % @D iterative
process as W || be discussed below, if, for exanple, I't is-determned in a

first itmagetiofieldadmpidiRue, 36ResPBRARL t@ﬁ{ﬁh&ﬁm hS{J%E@f. aﬁg‘gu‘%etct , m{ner e the
all Oha i

nodal val ues do not change nuch, for conput

pur pose&,onesﬁﬁﬁg{gqoldggﬁidivggcﬁ&iﬁgpd may generate a finite el ement nodel of
t he object that i'ncludes one of nore super-elenments in these areas in order

to sinmplify s - I ations. The finite el ement nodel is conpleted
by speci fyi ng&%) ﬁ‘g‘&ggﬁ%@gﬂiﬁ%}‘bﬁ# Y18l (EPESBL gRe ohmoretfinids theswill bed fi el ds
{ f. } and popen i a}L-S { x } at the nodes of the discretized object.
applied to the object in its intended use. For example, in the case of a prosthetic hip, the
15 field may be the mechanical forces that will be applied 1o the prosthetic hip after implant
in the human body. For example, the arrows in FIGS. 2A and 2B represent the forces
(direction and magnitude) applied to the femoral head during a one-leg stance (during
b= =
walking, for exampie) and rising from a chair, respectively. The force distributions and
orientations are based on in vivo studies reported at, for example, Hodge et al., "Contact
20 Pressures in the Human Hip Joint Measured In Vivo,” Proc. Natl. Acad. Sci. U.S.A., 83
2879-2883 (1986). The resultant force of each of these forces was approximately 2000

Newrtons (N), with an orientation change from one-leg stance to midrise loading. As
Q.

another example, in the case of a heat conduction element, the field may be the thermal



I n addition) any appropriate boundary conditions are inposed. At step-24, -
the finite elenent software package is progranmed to sol ve fdy3tfd %E‘erial
properly matrix [k] using the relationship {f}_ [k] {x}. That is, (kI
{x}={f} 10 [k] {x} {x}-" ={x}-~ {f} [k]l={x}-~ {f} Because the field {f} and
t he potential ~{x} have been defined at step 21, the material. property
matrix [k] may be cal cul ated. When {f} is the nechanical force field and
~{x} is the displacenent, [k] is the stiffness matrix. Wen {f} is the
thermal flux field 15 and {x} is the tenperature, (k] is the thernal

conduct i viflyx thahenl] be hpbifed :B8h tic fi and is the magnetic vector
potential, [k] is the 1rjrﬂr)stgneti cgiﬁgﬁﬁé{’?‘\m"g‘l‘ & %?%W?*éﬂog}eéb@?}’ Eecurrent

field and dpp¥iedl wigh HBR [kl is electrical conductivity. The

cal cul ati oélppgf the mat I‘tl}é%’ F%]gﬁ%]fl aé‘{i&ﬂa‘za @E@rﬁeﬁ‘ﬁé’lﬂ % drfingddt pop 8ht Fat s
have been i escribed at steps 21 determi nes the optinum or

near - opt i ﬁ%ﬁqﬁﬂfg‘r@ Cﬂbﬁ%ﬁ‘@?@‘%&’meﬂwhﬁéwﬂpwm:iett:tricr@ld, nmagetietfisler to
manuf acturedan ohj ect havi ng desired responses for a specific application,
i.e., for 394JBES abigsrg Beldiinis bfteidedass. The software for generating the
sol uti gn to the equation may include an optim zer, a standard Non-Linear

Fi ni t e3El enent Ferapoperitel(§FEd) defindd at &Bﬁ_ﬁd@ﬁﬁg&gﬁﬁhffég‘vﬁ% he0 3 FEB 2004
controlling data fl ow between the optim zer and the code. "Once anal ysi s
has been pearubacerdr Bgsired thefdbfect @lRspdEw L QLA Sl S§RdSLhe data to. the
optinizer to conpare the resulting tat a Pr ometﬂﬁ%negré‘ffglgfge‘\%ﬁ{ TREPRIES r ed
model par aweeéer Sn and-4LoLe f..a f.-the results are not within the
desired tol erance range, @gﬁgﬁgﬂéﬂcphé gﬁ%ﬁ%@‘? FPEngals srriheidsiead by t he
optimzer g ol ler then sends the reconditioned data back to the
'FEA code Fi S?&gﬁ%’P ﬁté?&gﬁélcﬁgiegﬂterﬁ‘ﬁ&e’i"rﬁigalb’rféé%@mb@&mrthé prsthetohig whéd user
speci fi edm%ar arrﬁters, i.n the nodel fall within the tol erance range, thus
est abl i sh 9{31‘85 Q,tgzrlggﬁ%gl_bjected to the mechanical forces shown in FIGS. 2A and 2B during

10 walking and rising

from a chair. If the manufacturer desires the prosthetic hip to respond

to forces in the same manner as an in vivo hip, the "desired displacements" in the .
prosthetic hip may, for example, correspond to the displacements generated in an in vivo
hip during walking and rising from a chair. FIG. 3A illustrates an in vivo hip applied
with a force of 2000N as indicated and FIG. 3B is a table setting forth measurements of
the displacements generated at the points labeled A, B, C, D,E, and Fin FIG. 3A in
response to this applied force. Thus, a manufacturer desiring to manufacture a prostheric
hip which responds to the force indicated in FIG. 3A in the same manner as an in vivo -
- hip would define the force {f} to be the force indicated in FIG. 3A and would define the
displacements {x} to be the displacements set forth in the table of FIG. 3B. Similarly, in
20  the case of the heat conduction element that is applied with a thermal flux field, the
defined responses correspond to desired temperatures at various portions of tﬁe heat
conduction element when the defined thermal flux field is applied. In the case of an

electrical conductor whigh is applied with an electric field, a magnetic field, and a



Opti nmi zation nethodol ogy may be provi ded for back-cal cul ating the materi al
properties so that the displacenents at select nodes in the bis:‘wg:{%sel enent
nmodel are as 10 close as possible to the input target displa 208&ich a
problemis referred to as an inverse problem The target displacenents are
usual | y obtai-ned from experinents. A nethodol ogy nust then, -given.the
finite elenent (FE) nodel, be able to adjust the nmaterial properties
systematically so that the conputed (anal ytical) displacenents are as cl ose
to the experinental displacenents as possible. 15 Nonlinear progranm ng
(NLP) t ecPRFRAmed! fRige Feldydedefiged mrspenseheomsspbidm deCob diggincdrheantopt i nal
design problemas stated below. Find (.r; ,i =1,...,n) tomnimze f (.r) _
(DE - D~ Yarjous pemtians of the2@ngdito) whén thesdefiked mechaniBa$ ERELELId i Papplledo 27 < C
where, x; i ~' design variable (e.g. Mdulus of elasticity Poisson's rati o,

etc.) 14 desired nfdgflertOtotor Boreridsiok 2665 Yorf IR UL diBh Fwhe MBSy L a7 06t
I an e (0]

di spl acenents (e.g. experinentally obtained) sr stress I nvar .g. von

M ses) copputsd ffewm%Bﬁecﬁ.%naw8&1&%%%#&@3%@&@ﬁ;q@ggﬁ;.fe;gé,% gggg'n”e >

xL; lower ITmt on thé design variable X

vari ahl e SO Lon to the I mal design problem (if one exists) is
when the %;Ejne@?%gg?du%% t%%rqle?d(?)ap?lggéé?s@e%ﬁe Ye all the constraints gk(x)
are satisfi ed.A}N[t'hogag noi se . o _ _

step 22, computer aided design is used to geometrically model the object to be

manufactured. Geometric modeling is a technique of using computational geometry to
define geometric objects. The purposes of geometric modeling are object representation,
which mandates a complete definition of the object for manufacturing and other

10 applications such as finite element analysis: design, which allows the user to input and
manipulate a geometric specification of the object; and rendering, which uses the
geometry to paint a realistic picture of the object on 2 computer graphics output device.

- The initial geometric model of the object or part may, for example, be based on the

experience of the design engineer orbe d -ated by the intended use of the object or part.

15 For example, the itial geometric model o: a prosthertic hip is based on an in vivo hip.
Of course, this initial geometric mode! may be subsequently modified for adaptation to an
individual of a particular height and/or weight. The initial design geometry of a golf club
shaft is again known, i.e., a cylinder of predetermined length and diameter. Again, this
initial design geometry may be modified to provide a shaft for a golfer of a particular

20 height or to provide a shaft having a diameter that varies, e. g., a narrower diameter near
the club head. Suitable CAD software packages for carrying out this geometric modeling
include I-DEAS, CATIA, and ANVIL-5000. These software packages may be run, for

example, on UNIX-based work stations such as those available from Sun Microsysterns

10



in the input data, (b) limtations of the FE analysis, and (c) linmitations: -
of the nunerical 10 optim zation technique, this theoretical zgro-0bjective
function generally cannot be obtained. However, the nethodol ogﬁgcgﬁat&'jﬂé
the solution close to this theoretical solution. The Feasible Directions
Met hod (a wel I-known NLP techni que) may be inplenented and used as an
optim zer software system A non-linear F conputer 15 programis used to
solve the finite element nodel. The controller is used to read the problem
i nput data and nmanage the optim zer and non-linear FEA conputer program
The opt i mioz SxligemyCraplics. bef cmest, the ahoiteraficotriparct Wik bOiershinbd 89 ehat resul ts
fromthe above-descri bed processing. For exanple, the system nmay be
const r ai nedmbpatatibnal pavwes tdguiredaddhwhi@abhes ﬁdt%&if&d‘{f? EFesfiet ™HL Bse of
("voxels'") have certain symmetries. For 20 exanple, the system my Pe
constrain ' I QR i yoxels are isatropic . or are
transvers g‘?cyﬁ fbsn?) d?%‘pﬂ?%@%%t%ﬂ@g%eg(ﬂg%qég ?’gllnél 3 SIS 8’|°§5‘i %fpﬁpr%?cé or
| mposi ng r.,es on_ the solutions. i oves manufacturability by
defi ni ng églgﬁo @%)%?ﬁ} &ldr@tael%srerﬁmbqfemﬁ&fﬁggﬁf‘ic@  rgsults i genespion efgepmettYoung' s
nodul ug) that are the sane, or t5 .~~ yes ~~0~ have certain symetries,
t hr oughouf2REERL AT be GoRversrlofpmpastisaful in srromputes aiigd reamufmyurbe cenf | gur ed
to generate solutions for isotropic voxels, transversely isotropic voxels,
and for aArdpr@peanidefsl a Tite dement methbd bieprwhiske stepOire MRUERE M bidAGr TBY
be chosen based on the rel ative ease of controlling manufacturing equi prent
to producdetibelbesilt ischondy et the Aitislt @BmeBic fbeei fhibd ?}f]@JeQﬂE{'L— =efilyey e
package is used to extract the material property coeffici eny“ef or each of
t he el emegdaSnind dnld®idet RA fr eri.al, property matrix
[K]. Specifi ca?l Y, {hemr?léfgéglile Sﬂ%ﬁdo%?fféwm@??’iﬁﬁ%?’%ﬁgﬁ#sﬁegﬁm ated at
step 24 i ed terial property matrix [k]. The tO
at or ol oA RRRe of % pRRRELE G col s e Pl Crrelfant codaverie in vt
el ement rTPdeI bg. extracted fborp such_a gl obal or assenbled matrix using
a Boolean'¥ 8PP Hy? PITAET oATEeTs e BtafeE 98Be &) ssanrfenn ThisdmagE dataewanpl e,
with reference to FIG 4, the material property coefficients for el enent
601 are eiafFaveded of biormakesably bylihe Gt sofabarpparewt v eaehbideeny s f or
el-ement 602, etc. This procedure is repeated for each elenent in the
converted 1o a format usable by a finite element software package (for example, a

PATRAN format) to be described below.
Arstep 23, a finite element model of the object is generated using the finite
15 element method. The finite element method is based on the theory that an irregularly
shaped object can be divided into smaller regular finite elements. Each element can then
be treated separately and the aggregate effect is the sum of the effects of all of the finite
elements in the object. The finite element model is created by a user using an appropriate
software package that operates on the geometric model developed in step 22. Thus, the
20  finite element software package genernily accesses a data file that contains the geometry
of the object developed in step 21. Some integrated software packages, such as I-DEAS
from SDRC, Inc., link modules for geometric modeling and finite element analysis so

that the user does not have to redefine the geometry specifically for finite element

il



15 nodel in order to generate a data sequence representing the materi al
properties of the prosthetic hip at small volune increnments. At step 26,
the extracted material property coefficients are conpared w tﬂ&ﬁéﬂnzgﬁé
material property coefficients in a material property database or,

dat abases: FIG SA illustrates one organization of a material database 700.
Materi al property data base 700 20 characterizes a plurality of materials
M-1, M-2, . . , M-n by the values of stiffness properties such as

Young' s nogdul ( nd isson's ratio (6). For exanple, material M-1 may
be al um num a\isl' n‘g‘)“%l‘a%tﬁﬁfg% SE%M%P 2ggs f%"?g?le@m%%e Enie elemsnismodels rati o
of 0.32. Mater.i 52,y be alum num having a Young's nodulus of 6.9 X
10~ Pa 16 ‘.“Cl.ugegﬁg\qﬁ&’ é#d\(ablsoﬁ%%éhjsgsr-ati o of 0.35. Material M-n nmay be
cast iron having a Youna s nodulus of 8.8 x 10' Pa and a Poisson's ratio of
0.30. O cour selhusheheifinjerrldroentimodadis geinetaeibyt & vidies@e $6skHi-Gnomi f | al s.
Respectively associated with each of these materials M-1, M2, ...., M-n

are a manuheobject ing pplacAsp ofBRMNEG mEGRET dFinRd AERE &f ﬁe%ﬁu%&?ites pf eSS
(such 5 as tenperature, pressure, etc.) that wll produce the materral wth

t he corsr esp@neirnoasttdmt Sif i ierg | ar . shgwn with reference
to FICA 5B, a nateri alm%?oberﬁ%gétgﬁ%%egéép Oénté?/uc(a:]ﬁgrl% %™ ?ﬁg %‘I ality

of materi cad Ve 1 P -n by.the val ues of electrical_ conductivity
(o ) pgayafelybr demelt sidoes mdFod' B if i s simee s e obiera ev. 1
. ., M-n are aé’ranufa turing process and the specific paranmeters of 10
that procdSEHeRARd PFY OfFiemERIe seiseteraregnarallyibased drethe oypeesfifodl kmtythe

el ectrical conductivity. Simlar nmaterial databases may be used to

“char act er isgemaHY &f el abiasy. Thevarioksefinite elemerd yoftivaiet pacioelR@REFLE above
‘reluctivity and to identify the manufacturing nmethod and manufacturing

par anet er geassby ittt liliridesefehe m@tteidddlemiMiSusidri g Eﬂ%ﬁer&@ﬁelﬂxr@cb?%ﬁetax
dat abases are archives of material property 15 coefficients wth their

Ccorr egponGhaitcie 1 N aVarglal4 | urd n rocess control

parameters. Such databases are create Mai~nN frent

manuf act urers, t enci es.. d.research institutes. For exanple,
when a nathggﬁéla%géﬁ%&g}s% @gfﬁg’tr%%tergﬁﬁag@?ec?r Brelemens ehsiar o€ vadalle elsmeatsusi ng
a particular. rranﬁjf act uri ?%Bepr ocess, its properties may be determ ned
through st3HBERF BIESIHRQ! Xy PreffsTBINgd valua maxdeEMtiliest Hrejemettvhcsers Méen

t hese properties have been determ ned, the set of manufacturing paraneters
such as t fpaadathiradystemeasis peated thibhghounds flis@kidmet hesled Ah@ustdiely al
havi ng these properties is correlated to the material in order that the

“material meyle aepersthaeieverditfegent tHapee . Fot éxam %fﬁﬁ%bié}? conparison at
step 26 between the extracted materiagl propert@e’coeffl mrﬁ%@gand t he

mat er il  pL@REEfu ,{5?&@- i 0 .ne whi ch terial i.n the
dat abés e E{as : nat e?i[sglqp%e;‘% per t it% ihév:\\ﬁ ?gﬁésﬁgggitﬁg{é ?‘] apﬁg§;gﬂ%qe(§ ﬁ)}” ‘a‘r?l&ets& FHitHe

propertie i o_t he: tracted. material property coefficients.
Thie. et S AE Skt B s b ricnied as dpprdpriale: When these

elements are grouped together, they may define a cluster that may be repeated, for

example, in areas havjng similar geometries and/or which are applied with similar forces.
In addition, different size elements may be used to model object portions of critical

20  tolerance. So-called super-elements may be used where tolerance is not critical. Since
the methodology of the invention is typically an iterative process as will be discussed
below, if, for example, it is determined in a first iteration that there are one or more

portions of the object where the nedal values do not change much, for computational



S wll result in the identification of a first set of manufagcturl
paraneters which will produce the portion of the prosthetiéfﬁﬁﬁgg %ﬂ@%
corresponding to element 601 with the desired stiffness properties; the
identification.of a second set of manufacturing paranmeters which wl|
produce the portion of the prosthetic hip corresponding to el enent 602;

etc: The above-descri bed conparisons may be carried out, for exanple, using
a know edge base t0 having a fact base for storing the extracted materi al

proper ty paRRkdd & sahd ¢atAdraioraRY Lferhi® Bl bfdd: of Lﬁée Sﬁrﬁg&ttﬁa@()l’

602, etc. of FIG 4) and the matefri;al property data fromt terral data

b , I Ll Ul f ' t chi th
ot 1 ot o et pfe PPRBrrABR 0L B e oflos SOTRE Ty sSBRG et er i

property data.fromthe material data base. The |l evel of matching (e.g., a
per f ect YAYOR- ¢| ose match) 15 is application specific and-is rel ated,
inter alia, to how nmuch tolerance is permtted. |If the object to be

manuf act ured iI8e &nie elemeat megabis sempleted bespecifying theoralype rhidior direttions i s
desirable. If the object to be manufactured is a non-critical conponent,

t he nait cbf thg above-descaberhiielde { fjedmimientalhid} at thet ik aofSte Bisaetic@bbbjanid t he
avai | abl e manufacturing equi pnent nmay al so determ ne the |evel of matching.

Thus by Bﬁﬁd&ﬁéﬁ,@ﬁﬁ&ﬁ;ﬁﬁpﬁzﬁe bb c8fdiBoR arl s@gturing-process control
paranmeters for each and every poriion of object are determ ned. At step 27,

the determ ne $40 o f i< D8 GONtr ol par anet er re ordered
or sequenced '(fi‘ 5§§éﬁ4h{geﬁ€e& ﬁa%%é?ﬂ‘rv% g?%ceéés)@mé’bﬂﬁlg%“{? StoLvéetf%Iéﬁﬁg

necessar 0. 18 5 ~~~.~0Q~ manufacture, t opj,ect ... The manufacturing

cont r ol é’ﬁ%%i?@lpgﬂ\ﬁgﬁf’%ﬁﬁé’éﬂ‘gttﬁeﬁﬁmﬂ?ﬁu%ﬁ?‘iﬁha&ﬁntroI of the
“manuf acturing equi pmrent used to manufacture the object. Nunerical control
refers to the use of coded nunericdkl{i®Fdfhati on in the automatic control
of manufacturing equi pment. For nachine tools, this mght refer to the

noti o of the cutting tool or tlkk{xpireientx}df{f} he part being fornmed agai nst
a rotating tool. The process of |aying conposite material to form

li ghtwei ght alternatives to machi nggl=negalirparts may al so be inplenented
usi ng nurnerical control. The necessary geonetry and notion statenents for

sing_nure: ! . |
namor i cal  conPror™T Shanie L By gh et A e e R L o
B Cor pTAbTCPAMRBAR N1 vy borsale std BSR4 o i P b BBt B

application programthat accepts as input user-oriented | anguage statenents

that desa®d bel SRR Heptasemest. Ikgﬁtthélstlférpféﬁ FadnsWhen 8 ip gheftbemmad Hua field

post processor may further process the manufacturing control data to tailor

t he ihf oamdhii jow theoempspene f ke istha it Liedndgetibbtyp ohas K} iftheshame8, the

post - processed data is supplied to a conputerized manufacturing device that

uses t hefigidRpli{RY iFRE IndoBe COMAE pdidtRiaMBR s A Mhdratc ?éluét%@ty?ﬁl\’ﬁ@ﬁ {f}ipe data
e

supplied to the conputerized manufacturing device controls

cpooi 11 i PURRERAFR A B LR Ao RBe R S e G T e T
f ing.i i ed [ br ai f 2 f [
Compost t SR of ¥ Figfin K] or nddtheg Bt e s ovg et Py (he

conputer to control the speed of various machine parts, the tightness of

t he weav@s gescabseat sleped ] dqmanineg Hiegptinham @e asse-optimgrhingtesal prigpetty i f f ness
(low flexibility). For exanple, in the case of the prosthetic hip; regions
of bed h nagix fondetmuiviingta himeastusereo magufacerk an object having desired responses

for a specific application, i.e., for a specific application of forces.
The software for generating the solution to the equation may include an optimizer,

a standard Non-Linear Finite Element Analysis (FEA) code, and a controller for



19 .3 DEB ML0O4 Using the geonetric node( and the extracteg mat eri al
property coefficients, the manufacturing process and specif thEﬁ,?ﬁmk

ti ghtness of the weave, can be controlled to provide a region of high
stiffness (e.g., the region defined by elenent 601 in FIG 4) and a region
on of low'stiffness (e.g., the region defined by elenment 603 in FIG 4). By
appropriately controlling the manufacturing process in accordance the

i nventive nmethodol ogy, a prosthetic hip nay be produced which responds to

applied A Nl ' ' il y 4.d [ . rin

b ch t hE b e FBUIRL I B0 ohSrEHFAAE e ks Yodr Wk Ay p IR 64

prost hesi s .can ;he devel oped wth specific response characteristics for a
et i O e S P R SR S
carried out_as an jterative process. For exanple, the results of an initial
i t erat i oFFSHESJERLFAR He ?-"‘ri‘@fsésa‘f’\éh thedesiied mpdal parmssers end iigraneast Jf & usi ng
a braider provides the best match to the extracted material property

coef fi ci efithe reguits hre fatvatire theajspirdd widrance raitgasseldcredopasamena eabsequent
iteration, the finite el enent nodel nay be nodified to take into account

t he ssral t@gditdned bgneabpimiker, wat tiecdniaileiasm Lads hetredndatingd bl whel wisi ng a
conputer-control |l ed braider. Preferably, each of the elenents in the finite

el enent gpdets CRL (85 BAUAS dna1 3R rhﬁ.sms[}g&eme cSfBldeB %] 2 ﬁ?é?‘%?!‘:é ey Ol une

that can be controll ably manufactured i ng the manufacturing techni que by

whi ch t he j .i . d.For e I for a braiding process
bl g o BrAReER inde MRddr IS fonet Mol AP S Bine Bonl A Padld T OC
approxi mately one .20 cubic mllineter. In other words, it is possible to
control | ably @F‘W@“@Pé’i“’cﬁh?&]{l?@f may ge Brayifisd éorhackspiculatng fe mpa rial or
~constitutive properties that vary on the order of a cubic mllinmeter. This
smal | est propertgaenthal theglisplacewients ayfelgernodes inag/finite elemontdnnds ank ah t he
manuf act uri ng process or techni que selected and nay, in addition, be
depenpgentlogdas possibletoZhe-Rpuonary disphbtAedt® NSifcact problReh B GeteyeR MG as dhus,
al t hough the smallest increnental volunme that can be braided by a
st at e- of & - ek aly J L] s aated ; sgarily
ilvBRe3Fdbidh ATHE karkst cgﬂﬁ%cg‘cg%'gﬁeﬁ% #l!dﬂﬂ?lf)@{mneh frdn? e X¥HIGHRESA .

true that all “braiders wfl such operation.” Accordingly, in

such cases,, t.he snal toi.ncr t.al_vol IS t.er m ned he

capabi | i'ﬁ%’g"dS?’%@‘asbg‘.sef‘a%Wén g"gg?nd%ﬁie??n?ﬁ)lm ‘ge?’a%pz{gé%%azf&i%“t at as

manuf acturing techni ques inprove and smaller increnmental volunmes can be
cont r ol | BB BIRB e ay%ﬂyaqqaﬁy §8 16 s Sgputsd (epadytiqady GsRIaGSRER 6 nay  be
utilized with resized or different shaped el enents. The mat hematics of the
i nvent i velopetoibeletpesimenid] dispbicemensras pggsdide.of manuf act uring processes ot her
t han conposites such as the manufacturing of netals, 10 plastics) and
ceram cs. TheNoAN®dik ipvezraridiog (VISP jadecithiatak imfy foe russd iidokadt the ippebledaj ect s
based on their desired responses to heat and electric currents. In short,
the inveahh¥ge TR HAnSIARRA HSKEm! Rlsi@WbefpppuUt er control | ed manufacturing
process, where precision volunetrically controlled manufacturing is
desired. The nethod of the present invention is particularly useful when

i ncreased

Find _(:c‘.,i =1,...,n)
to minimize - f(x)=(D;f - DY, j=1L..,n
20 g.(x}=s5,<s;.k=1...m
subject to xF<x, <x’
where,
Xi i™ design vari.able (e.g. Modulus of elasticity Poisson's ratio, €tc.)

14



15 efficiency of an object is desired. In traditional manufacturing; the
enphasis is on precision manufacturing of an object's geonet @3 B tmgé
much, if any, control over the internal structural makeup of. this geonetry.
I n accordance with inventive methodol ogy, the material matrix is the '
unknown and an iterative process nay be carried out to optimze the
material property matrix while keeping the geonetry fixed. 20 Thus, in
accordance with the present invention, the input paraneters of any process

may be precisely vabiaed EJ%B\S&E&%&% c%rq_{pgpéd«%%mg%wm%l preci sely defined
g

mat eri al property matti x. manufacturing continues to inprove, the

above- descri bed net hedol o i | i cabl e even though the small est

i ncrenental vol une that @g%e[t?zsp?%gmemé - SOpEQeI AbREEfabl y manuf act ur ed
may continue to decrease in size. FIG 6 illustrates various functional
nmodul es that  may beSwiseds¥essiipyranel§te- vae Misasheurpuses, from the EE medednt

i nvention. A conputer-aided design (CAD) nodule 80l is a three-dinensional
gr aphi cs software ps'pgr asildwableémexiatumigrassgatueet ri cal nodel 5 definition.
Such a geonetrical nodel definition includes coordinate points precisely

| ocatigng the obj ectxldesi gwdrlingt bifiRQedionBAsi9al coordi nate system This
may be provided by a graphics software package using, for exanple, X Y,

and Z coordinate pojmnts @%%rqf@xﬂf%mea&e?io]n {09 vectors where necessary.
aphi 0 P

The t hree-di mensi onal' gr cs software“package utilizes appropriate data
structures for defini .particul ar ints int | 0 dat abase of the

gr aphi cs progr’gﬁ?bﬁs‘ﬂgﬁl&f fhaoaﬁll&&fﬁg)%srﬁ?spfpﬂe@ﬂ@g?gﬁﬁrs&s ‘ﬁﬁ?ﬂﬁhﬁm ot her
points in the object can be defined and generated. The graphics program
pr ef er abl 9biggtiveifprasion 3Gy dpzsrardhileadl the comgraini 330 arosatishied. Whigh &) oS

- object can be rotated or otherw se noved in conputer nmenory and can be

di nensi onmchavirpuetata.t(hplimierdisafttes FEanalyny, and éc)johinttions ef krecwmesicah
respect to other points. As noted above, suitable CAD 15 software packages

incluge | ofbARatida bt i) ehi AMELIBI0RI0zerdPobje i veSu RN BRheriDY Chnt®e | s used
to generate the finite el enent nodel of the object fromdata stored in the
gr aphi cs mdrh U : i e package
Por i vi o e hr A o aa A e R B i s folnR BB P PE0L
into a pl urIatI.ity of el enents and expressing one or nore unknown field

vari abl es**'# %% terms of assumed approxi mating functions within each
element. Finite elenent_nodul e 802 is programmed to cal cul ate the optifum
mat eri al propef i¢ Beasibly Dirgetirns| Merbad (ﬁa‘é’e%?@@‘%m tleguNeue) SN bl e sof tware
packages for finite el ement nodul e 802 include NASTRA: ~I, ABAQUS, and
ANSYS. impléméBed Gused arah epiimizr daft waisaggemp dulce-BR3r FE compnarhi ve or
archives of material property coefficients with their correspondi ng

manuf get ug[sﬂoggmprsqg@@ﬁ) SN B fina @ fekeind EhodE 10 RS Tokpi e M uedid pdidahs. The
archives thus correlate the properties of materials to the manufacturing

process a@% B E j RLAGEES 5, L é;g erials.
A conpari OR m){g' Fﬁ%%@ma"r es ?Weﬁ a“qg{r%g’p%‘?‘f‘%s gq[r rﬁ?% usi ng
finite el ement EdeL{l e. 802 to, the ma&eri al ldtﬁta in malteri | dat ase nodul e
: The opumizer may also be used to control the fype of solution that results from

803 in order

‘the above-described processing. For example, the system fnay be constrained to find a

solution in which the finite volume elements (“voxels™) have certain symmetries. For

20 example, the system may be constrained to find a solution in which the voxels are
isotropic or are transversely isotropic. Bone, for exampie, is transversely isotropic.

Imposing such symmetries on the solutions improves manufacturability by defining each

voxel in terms of properties (e.g., Poisson’s ratio, Young's modulus) that are the same, or

15



to determine (1) which material has, material properties which match or
nost closely match the material properties determ ned using f@f Ebggent
modul e 802 and (2) the 10 manufacturing process and nmanuf act Ur é%p Ss
paranmeters associated with this matched material. Conparison nodule 804 may
be inpl emented) for exanple, by a know edge base having a fact base for
storing material property data fromfinite el enent nodule 802 and materi al
property data frommaterial data base nodul e 803 and a tal e base contai ni ng

rul es for hga @i naRdHbBLGhI,0 material property data fromfinite 15
el ement nodul e 80Z and the mat ég?'yglqﬁ%ﬁ’?)’b Tk’&ﬁoﬂg“t@?ﬁlﬁ%‘?ﬁfﬁwf@rihalsyﬂMa base

nodul e*80 B! i dul e 805 transl ates and sequences the

manuf act uﬁaﬁ'lgepar a%i%géw;é%gﬂr{gé UHPBH% daapicsonelrotaris eer8€ls isomropicovi de
manuf acturing in Eructi ons to a manufacturing machine for manufacturing an
obj ect i nv??ﬁ?%’ﬁﬁ‘? %é’%?%ﬂ’ét‘ﬁ%ﬂiefﬁ?e@%Bﬁgtimmedﬁ&rmﬂild@&uﬂﬁ&h%l pgodul e
801. The qﬂn}aﬂguf g&tgri&? 01; the object may be 20 carried out by':a machi ne
suitabl e °1 psepan theglagive waseof anrolife XA NI R

manuf act ured by reproduci ng surface geonetry (Stfx?z}f'ce ?o@%@?ﬁb%gﬁ%g‘g),
conposi t edesirag obgectmanuf act ured by control ling weave configuration and fi ber
choice, and polyners may be manufactured by chem cal choice, tenperature,

and pressure. SoEYLENhasRISLRRER: | F~.2~~4 manuf acturing al |l ows
machi nes to be quickly adj usted tég%»rgéctpﬁécﬁgﬁ SELUPAIHYT Pedeagsalf r om one

object t kLN i oys regions of a single object. The

above- deg%éﬁ?& m)gﬁu‘{?‘{(:anstyvlr n(gf} a%'exﬁ&g\ﬁlf%ﬂ“g gh¢ fnke glementmodel from egr at ed
package. .Tl}e %CM ) stem_a&g process relies on conputer processing to assi st
in the 5 Bhg" é’é‘?ﬂ%‘a BIFS K] Spretlocntlyuthermaserod esopierty niarinSlgdhidig oughout t he
‘desi gn, anal }/si s, and manufacture of apart or assenbly. During the design
and anal y8icslaadageep 2¢tis theyglobahdrasgmefiat mbleytaCRBhérgHhag:xd [Q}.pﬁﬁéﬂ' t

vi suali zation of the sensitivity of mechanical properties such as stress

and g0r aimeteral prapege soefficientefor al paph QPR didriS of HeSinid acconpl i shed by
iteratively solving for material properties, Sg SZE&{’J%? nf/“é&ﬁf‘%ﬂﬁ‘ayg’fs

mechani czktrdfledfrometén £3l pangr sl i both results in close to real tine
for each iteration. It i st hen;gylﬁt@s%gl %tﬁoIH%g?élf’WPﬁ Opigan ipsating funetios of al

t
properti L...dro of elements. During manufacturing, the -
system i géﬁgggl efig% e “‘efru%crﬁ%]'tﬁ‘gr TR ithskesense 0 EFG o thematsriabn of fi ber
and conpgsite ma%{ﬁrj al sf fiber volume, and fiber orientation. During
pr e- pr oc 85FCHY “AHHUIEBS O ‘F%’E’é%@%?fet%é’a@?@tfelmxmcbﬁ)eﬂhatmhatcrmﬂ@y&ﬁe@ a 15
viewi ng wi ndow that displays three-dinmensional finite el enent nodels with
the prop€PefEsnsforaiehersIofReer:. Mandpmeeasisaeshaldigbeftcheliine i fHes model s
di spl ayed as either wirefranme, hidden line, or solid. There I1s also the

abi | i1y modelghonder to galetare b.ﬁﬁdﬁieqh&ﬁ;eﬁ@ﬁr‘é&&?inmﬁ}gtrgﬁeltiﬁlm;rgﬁea 1%:539%8 tﬂ%r each

anal ysis. The results, e.g. Young' s nodul us of Poisson
el enent  posthedchipat dmbiNQoRid Wetdnenlle System then interpolates the results

At step 26, the extracted materia] property coefficients are compared with known
~ material property coefficients in 2 material property database or databases. FIG. SA

illustrates one organization of a material database 700, Material property data base 700

20 characterizes a plurality of materials Mi-1, MI-2, ..., Ml-n by the values of stiffness

properties such as Young's modulus (E) and Poisson's ratio (o). For example, material

M1-1 may be aluminum having a Young's modulus of 7.2 x 10" Pa and a Poisson's ratio

- of 0.32. Material M1-2 may be aluminum having 2 Young's modulus of 6.9 x 10'° Pa
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20 throughout each 3-D el enment and assigns a color value froma spectrum
that represents the value range of the desired nateri al pro;&,ﬁtﬁgg pg dat a
is then rendered onto the nmeshed geonetry of the finite el ement no :
Transparency val ues are assigned to the elenents to allow for the interior
el enents to be viewed. The systemhas the ability to 2~ ~ 3 =~~~ 2Q0
translate fromproprietary file formats from C AD CAM and FEA tool s such as
ABAQUS, NASTRrI N, |-DEAS and Unigraphics as well as standard file format
such as Many of t files that are exchanged fromthe different

pac kageslnéa\r%gpﬂ%nls rf‘%?(f’pﬁ'ﬁlb e§?a[W§|¥ﬂﬁ@FE beensvigent havies divfolieg'e modukit - based
files frgﬁgne fprmto another, thereby integrating the packages

i ndepend®nt-f ¢ 10 ofa andes Baisson'smatio n§05hRe Qfrvaliys,ithe Bivagedn i he: BxsbEM control s
the exchange of data between the FEA processing to the optim zation

pr ocessi Wgse sprafic esutrials. f Respeesadly hdseeiateld OB Q?u%?@&a?Fcﬁafsrbﬁl-l M-

post processor and viewed, alnost in real tinme. The data that 'I'S beli'hg

exchangedl i. M1 A8Q hafTietiing Bbosal HALESRANE MRSS; LPR I SXL L eg, and
ede

translates the 10 file format into the forns n

pack3gesas tdferdvisd, r.ef i-acludes a GUJl .that allows the user to
mani pul ate the d?{ ges%u%bagﬁg{%%péﬁ#%%%rﬁﬁFW%? s SoEBTRORERRSt 0 out put

t he resul; r each d.teration to the viewer in real tine. This feature
not onl ;/élu S@F%\égé%ﬁgssiwgﬁ%% FewnarEh referangego MGt SR smateriak mopery at e

sol uti or%". Th%ej;ystem al so includes a database for storing the conposite
mat er i al%3Rass 7QhLIAY charaqgezsopusality df deertRsM} HNNRES., ML&hbe’itH@d queri es
that allow for the automatic retrieval of the optimal naterial property

val ues fvalucaomimtria:dd:onétmmrids.-Wﬁ!ﬁ@éép%lve%kﬁcﬁ%&&’%@%ﬁ&m@ and

‘paranmeters. An object-oriented approach Ccreatés a data structure that

dynam candratiad Mecat es. yel SLor. _swappi ng of |arge anmounts of
data. This nethod ensu!f%gi?é%aaﬁgg? |%€%mPFO§eWﬁ%%eﬂ§°£%e$@el of

per figr ngng AN rates. conputer equi pment usable for performng
t he lgorrput g?‘icrgr%l t@r‘%&ﬁf.”e"&%‘%%?é%%ﬁ”&i‘g?é e B Al Dag condectvfityt he

process sr&{l}%y be . %f@gr med on the same or on different conputers. System
1201 i n2f §n%fe‘b£ 4155 A used 03 charecterizeymatenal shprdteyr tha@ial A Syst em bus
1207 coupl es various system 25 0 ~ ~~a zoo0 conponents including system
menory EPWHCHGLpeoTeEETiagelunt it &0R0 iGymife febimul 20k idEyeMedapy Of several
types of bus structures including a nenory bus or mem):ry controller, a
per i phemahutacrsringparametars adsobidfedusitehcRMa@fja vari ety of bus
architectures. System nenory 1207 includes read only nenory (ROM 1252 and
random acces¥hiss, PR I,c.lnput/output system (Bl OS) 1756,
' Wb et abeeP B8 R RE odlehh o |

contai ning the basic routinest p Yi on between

el epent s R0 G stem 1201, such as during start-up, is stored in
t he ROM |"\2ﬁ%&é&‘gy“’g@g?n&[i%?ss SPGRE PATHEACHIIE Riaherous BrRfoausng breseni at od
conput er -readable media, A hard disk drive 1209 reads fromand wites to a
(typi cafIy© P%@@f‘eﬁagﬁ@bidetql?a&eé 8% grated 10d mamtzdel by mdabtriapossi bl e

optional) to magnetic disk drive 1213 reads fromand wites to a renovable
"1 oppy™amHaSeIsE; SavagnEEnicagineiks, bAl SeseArh opinge). Fhrekagipley&nbRi7 reads from
and, in sone configurations, wites to a renovable optical disk 1219 such
as a CDniReNilaucloniiemeaptd lastidredk@ombadil idkskdLLVE ﬁ%%? and optical disk
drive 1217 are connected to system bE§§112107 g&‘;ggh ' |cs%dri ve interface

1221 andafiffaceRidL R [ ] respecti,vel he drives 15 and
their associ ated %}chnﬁﬁ’tlefgr?g%ﬁg%?{ﬁ#éé%gehma%gu%m%‘lqugngt orage of
comgaut efs I .1 ons tq,.structures, program nodul es and ot her
dars.t apehERSAh B ASTMUShbEBRqR B boimrsratiitane poan desermigpos. of
conmput E{]-reagabl e.nedia that can store data that is accessible by a
conput &7 {5 ChMANKAGHER S PRt such astemperamesrprassarar ets, thali wad adedved deo

di sks, Bernoulli- cartridges, random access nenories 30 (RAMs) read only
menor | EERFOREAterind hatiag Hhdse prapryticalis corbeattd ecthe AASHI G oRfr BIPEIaM nodul es
may be stored on the hard disk 1711, renovabl e magnetic di sk 1315, optical
di sk 12dcram diayrbetrigproBaddd| 2 32e Angkeor the RAM 1254 of system memory 1205.
Such program nodul es may i nclude an operating system 16 Q 3 FEB 2Qp~
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provi di ng graphics and sound APlI's, one or nore application prograns) other
program nodul es and program data: A user may enter comrands angggkgrgﬁi on
into conputer system 1201 t hrough input devices such as a keyb 224
poi nting device 1229, m crophones, joysticks, gane controllers, satellite
di shes, scanners, or the like. These 5 and other input devices can be
connected to processing unit 1203 through a serial port interface 1231 that
is coupled to system bus 1207, but may be connected by other interfaces,
such as a paralfgl JRQL L Fire wi)re bus or a universal serial bus (USB). A
noni t or 1233 or ot%erpapﬁ%atcﬁteiﬂi-@mt&?e@éﬁWatmdaia&ﬁapgeﬁ@%}@&fﬁge stem
bus 1207 vig n_interface, such as a video adapter 1235. 10 System 1201 may
al so i ncl 48 ¥ MBWeak Aregeriey dynibese inetebiodeidrniic A5e, AR fo %t gatgl i shing
communi cat i ons %\é*er a network. 1152 such as the Internet. e 80aseyhi ch
may be i nt"8F ARFENdF propemien which marhvn eedsediobd bus 123 via serial port
interface 15%1. A network interface 1156 nayyg?é%%géeprBPWFﬁ‘émsﬁﬁn@ngow ng
syst em 1263 thexgesmdi mattiab piipk Ry 2o& uting device 110 (e.g.,
anot her system 1201) via a l‘fg | beal g}ryggs' %%F%“%%Q Figr 4 gthe homparison
conmurd cawild fesiBYn BR iMéiifithd network 1152 or ot her conmunications
path such as dial -up or ot he‘rgn gg%ﬁf@%i%@%)??%ﬂdmmmﬂw N
"~ typical | ypioagldige r ripheral output devices, such as printers and

ot her standard pepggﬁgroafﬁ%d@\%ﬁ 8¢ Mprosrrspendingsbelemend 601 agBkeiesiddS MaYy

i ncl ude raphics pjpeline chip set 20 providing fast 3D graphics
it e e

renderin BROBHEES ¢ %iﬂncﬁa@am%ﬂrﬂﬁruﬂ&tw&r&% standard 3D
graphi cs application programer interface such as M cr.osoft §° rsr‘;é@f: 7.0

~or ot her YerEPgkee the peantionof sheeprosthb Bt BipRRAKeISdh237 1.5 .al $0,.connect ed to
‘system b;'% 1213; via a sound generati ng%i nt e%i ac‘:i‘l‘%%%"ﬁﬁ’ﬁg‘!i—c&m i onal

"sound cabave-gessvibeld oampitisons mdy e ar it war e . and. emhedded sof t war e
support for generating hilt quaﬁ/i tey stere%’?g?ﬁa@pé%mglﬁé@@éﬂmemd

comrands havingixfact Bave R¥#S1okdQ the 8,is a control conputer schematic for a
general i zed control conputef ‘B%F%%ﬁcéedc‘&ﬁﬁﬂf’ah PreRfy Roeicgs0 dafhifer exhtofol

conmput er ¢heSajdQ ded wi th e nufacturing instructions generated by
manuf act uri ng gn%%gﬁa% glﬁgxegrrs qtglqdi&g.etq Rf 5TGre)i20d tmundters paspdrtledacPgEmspeed,
fiber te eiOQ .gle erature, pressure, etc. is obtained from sensors 952 of
a manuf acturERg rfglghl?qﬁ% A qofude base conmiting s confSRb GhaSSHN: 08 anal og
format (voltage). Analog inputs are convened to a di st &l represe?}fhgti on by

anal og t BXERYd ArteEYvepartr ds Sorahicis 6Nthe Glenk Q...Control conputer
950 includes a processor 960 10 for anal yzi ng%teﬁlgen?’gtreﬁ‘ﬁfgré’ﬁewS’H‘F‘sensors

952 and Hemehamarmyiatigndhse. IHCBvAlR iged to actuators 954 for
adj usting the settings of the nanuf amn%u@?}ﬁﬁ&hﬁtﬁ Cf macacoElpshEdta t h t he

downisoadie dpphdtidba ehadifidthd QSLLLGt j ons.. I n addition to anal og and digital
outputs, pul se out%uté rraylggéela%?bi\??e&é%‘att(? hgv mechstoleswicads pomonad. Freguent | y

used W tdhiamehi nd ot her equi pnment. O course, the specifics of
control c%npg(%]gér]%g@?‘%\ﬁﬁﬁ% 13 8 ISR fPmRONERea Menywiaae bripérie:t Rt Re that i s

utili Ze%esxratl‘ea.' h.sth of .control conputers

e object to be manufactured is a non-critical component, the matchine
=

cnteria may be relaxed. Other criteria such as cost and the available manufacturing
t=

equipment may also determine the level of matching, Thus by performing step 26, the
> i) ek 4

sets of manufacturing-process control parameters for each and every portion of object are

determined.

At 2 i i
step 27, the determined sets of manufacturing-process control parameters are

ordered or sequenced to define the manufacturing-process controls thar are necessary to
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useful in surface manufacturing process may be found, for exanple, in the"
above identified Bedworth text. As described above, VCM provi ﬁsﬁﬂg&g ,
ability to control desired nmaterial property characteristics B a
structure. In essence, VCM enhances the tailorability of 20 conventi onal
conposite materials. Instead of controlling properties in the |ongtudinal
and transverse directions of an entire structure by altering the axial
direction of individual plies, VCMallows the nechanical, electro-nagnetic,

and therrm u%a&‘rlac&% stl to be controlled and varied in al | thr ee
directions-t it ed’i’f@”@fﬁ-i@:rﬁmrrbh[atﬂneteﬂsmi;&e us@d & ~' ~a 2Q04
addi tion, the manufact ur| ng process is a true three-di nensional structure,

not a t hi'E® t BumeRcal somyolat dwkinag: faowrid H@ﬂ@h@(ﬁ@geﬂolrﬁﬁuh&%q_&or e,
.

del am nat i on and shearing between plies are no | oner mgj or concerns that
drive t h@birssi Yampriod esstrolEaferstarheidcast doﬁetpﬁlﬂﬂﬁ'{ctal ﬁ%o&nﬁﬁ ﬁuﬁlgt -
ing fiber

structure can be acconplished in several

vol une atauionghiticicdtiabi dfeyfluSacnirifetd e VO' U var
fiber/matrix type as it is bein§ fqgh:! r catggs ?ﬁtﬁﬁgﬁh F erigtthon, and

varyi 50 dagioRorale Sitif 851 bnk Ve 8&0%?95@%%& st 35 [ h 3 conventi onal

conposite | aminate, alterin amsthgomtiagerti es.

VCM can IE'H g{og thcﬁ |ber volunme at the individual fiber level within 10
a structurée &P yéﬁ HERPYSHE malerad to &frmfligherai giaralttharigsgnt of matri x

in an area. FI$€I’S are added to or cut fromthe bundle as the fiber bundle
i s bei ng‘qaﬁtluﬂe el Ras may elsp aimpsmentedhairmuietic 8fcoRRI iPhe TRLEL bei ng
placed with the fiber bundl e nay be increased or decreased. This trix

_control EPRABOME Methadstimmems fovasisnurderifd ihe bbRet AR Y,Q YSalnfgng down
-a bi-conponent fiber. The bi-conponent fiber is one
using a general purpose numerical control language to develop manufacturing control

10 data One such language is APT-AC Numerical Control Processor Program (available
from IBM Corporation, Armonk, N.Y.). The APT-AC processor is a.computer
application program that accepts as input user-oriented language statements that describe
the numerical control operations to be performed. A postprocessor may further process
the manufacturing control data to tailor the information to a specific manufacturing
process. At step 28, the post-processed data is supplied to a computerized manufacturing
device that uses the supplied data to control the manufacturing of the object. The data
supplied to the computerized manufacturing device controls the manufacturing device to
synthesize the object, which object has the desired specifically calculated material
properties. For example, assume the manufactﬁring is carried out using a braider for
20 manufacturing a composite material. During the weaving of the composite, by al]owingl

the computer to control the speed of various machine parts, the tightness of the weave is

controlled. The tighter the weave, the hj gher the stiffness (low flexibility). For example,

in the case of the prosthetic hip, regions of both high and low stiffness are required.

19



15 in which the fiber is sheathed in the matrix material. The thi.ckness of
the sheath is controlled as the fiber is being laid, thus givin 3@32(?{]4
specific fiber volunme control. The second nmethod uses co-m ngl ed strands of
fiber and matrix. Just as the fiber bundles are added to or subtracted
from the quantity of matrix strands are controlled. Another =net hod .of
controlling the material properties is to alter the fiber and/or 20 matrix
choi ce throughout the structure as it is being fabricated. This allows for
conbi nat i ongsigg fdbers within the same structure. Adding to and subtracting
from the fiBer=bnefoF T emdeiandhe byumdmmeﬁu@rapgr@rgogkﬁcggﬁg%eti on

resul ting ifgﬁlﬁﬁg&ggggl y con:ii nuous gradient in material propérties. For
exanpl e) a S PEsesscat sgeiScaly, thei he Wty VCM pr ocess
may require carbon fiber to achieve a specifi o Q&@ﬁ?ﬁ?ﬁ%ﬁ%ﬁ%ﬁ%‘?‘f@fﬂ o

However, orfif9vidne regidn of highetiffhessqe el &h - jected to a high tensile
| oad. Conventional nethods woul d lc.l(ge a hi g@;“éﬁ"ﬁ%# ﬁ%ﬂ&@eehﬁ?%ﬁ fgﬁeﬁ}agi to

fabricate taregentof i@ Sffhksk .8 HeS] \% %4: wever, the structure is
fabricated such that a hi ghgée?for rrggn‘g”e’,“%% g%slgmeafaﬁ%dnﬁﬁb@n Bs used

t hr oughgut 3 Shi=Hct -hut . tn_a.dimnishing fiber volune towards the
non- | oad- beg??’rgg 3_%3.%?1?11%1%{’1? %“%F@ngg@ceés fleastondencetthoityBniived use t he
hi gh- perfo[.l#yi“.l?t@;:)10 rbon fiher_ only at the | oaded end. Throughout the

remai nder 0 e st DBIFET PHRTRY A Prechicet whivheespandom dpplied REHal ¥

substi t ut egﬁ\#mé%hwlﬁégsmg&perf&rdmce carbon fiber that has simlar

mechani cal e : ARl identical & mamRest wWRicHBRI QMg erfor

such a sea{gégss subst}i tution in a cost-effective manner. Aﬁg[%ﬁéeurlgé?g e of
-the usef ul 1988 sgne epplisdrietc BlicharproQhsg s ite aircraft wing. The
touter skin of the wing nust be damage toler an%vgﬁgpdég'btéﬁwlé‘? TS/PeI§t andi ng
smal | i npatitasacedristiegifor d@aEullatA@Niq lne Same capability is not required

wi thin the wi ngbox. Thus, for exanple, a wing that has a high kevlar to

car bomorati o onTHSHNE. JRUL-BL i absorb inpact nmay be fabricated. The

t hr ee- di mensi onal rei nfdgr ceﬁ%?ﬁe# OISt YRIgdhyarmiag dubes MONEmRELS Bebcadss O
assists i r i.ng del am pation after inpact. The kevlar is gradually
substit ut erl:éﬁ e&%ﬁbfga&&ﬁfu OFPI%lqlﬁﬁﬁéﬁr@mmuﬂgenﬂalltyh@di%te@b.:@é ffHef '
fabri cat egbfréaggt%,g?%gi% rrgt hod woul d be nore cost-effective than curren
efforts t pHercgsingen vaidyr pravidek tige 53¢ BQ i_nation. 20
As with conventi ogg_l conposite nethods, VCMis capa%lﬁggo ca“\ri‘ér%‘g’{ga&ﬂ‘? r

ori ent at i GFPRAFIFoAITICieat s inurRied Spplicakisn DeLAY if 2BLicated. The difference.
with VCMis that the fiber orientat F%n i sn'p?g?%g{ gg‘?Cnga‘?bSFﬁ?e"éb‘FﬁﬁiﬂP’
materi al grecfrete di@fientanstel BRy b RES ;| icated accordingly in unique
finite vol unes. Because the VCM n‘%‘%‘ﬁ%%t%%e%’é" account the smaflest incremental

15 volume that can be controllably braided using a computer-controlled braider. Preferably
each of the elements in the finite element model corresponds to no less than the smallest
incremental volume that can be controllably manufactured using the manufacturing
technique by which the object is to be manufactured. For example, for a braiding process
using a braider, the smallest volume that can be controllably braided is approximately one

20 |

cubic millimeter. In other words, it js possible to controllably vary a braid pattern to
produce an object having material or constirutive properties that vary on the order of a
cubic millimeter. This smallest incremental volume will of course vary in accordance

with the manufacturing process or technique selected and may, in addition. be dependent



O calculates precise fiber orientation, the fiber orientations will be nore
repeat abl e and can be nore exact than the basic 0, 90, +/-$. Bl @%

| ay-ups used in conventional conposite |am nates. An addit éggﬁ ng od to
tailor the properties of the matrix is to control the degree of cure of the
matrix as-it+is being |aid-down. This involves the incorporation of such

t echnol ogy as el ectron-beam curing, mcrowave curing and/or focused
infrared energy curing. Once the nmaterials, fiber volunmes and cure nethod
are determ ned, the VCM process can nmanufacture the structure by one of

sever al aedvaddsle mufarimgtdgoibmant.t Theuahhd e 18elshad j f d
prototypi ng technol ogy. Currently, RP techni"ques su?:eﬁgglé}e ugglclj"'@%lgsi tion

Vo di gt barensees Oahie-S0nbAL Bk 09 LR OLaGURAL AL Loy, ot product i on

parts. For this reason, the materials use Ioiehiotare linmted to

- wax and =Tavel ' astics.,. Wth,so dification, rapid prototyping
equi pmenr!tmé(}'zsi%Iﬁ eﬁggfé%%?o%gg&tvﬁgrbﬁ&ﬁ%ﬁ PE%EH,C[']‘DP@FWISPC PRePreinglss &n such
epoxi es, and.the like to creat? production parts, not just prototype nodels
Equi prefESEatic amedes Sroastrletplse [sAeteravesdy thesepabilitiasaf en bwdikbit once,
down to individual fibers. The machinery can be provided with the ability
to cf eattsaiger. dbWEbbr#rpredizied thases mheylaameind eichgiguad Hndprawmid%amref ucture.
n

Commer ci al FDbl equi prrent already has the control and accuracy required by

VCM t o margmentblevdlahepeanierdonesliably rheufealred, Ohe R8odS0eY BE e Thdiddi et €r -
Anot her manufacturing nethod is braiding. Braiding is jGst beginning to

make it snvefigy magtbe utifiee CRIARESI &l or SEEE 0 %&p nd i ndustry surveys
indicate that the process is |im toéd to {')trsgl I n{g&@%&fi bers that are then

i i- nfused W t h9esifherdWe e lhe ihiedile n?gﬁ%cfi :Ilrg glag& for other types of

manufacturing processes other than composites such as the manufacturing of metals,
10 plastics, and ceramics. The inventive method is also valid for manufacturing objects
based on their desired responses to heat and electric currents. In short, the inventive
methocf can be used for any computer controlled manufacturing process, where precision
volumetrically controlled manufacturing is desired.

The method of the present invention is particularly useful when increased
efficiency of an object is desired. In traditional manufacturing, the emphasis is on
precision manufacturing of an object’s geometry, without much, if any, control over the
internal structural makeup of this geomerry. In accordance with inventive methodology,
the material matrix is the unknown and an iterative process may be carried out to
optimize the material property matrix while keeping the geometry fixed.

20 . Thus, in accordance with the present invention, the mput parameters of any
process may be precisely varied to create an object with a precisely defined material
property matrix. As manufacturing continues to improve, the above-described

methodology is applicable even though the smallest incremental volume that can be



~ 3 ~~8 2QQ4 process is coupled with bi-conponent fibers or co-m ngted
yarns, then the infusion process, which is not very consistent, becones
unnecessary. |n addition, the infusion process does not all ol ¥ 6EBsaelHific
control of fiber volume. Braiding the matrix with the fiber would all ow
such control. The braiding process also lends itself well to further 5
devel opment because it can be used to yield a true three-dinensional

rei nforcenent. Any application, patent, technical docunment, textbook, or
ot her publicat'g cited herein should be construed to be incorporated by
refer encec%{gr‘idi &n@a%ﬁt@@gfﬁ%}t‘f@m%@n%r@%@rﬂﬁeal to the present

di scl osure. Wile various enbodi nents of the present invention have been

descri bed abov&lGi @illustrathpuiribusdunmidealshodides hat mijiey ufedve ilapRmeRf @sent ed
by way of exanmple, and not limtation. Thus, the breadth and scope of the

present i medmniidiogyofiche itlstand inbention T tcdehpderamad sith eC AP Wes &S §d 1 2§d
exenpl ary enbodi nents, but should be defined only i'n accordance wth the

Fol I'owi nowelameraial bepice Rt iEL Bt 1% onflady PERA00ACL) S M A met hod

for manufacturing an object having a-potentia fha ated in

response fle { 0L thereto,. the t hod,.conprising the steps o
gener gts i _n%é}igﬂ?:%ﬁﬁp%%g r% %eg?%%ﬁgnn%ife f%e 1mWFlug‘f§S TWREABYFE @eRtLErEesYr et i zi ng
a geonetrjic nmodel of the.object info a plurality of finite elenments and
speci fyi n’lﬁ%‘éﬂ%‘gg OEE’F‘ rie iny fefrf‘;msmmﬁémmnate syseny: SThis mas beo t he
finite elenents; specifying that the material properties of the finite

el enent s Praviled byargrpphitesoisyarepackpge using fbmtxanmyple Xraf, end & copedipset y mat ri x
[ kK] based on the relationship {f} _ [k] {x} and the specified synmetry;

-extract i ngpinmtaad appropriopdedaying oedibisoligit sedetapy t Tiee m%h@hsigﬁg?ﬁﬂmﬁmt rix
-- _[ k] for each finite element in the conputerized mat hemati cal nodel;
software package utilizes appropriate data structures for defining particular points in the
10 database of the graphics program. By utilizing algorithms in the grnphiﬁs program, other
points in the object can be defined and generated. The graphics program preferably
utilizes appropriate vector and matrix routines whereby an object can be rotated or
otherwise moved in computer memory and can be dimensioned whereby the coordinates
for any one point are known with respect to other points. As noted above, suitable CAD
15 software packages include I-DEAS, CATIA, and AWE-SOOO.
A finite element module 802 is used to generate the finite element model of the
"object from data stored in the graphics program database. Finite element module 802 is a
software package for dividing the object designed using computer-aided-design module
801 into a plurality of elements and expressing one or more unknown field variables in
20 terms of assumed approximating functions within each element. Finite element- module
802 is programmed to calculate the optimum material properties for each element as
discussed above. Suitable software packages for finite element module 802 include

NASTRAN, ABAQUS, and ANSYS.

el
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conparing the extracted material property coefficients to material property
coefficients for known materials to match the extracted mate@inilggﬁgty
coefficients to the material property coefficients for known lF 1
determ ni ng manufacturing paraneters for controlling manufacturing

equi pment based on the matched material property coefficients; -and
controlling the manufacturing equi pnent in accordance with the determ ned
manuf acturi ng paraneters to thereby manufacture the object. 2. The nethod
according to clgai el e tial_properties of the finite

el ements are spgcr?%[%%zg toagjlg&l %?)?Lrllggp%s Y ATHEC petrbycBran Mprepere ai m 1,
wherein t .erlal gperties of the finite elenents are specified to be
transver srekl% ﬁﬁ?ctsl%{t‘lf %btih(%{lelgféomsﬁo%‘g?%ﬁlm‘bgémﬂﬂg Prsesseandananaasorrttigaprotesscl ai m
1, wherein the step of generating a. conputerized mat hemati cal nodel of the
obj ect f urPRBP! PATRINEIEES  Hhe WEHves thus edmeslaserttlel prspernied ofmBatemals eyt t hat can
be manufactured using the conposite manufacturing equipnment. 5. The nethod
accor di ng MHUEIEUREA progessrapil manhachurizle rddeks pEaRedBCRAN IF@Lak gfce fiel d and
the potential {x} is a displacenent. 6. The nethod according to claim1,
wher ei 8 t meatésids.d {f} is an electric current field and the potential {x} is
a voltage. 7. The. nethod according to claiml1l, wherein the field{f} is a

magnetic fiel d 2R8mbAesdAdhsalid 8da ' netic vector potential. 8. The
met hod accordi ng tobcl aim 1 wher e‘léar@?dﬁ%‘ tﬁ? g}%g-r{aﬁ }’rqun]&s(f)lﬁ'@%l:d using
finite element module 802 1o the material data in material data base module 803 in order

to determine (1) which méterial has material properties which match or most closely
match the material properties determined using finite element module 802 and (2) the

10 manufacturing process and manufacturing process parameters associated with this
matched material. Comparison module 804 may be implemented, for example, by a
knowledge base having a fact base for storing material property data from finite element
module 802 and material property data from material data base module 803 and a rule
base containing rules for comparing and matching the material property data from finite

15 element module 802 and the material property data from material data base module 803.

A manufacturing module 805 translates and sequences the manufacturing

pararheters derived from comparison module 804 to provide manufacturing instructions
toa ma;lufactuting machine for manufacturing an object in having the geomerry defined
using computer-aided-design module 801. The manufacturing of the object may be

20 carried out by a machine suitable for the particular material. For example, metals may be
manufactured by reproducing surface geometry (surface points in space), composites may
be manufactured by éontrolling weave configuration and fiber choice, and polymers may

be manufactured by chemical choice, temperature, and pressure. Computer assistance in



flux field and the potential {x} is a tenperature. 9. The nethod according-
to claiml, wherein the field{f} is a fluid velocity field a@dgq:lgg
potential {x} is a fluid potential. 10. The nmethod according to cl aizp#% ;
wherein the step of controlling the manufacturing equi pnent conprises
controlling a conposite manufacturing equi pnent for manufacturing-a -
conposite material. 11. The nethod according to claim1l wherein the
conposite material conprises structural fibers lamnated in a matrix. 12.

The net ho j | ai.m.1 repn the trix jncludes bjologic

mat eri al . qli%%#hg{n%e 1&’8}5%%%'33}6 i’t%ggﬁ IC!éliyaﬁd}HST o W'rté? FIPRECHEEIPXCGERT | udes
bone. 34 _ ~ 3 FED 200 14. The npethod according to claim1l, wherein the
matrix i ndFUR B RIEH & s diest %‘.Vgﬁ@ YRROHDEF SiRme OF apingleabjedtai m 11, wherein
the matrix includes co-factors.16. The nmethod according to claim1l, wherein
the matrix i nc/lhgaboyeotiesgiibed medules mey betpeovidedreperattyoring inegedted m 11,
wherein the matrix includes bio-active materials.18. The nmethod according to
cl ai m 11, patiagei ihe NEMaysiem and promdes g smtérﬂ;blﬁcr%:&oa'ésgin@% hegsiagaRr ding to
claim1l, wherein the matrix includesantibiotics.20. The nethod according to

clai mil, enkiaeding dEfe:. MBe dompuik! po@siag QR h&&iﬁg&@{HSfdéegfgﬁéangﬂ%irsg%ﬁ{Od

according to claim1l wherein the object™bel ng mariu etic
i npl ant f i orce {f},and displacenent {x}
are speci ?(IS aggﬁgg@%éf%%ﬁ} Elg%}é%ﬁg{yg/o orgtctgg dga%%q SIRAS e SR Y be

replaced and the in_vi vg dis I.-ac.engnts ge&gr ated in the body part to be
repl aced RIEFF2PIYSORGSWEd to, P Hrnalzatiobpldfie senspivity of sachanisal@ropaahest act ur e

made in accordance with the nethod of claim1, wherein the article is
sel ect ed FRHAsEHESSHRE sPaEidashansen ¢t ortegial propemiobi This paadcomplishéd wy af t part ,
<a prosthetic inplant, a golf club shaft, a tennis racket, a bicycle frane,
and a fi skEngvgykelyingrfdr wheral propefifesy sibtequently wivin@forl Mectanidat! e have
different nmaterial properties 35 0 3 FED 2~~4 corresponding to the
mat chegl eytopaficednRlispid g BoRREULY if OBEL oG AR P EadNANAL SR B5d ALS -
used to determine the optimal material properties per element or group of elements.
During manufacturing, the system is used to determine the material makeup such as
selection of fiber and composite materials, fiber volume, and fiber orientation.
During pre-processing and post-processing, the system preferably provides a
15 viewing window that displays three-dimensional finite element models with the
properties of each element rendered as a different color. This model is displayed as either
wireframe, hidden line, or solid. There is also the ability to volumetrically render the
results of the finite element analysis. The results, e.g. Young's modulus or Poisson's
ratio, for each element is read into the software. The system then interpolates the resuits
20 throughout each 3-D element and assigns a color value from a spectrum that represents
the value range of the desired material property. This darta is then rendered onto the

meshed geomeltry of the finite element model. Transparency values are assigned to the

elements to allow for the interior elements to be viewed. The system has the ability to



23. A prosthetic inplant manufactured in accordance with the nethod of
claim1l 24. A golf club manufactured in accordance wth the n@g@q§%3; glaim
1. 25. A conputer-inplenmented nmethod for determ ning nachi ne cont |Qﬂ

i nstructions for manufacturing an object having a potential {x} that is
generated in'response to a field{f} applied thereto, the nethod . .conprising.
the steps o generating a conputerized nmat hemati cal nodel of the object by

di scretizing a geonetric nodel of the object into a plurality of finite

el ements and specifying values of the field {f} and potential {x} relative

to the finiranslas Epmrpreprispecikyongat frain CAB/IRVEHIFE OIRREMLLSS of the

finite elenments have a particular symretry; calculating a nmaterial property

matrix [ k]ABa@ds,msmmlmEgss&hhmrﬁ&pmiAg]wém%s S%%%%%q?lﬁzged fie

symetry; extracting material property coefficients TRdR Fica) as

ry; et P el iR
Tt homat | Cal- o6 Conmar na: TG G PELTan R BFfeal Siebgoray AGST e ent s

to naterithgr@ﬁﬁl&%ng fficie for kno materials to match the
extracted Hoter ial prd%%?%?q%%gﬁépanﬁ%?*F fi{e3drormors foam tprappiet, yhereby
coeffiﬁien ) far Q@fmn mat eri al s; determ ni ng manufacturing paraneters for
controPlin ﬁgﬁﬂg 5 RACKRgFs dedrpsadantlyeme theamert he nat ched material property
coefficients; and 36~ 0 3 ~~~ 20Q-~ generating nmachi ne control
i nstructions fdPungthe enalysigstage thesystar tontionGhe GUHAARIGE ddta BGGRESRACE Wi th
the manufacturing parameters.
processing to the optimization processing. The results from each iteration may be
sent to the postprocessor and viewed almast in‘real time. The data that is being
o
exchanged is in ASCII format and software code parses the text files and translates the
10 file format into the forms needed by the separate packages. The system preferably
includes a GUIT that allows the user to manipulate the data. Also the systern preferably
has the ability to ourput the results from each iteration to the viewer in real time. This
feature not only allows for simulation of "end results” byt also “intermediate solutions”.
The system also includes a database for storing the composite materials test data.
The SQL-based database includes customized queries that allow for the automatic
retrieval of the optimal material property values for a part and recommends the optimal
manufacturing method and parameters. An object-oriented approach creates a data
structure that dynamically allocates memory and allows for swapping of large amounts of
data. This method ensures scalability while maintaining a high level of performance.
20 FIG. 7 illustrates computer equipment usable for performing the computer-
implemented processes described above. Various ones of the processes may be
performed on the same or on different computers. System 1201 includes a processing

o

unit 1203 and a system memory 1205. A sysiem bus 1207 couples various system



26. The nethod according to clainR5, wherein the object bei@g
Is a prosthetic inplant for replacing a body part and the f

manuf act ur ed

aeEg ?ﬁp%n?he

di spl acenent {x} are specified based on the in vivo forces applie

body part to.be-replaced and the in vivo displacenents generat
body part to be replaced when the forces are applied thereto.

ed in the
27: The

nmet hod according to claim25, wherein the step of generating machi ne

control instructions conprises generating machi ne control inst

ructions for

control li r:@nqmnmsiﬁcmcﬁﬁwlbgfs?&ﬁ%!éﬂ&?ei%%pgem for manufacturing a conposite
ding to™¢C

material . 28. The nmethod accor

ai PRCo%EsIngBitd2A3+ ApsteoppedRoP

mat eri al Qﬂ@ﬁéﬁ@%f@&&&\%@?@ Offt'%LEsers | am.nated in a matrix. 29. The net hod

according to claim 28, el n

& MR iHding @ greninirplbog bcmemioey i al . 30.

- The net hoqoﬁgglggrggg&athg{ aim 28, wherein the matrix includes bone. 31. The

met hod according t

8> MAr'erH upasingeny of i noleugesparpahedhane. 32.

The net ho ccording to claim28, wherein the matrix includes co-factors.
g L e

33. The o B

IRQudssaend 08ly méreosi ROMPL TR :IdG) Hde

bi ol ogical cells. 34. The nmethod according to cl ai n28, erein t%se mat ri x
i ncl udes BIEHRY (RAMIE6er inabasic iﬁiudo@pﬁt.d?s‘fém“‘(%‘[csg‘ligséThe net hoﬁegcc_or di ng
s 3R

to claim28, wherein the matri x i ncludes "nedi cat|

A3

accor di ngraugined tiarhedio Mf@iiﬂf&ﬁﬁﬁ!ﬁ%&h&eﬁ%l udes antibiotics. 37. The
e m

met hod according to claim 28, wherein t

TIERIS Wi iR, grergputer system 1201,

such as during start-up, is stored in the ROM 1252. System 1201 further includes various

drives and associated computer-readable media. A hard disk drivé 1209 reads from and

writes to a (typically fixed) magnetic hard disk 121 I. An additional (possible optional)

10 magnetic disk drive 1213 reads from and writes to a removable "floppy” or other

magnetic disk 1215. An optical disk drive 1217 reads from and, in some configurations
writes 10 a removable optical disk 1219 such as 2 CD ROM or other optical media. Hard

disk drive 1209 and optical disk drive 1217 are connected to system bus 1207 by a hard

disk drive interface 1221 and an optical drive interface 1225, respectively. The drives

and their associated computer-readable media provide nonvolatile storage of

co § . :
mputer-readable instructions, data structures, program modules and other data for

co 2 i
mputer system 1201. In other configurations, other types of computer-readable media

that can store data that is accessible by a computer (e.g., magnetic cassettes, flash

memory cards, digital video disks, Bernoullj cartridges, random access memories

20 (RAMs), read only memories (ROMs) and the like) may also be used.

A number of program modules may be stored on the hard disk 121 1, removable

~ magnetic disk 1215, optical disk 1219 and/or the ROM 1252 and/or the RAM 1254 of

sysiem 2 i
y memory 1205. Such program modules may include an operating system



radi.oactive materials. 38. A conputer system programmed to performthe

met hod of claim25. 39. A control system programmed wth n&Q&Bangqﬂmgol
instructions for controlling conposite manufacturing equi pnent to

manuf acture a conposite object, wherein the nmachine control instructions
are generated in accordance with the nethod of claim25. 40. Conposite
manuf act uri ng equi pment conprising a control system programred with nachi ne
control instructions for controlling the conposite manufacturing equi pnent

to manuf aglouiden PzrepRR end SuRl) A8, onbhR HRIE hine control instructions
are generated in agcor dance with the met 03‘5‘53%36 %Pﬁ%“’z?iherﬂr%ﬂod f or

manuf act ughBgealh 'g&&n j ined field {f} generates a potenti al
{x} in responge t her to,E%Eé%n%ﬁgggﬁyggﬁﬁf?%&ﬂ@@%%“% mte 9mpERRr-at i ng
a conput efized gpthemati.cal nodel ob the object by discretizing a geonetric
nodel of {yﬁé%ob@cﬁprqtﬁbdn%mﬂfﬁﬁc% 4 3 <eyhaard 18 e peimting devipe 2% fyi ng
values of the field {f} and the potential {x} relative to the finite

el enent s; T{eTIPhOBEL I9XpHiRks. SAmE comeolings. sateHite dishyse sdanears ofr thdikd. i Thdse
el enents have a particular symetry; 38 0O 3 FED 2d04 . (4) calculating a

mat er i%al 3mdoesrigpurdevicss fau] bebameectediol procassih@uhRNa03 trbidh a sdrisl gér’é} and
the specified symmetry, wherein the material property matTix[ k] conprises a

pl ural i t vinetfaval 1B3stheric bogsled RSPRNE Pk 197086 lﬂg{yylﬁ?(#o%\,}g‘f{ggw %hl e{)r operty

coefficients; (5) conparing each of the pluralit ues” | he materi al
property ip@ifnbes. fdeh aE%[J%E&Q teri erti.es and, res ive to a
match, sel ecti ng a cor esp% ?ﬁ’gﬁ%ﬁiﬁ?gé{) r%‘r‘ra‘"ifﬁaés%l bb‘éﬁgﬁgﬂ'eﬁ, wher ei n
the sel ected magufacturin cess parapeter is usable for controllin
“conposi t (eiﬁ‘?%‘é‘r?g?a%tlf oy ?‘ﬁ&’ Egﬁaﬁﬂéyidg"%é Heqx qmaectre iiysiem by RO7piogerty i s
a material property for. a conposite material; and (6) controlling the

conposi t dMAEATH SeLAsi ngderyeiaprsiR3fn accordance with the sel ected
manuf acturing process paraneters to thereby manufacture the object.

10 System 1201 may also include 2 modem 1154 or other network interface means
for establishing communications over a nen;vork 1152 such as the Internet. Modem 1154,
which may be internal or external. is connected to system bus 123 via serial port interface
1231. A network interface 1156 may also be provided for allowing system 1201 1o
communicate with a remote computing device 1150 (e.g.. another system 1201) viaa

15 - local area network 1138 (or such communication may be via wide area network 1152 or
other communications path such as dial-up or other communications means). System

1201 will typically include other peripheral output devices, such as printers-and other

standard peripheral devices.

In one example, video adapter 1235 may include a 3D graphics pipeline chip set
20  providing fast 3D graphics rendering in response to 3D graphics commands issued based
on a standard 3D graphics application prégrammer interface such as Microsoft's DirectX

7.0 or other version. A set of stereo loudspeakers 1237 is also connected to system bus

1207 via a sound generating interface such as a conventional "sound card” providing



42. The nethod according to claim4l, wherein the object being manufactured

is a prosthetic inplant for replacing a body part and the fo r-f} d
di spl acenent {x} are specified based on the in vivo forces apglca?ggktgﬁghe

body part to be replaced and the in vivo displacenents generated in the
body part to be replaced when the forces are applied thereto. 43. A nethod
for manufacturing an object having a potential {x} that is generated in
response to a field {f} applied thereto, the method conprising: generating

a conput erhazdbehraatd enpeddeal sofvded s@fpottfer edteth e R¥enHShifAkd é%%%“?cf gepgetric
o1 ) (5 ecli tylng

nodel of the object into a plurality of finite &l enehts “an

val ues f orpakdiod ideind cbﬁﬁnﬁa@gpﬁﬁli@éﬁéﬁus{ srelative to the finite el enents;

specifying that the material "properties of the finite el enments have a

particul ar sy [ 1ng,a materi roperty matrix [k] based on
the field {f}mﬁégﬁ%gg%\wa{l%fl ‘eéiﬁ‘ahe&’??ém?%gg?qe%w%%?m99m39ter ugNg aFED
2f f ~~ extractiin materd' ﬁl roperty coefficients fromthe material property
matrix [ kKFORSP LHEE Pt & DEICeRERk computerds dowploadad wittheandrefactind  nodel
conparing _the extracted nmaterial property coefficients to material property
coef f i &i eMSSTUFHPNEFHRMRIGFR oMY acuongmarduid 305 o HIGa6t Bdommitenisath ps operty
coefficients to the material property coefficients for known materi al s;

det er mi ni biderhetiapead; fther pasiamat@psrafioE, HaRtf0bt D gbaRRYEFRE WisB] 952
equi pnent for each volune increment of the object based on the matched

mat eri al B @ peintifaca @Rl hedheH B di SRAbQhd: (o f NS ARIME RCI UL h 1Y fgrg,g%}prrent in

1

accordance with the determ ned nanufacturing B@r arreﬂ#ers to thRe

manuf act u obj ; ' ing .an jnpurity into the object while
The ot oot 548, D5} incBhol POV L0 el FbiFhenihion o, Pt Belitipur 1 1y 1 s
-variable for the respectiye volung_increnents of the object. 44. A

conput er - FAPIEEREAL :gﬁp?Pé’frﬁgﬂorf’B‘rl[eggi% r P gorauter A0 imelwdent pragessond6( ons

for manufacturjing an object having a potential {x} that is generated in
respotse {5 agalyrEgdhg qulomqnefmm Bensersd)52t4nd gemérhiin <igmyds ihichgire supplied

to actuators 334 for adjusting the settings of the manufacturing machine in accordance
with the downloaded manufacturing instructions. In addition to analog and digital
outputs, pulse outputs may be provided to drive stepping motors, frequently used with
machine tools and other equipment. Of course, the specifics of control computer 950 will
15  depend on the manufacturing machine that is utilized. Details of control computers
useful in surface manufacturing process may be found, for example, in the above-
identified Bedworth text.
As described above, VCM provides the ability to control desired material éroperty
characteristics throughout a structure. In essence, VCM enhances the tailorability of
20 conventional composite materials. Instead of controlling properties in the longitudinal
and transverse directions of an entire structure by altering the axial direction of individual
_pfies, VCM allows the mechanical, electro-magnetic, and thermal characteristics to be

controlled and varied in all three directions to a fidelity of one cubic millimeter. In



generating a conputerized mat hemati cal nodel of the object by discretizing
a geonetric nodel of the object into a plurality of finite el %trgnts and
speci fying values of the field {f} and potential {x} relative F@Bezgq'%ni te
el enents; specifying that the material properties-of the finite el enents
have a particutar symmetry; calculating a material property matrix [K]
based on the field {f}, the potential {x} and the specified symretry;
extracting material property coefficients fromthe material property matrix
[k] for eagh i n'hte el ement in the conputerized mathemati cal nodel; 40 o
~ ~—~ ~0029UHRPENT AENKREUERE PaRIcatis mare thede-dimepsoda) s@neirk] fhtaNhEihas

mat eri al Br_operty coefficients for known materials to match the extracted
material PEYpER bYseddhg Med-dimensiamal pléesialthRfdfate, &leﬁﬁﬁ:ﬁtti:?n &:Rﬁéhfe#ﬁﬁ«?“.t s for
known materials; determ ning manufacturing paraneters tor contrdtling

nmanuf act ubémger gliespre nd Idrper 8RAGE BRI HaNGE TR he qgbj ect based on
the matched material property ?gef fici entas{;PIIi geng?%%?%nn%mﬁ%séhi ne control

“instructions fQhe ¢RMticAlihi uy turing equipnment in accordance with
the manufacturing paramet gf@%‘?rﬁ%ﬁ?%c &rsguftﬂ'ée jbg@f:?""éﬂéﬁha‘éﬁb?ea'ﬁﬁhg
furth | he, : ] ructions fqr controlling the manufacturing

equi pgsren'[Tﬁ '([3 %g rﬁ(r:lg%fh @Ll%#];ﬁ%%uvrol e php lvt“ﬁ-@l Bpleceonithiling matsix objumd, i s
manuf act ur ed er/ei n.an _anmount of the introduced inpurity is variable for
the respet®? V8 {PST/HIRETS Wes aniii Being fabmisatstj erying fiber odentation, and varying

degree of cure as it is being laid down).

\ Just as in a conventional composite laminate, altering the fiber volume can vary
. the properties. VCM can manipulate the fiber volume at the individual fiber level within
10 astructure by altering either the number of fibers or the amount of matrix in an area.
Fibers are added to or cut from the bundle as the fiber bundle is being laid in place.
Alternatively, the amount of matrix material being placed with the fiber bundle
may be increased or decreased. This matrix control is accomplished in two ways. The
- first method involves laying down a bi-component fiber. The bi~component fiber is o‘nc
15 in which the fiber is sheathed in the matrix material. The thickness of the sheath is
controlled as the fiber is being laid, thus giving very specific fiber volume control. The
second method uses co-mingled strands of fiber and matrix. Just as the fiber bundles are
.~ added to or subtracted from, the quantity of matrix strands are controlled. -
Another method of controlling the material properties is to alter the fiber and/or
20 matrix choice throughout the structure as it is being fabricated. This allows for
combinations of fibers within the same structure. Adding to and subtracting from the
fiber bundle yields a fairly continuous material transition resulting in 2 seemingly

continuous gradient in material properties. For example, a structure fabricated using the



45. A nethod for manufacturing an object for which a defined field {f} .
generates a potential {x} in response thereto, the nethod conprising: (1)
generating a conputerized mat hemati cal nodel of the object by ngs}IErBet'g ng
a geonetric nodel of the object into a plurality of finite el ements; 2{‘“5
speci fying.vallues of the field {f} and the potential {x] relative to the
finite elenents; (3) specifying that the material properties of the finite
el enents have a particular symetry; (4) calculating a material property
mat ri x [k]mgfed on the field {f}, the potential {x) and the specified
symetry, BPRESE ARAYFEBWFS earbqsy Bprrrie ychigre & spdciffc meripnicakbsroerpy.ur al ity of
val ues each corresponding to one or nore naterial property coefficients; 41
0 3 FEB 2-Hpwe\sy, audinpes ¢ndpfabe stnafure meaypbesubldctad @z e dRsild 1Bad e materi al
property matrix [k] to known material properties and, responsive to a

mat ch, selCGmivemipral oethods poiil g 2 ekbhHagbhi er for a
vol unme i ncrenment of the object, V\herlglbn tﬁgﬁsaglcg%tgggwg%?%craﬁaeprocess
par anet er enfrelgbBhee.f OkinG O bk ' : uf acturi.ng equi pnent if

t he mat ched known matgslin'é%@b%@?%r@gg%n%@glgg&%?8 é‘r“ih;fﬂ?ﬁ‘rqmég‘corrposi te
materi al ; robd i osi te manufacturing equi pment in

accor dgn & Ql\%})?ﬁﬁ?h’e@ : e ICQ%tCé%%HE%E? 5&’(55‘? g u%}%‘é HestyaHEbting diminiskingby
manuf acturﬁg th(g obj ect'; ?[}r;_d (7)6éntroduci ng an inpurity into the object
whil e t he "OB] EURTF ORI fectotiriaad-bemreteesns. dnmighs batmart cosvefiend veo chinsd,
impurity is variable for the respective volune increnents of the object.
46. A net HEsetbe highrperfesmandersgrion foinr ooty drakt lgded @t Eirb@dholithet hat s
generated in response to a field {f} applied thereto, the nethod

g_orrprl f! n_@m:gadmméthmmmmmM@Lgﬂ@nﬁmd@wnqglgrﬁggﬁ} sudkH e QRE §Ct by
~discretizing a

lower-performance carbon fiber that has similar mechanicat properues. Convenuonal.

10 composite methods do not perform such a seamiess substitution in a cost-effective
manner. Another example of the usefulness of this method can be seen in a composite
aircraft wing. The outer skin of the wing must be damage tolerant and capable of
withstanding small impgcts without delamination. The same capability is not required
within the wingbox. Thus, for example, a wing that has a high kevlar to carbon ratio on

15 the outer skin to absorb impact may be fabricated. The three-dimensional reinforcement
that is integral to the VCM method also assists in arresting delamination after impact.
The kevlar is gradually substituted with carbon as the inner sections of the wingbox are
fabricated. Again, this method would be more cost-effective than current efforts to
fabricate the entire wing out of a carbon/kevlar combination.

20 | As with conventional composite methods, VCM is capable of varying fiber
orientation within the structure as it is being fabricated. The difference with VCM is that
the fiber orientation is pre-calculated, for optimal material properties, and the fiber is

’

fabricated accordingly in unique finite volumes. Because the VCM method pre-
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geonetric nodel of the object into a plurality of finite el enments and

speci fying values for the field {f} and potential {x} relatigyg t
3B iy e

finite elenents; calculating a material property matrix [K]

field {f} and the potential {x}, extracting naterial property coefficients
fromthe material property matrix [k] for each finite el ement .in.the
conputeri zed mat hemati cal nodel ; conparing the extracted material property
coefficients to nmaterial property coefficients for known materials to match
the extracted material property coefficients to the nmaterial property

coef fi ci erralsutatas preriven{ipratosienalion, e fiberorfentatio@O 51088 Siond FpBabiPagedapn the
mat ched material property coefficients, manufacturing paraneters for

control | i rog memekac thuni thg bage DPIE RS 0L/ PV IBs OGS ; i t j ect
corresponding to the finite el ements of theyg%o#et rllﬁ(r:ggﬁ %%%é?l C@&plg%c obj
ect; cont nghinafkg, t he manufacturing equi pnment in accordance with the
determ ned manufacturing paraneters to thereby manufacture the object; and

i ntroduci ng an 4 ' t.he_.obj.ect while e object is manufactured,
wherei n an anount o@ﬁérﬁleh.llg%ﬁ)rdotag%go& T QPGS ?@EWHSI%EP‘}F‘Q}@{M degree by
t he mapufacturi equi pnent. from any one volunme increment to another. 47.
The nef hod 8‘(’:‘8(9?g}°rfaa% 434Yis SRimgdpddoymrsT ginvalyep thedicorpbratien nf $uth
controlling of the manufacturing equi prent conprises controlling a
conposi t e FERIPEL BLPlEFIEPTebRATD AN, FicToNANe Eartig g focuzedRdEiréCerBrier i al .
48. The net hod according to claim47, wherein the conposite materi al
conpri sescatingictural fibers lamnated in a matrix and the inpurity is

i ntroduced into the

Once the materials, fiber volumes and cure method are determined, the VCM
process can manufacture the structure by one of several methods.

10 One method is through the customnization of rapid prototyping technology.
Cumﬁtly, RP techniques such as Fused Deposition Molding (FDM) are used only to
build proof-of-concept parts, not production parts. For this reason, the materials used by
this equipment are limited to wax and non-engineering plastics. With some modification,
rapid prototyping equipment can be used to lay thermoplastics, reinforcing fibers,
epoxies, and the like to create production parts, not just prototype models.

Equipment can aiso be modified to lay several types of materials at once, down to
individual fibers. The machinery can be provided with the ability to create bi-component
fibers as they are being laid into the structure. Commercial FDM equipment already has
the control and accuracy required by VCM 10 vary material properties on the scale of one
20  cubic millimeter.

Another manufacturing method is braiding. Braiding is Jjust beginning to make its
foray into the commercial sector. Research and industry surveys indicate that the process

is limited t0 braiding dry fibers that are then infused with resin. However, if the braiding
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matri x. 49. The nethod according to any one of clains 43 to 46, wherein the
inpurity conprises biologic material. 50. The nethod according to any one
of clains 43 to 46, wherein the inmpurity conprises bone. 51. Tﬁeﬁ mhg@‘;}
according to any one of clains 43 to 46, wherein the inpurity conpris
crushed bone. 52. The met hod according to any one of clains 43 to 46,
wherein the inpurity conprises co-factors. 53. The nethod according to any

one of clainms 43 to 46, wherein the inpurity conprises biological cells. 43
Q 3 ~E~ 2%7bcesétis cHEie A8 ceording to_any one of clains 43 to 46,
wherein t He irrpﬁrci teecor}pwg%gg RET R e 8T FheRsled yams; thenthe infusinn d

accordi ng one. of clainms 43 to 46, wherein the inpurity conprises
medi cat i o %‘9“%%%" &S Aet el CQE%‘BESHF’%@cQIBES&WC@SMf Incidglitinm, 48 infusik
wherein the i rity conprises antibiotics. 57. The nmethod according to any
one of cl &FHESY%Ces Fouglowrsersificisenirainfifitey valomer Bssidineant aacii Weth the
materials. 58. The nethod according to any one of clains 43 to 46, wherein

the obj ectibbewayldrailowf sich gomdoli The tpnididdwbis D leant iddf wb Rl ﬁ&&ﬁg a body
i fi n the

part and the field {f} and potential {x) are specified based o in vivo
for cess appevetoprhent bBeaule dcal Bk lusé®tdReld a true three-dimensional reinforcement.

Any :atpplit:ation, patent, technical document, textbook, or other publication cited
herein should be construed to be incorporated by rcfcréncc as to any subject matter
deemed essential to the present disclosure.

While various embodiments of the present invention have been described above,

10 itshould be understood that they have been presented by way of example, and not
limitation. Thus, the breadth and scope of the present invention should not be limited by
any of the above-described exemplary embodiments, but should be defined only in

accordance with the following claims and their equivalents.



replaced and the in vivo displacenents generated in the body part to be
repl aced when the forces are applied thereto. 59. An object Wg n
accordance with the nmethod of any one of clains 43, 45 or 46, ﬁe@ﬂ% he
object is selected fiomthe group consisting of an autonobile part, an
aircraft part, a prosthetic inplant, a golf club shaft, a tennis racket, a
bi cycle frame, and a fishing pole, and wherein different portions of the
obj ect have different material properties corresponding to the matched
extract edygmiagn:-al property coefficients for known materials. 60. A
prosthetic inplant manufactured in accordance with the nmethod of any one of
clainms 43, 45 or 46. 61. A conputer system programmed to performthe nethod
of claim44. 62. A control system programmed with machi ne contr ol
instructions fqr controlli conposi te manufacturing equipnrent to

manuf act ure a conpo ’F‘Qﬂ’BS;}g‘dpan geturigg an thavne ameicalial {tq‘ﬁéh%hi ne
control instructions are generated in accordance with the nmethod of claim
44. 63. Ceppsated i repprise bt afipldd feapnlisddiareto oirp methadcomprisingrthe stegsstfem
programmed with nmachine control instructions for controlling the conposite
manuf act uri ng eendrgtirayd cdnopu@inel acttheneatmaltnopa o the obldjceby disugriaga t he
machi ne control instructions are generated in accordance with the nethod of

cl ai m 44. od&metric model of the object into a plurality of finite elements and s e(‘:ifyin%\valucs for
. Ay. ACtb. AF8@ AC. A&\ . Ay. AFI". Al b. A)vb. AC9. A. Anr. A. A. A. A@A qr. A U. Al \ U, AvO. A

|5 @ AcU. Ay\e 39 @iﬁ%ﬁﬁﬁﬁﬁﬁé}%ﬁ’% A 1B%eA@ AB. AB\ . AQ Atto. A

. Ay. A. Ao. A#o. Aq Ao -
specifying that the material properties of the finite elements have a particular

symmetry,

calculating a material property matrix [k] based on the relationship {f} = [k]{x}
and the specified symmetry;

extracting material property coefficients from the material property matrix [k] for
each finite element in the computerized mathematical model;

comparing the extracted material property coefficients to material property
coefficients for known materials to match the extracted material property coefficients to
the material property coefficients for known materials;

determining manufacturing parameters for controlling manufacturing equipment
based on the matched material property coefficients; and

controlling the manufacturing equipment in accordance with the determined
manufacturing parameters to thereby manufacture the object.

2. The method according to claim1, wherein the material properties of the
finite elements are specified to be isotropic.

3. The method according to claim1, wherein the material properties of the

finite elements are specified to be transversely isotropic.
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SX{vql gb] X] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] c&al] c&a] ca] c@ﬁcraﬁ%aa@gﬁ] cajc
aJ ca] ca] ca]ca] ca] ca]ca] ca] ca]c”a]ca]c
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ca] calca] ca] ca]ca]ca] ca]ca]ca]ca]calcaV]ca]ca]c"a! 7h]jc(7 U
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. N2Z2@N7: : Q thod ding t 1, w the st i
| Gr<X=>?p @3 AMA} XS d zn]f:“ea]"caac‘é%{’] ing 10 claim 1, wherein the step of pelerating 2. 41 cal ¢

acacaca ca a <HHHCI | |

KM M @B@%ﬁ%@?ﬁ?@@}l e J'baes] TR e S BPOIEES o oo
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mher¥]1] cal cal aak eelealiond sabasl 2] sl enpblakice] cal cal ca) cal ca) cal caj ca] cal ¢
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ca] ca] ca] ca] cajlsahvalfacairon] amipnaint efroplisea conlf dBhyAbigposite manufacturing
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] ca] ca] ca] ca] cajuiphes] oalaalfaedidag & abepdsrhsatdil; 8aMO

"I'nl | wmhc”Y]]]ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] calca]c"al] c"a]

ca] ca] ca] ca] ca] ca] cq] ca] ¢a aRltfrled @cﬂn 10, v@hef Caﬁc@i#%ﬁf f@g?éoc 2 cga]g(c a] ai

AN S =(] (}xsnhc”Y]]]ca] ca] c"aU] c"alca] cal cd] ca

cal cal ol cal cal sl kaakPabas athaak iRk aalea o2 G Ut

/Y/ // | wr nhc"nhc"Y] ] a] C ]c"aU c"a] cal cal]ca] calca]ca]ca]c
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- ABi K- L#1090x& () -=VFS10%x& ()-f 10%Ox& ()-Z6 109Ox& () Z6 109%Ox& ()-) .
1099x& ()- "y1ib wpteriglyk f HY ) | " 1090x&' () -' $10%0x& () -
@%t10%pxpx& () - We#10%0x& ()-Z ' f10%0x& () - &LOYOx&' ()- Ig
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17.  The method according to claim11, wherein the matrix includes bio-

active materials.

18.  The method according to claim 11, wherein the matrix includes
medications.

19.  The method according to claim 11, wherein the matrix includes
antibiotics.

20.  The method according to claim 11, wherein the matrix includes
radioactive materials.

21.  The method according to claim1, wherein the object being
manufactured is a prosthetic implant for replacing a body part and the force {f}
and displacement {x} are specified based on the in vivo forces applied to the body
part to be replaced and the in vivo displacements generated in the body part to be
replaced when the forces are applied thereto.

22.  An article of manufacture made in accordance with the method of
claim 1, wherein the article is selected from the group consisting of an automobile
part, an aircraft part, a prosthetic implant, a golf club shaft, a tennis racket, a
bicycle frame, and a fishing pole, and wherein different portions of the article

have different material properties
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the field {f} and potential {x} relative to the finite elements;

specifying that the material properties of the finite elements have a particular
Symmetry;

calculating a material property matrix [k] based on the relationship {f} = [k] {x}
and the specified symmetry;

extracting material property coefficients from the material property matrix [k] for
each finite element in the computerized mathematical model;

comparing the extracted material property coefficients to material property
coefficients for known materials to match the extracted material property coefficients to
the material property coefficients for known materials;

determining manufacturing parameters for controlling manufacturing equipment

based on the matched material property coefficients; and
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are specified based on the in vivo forces applied to the body part to be replaced and the in
vivo displacements generated in the body part to be replaced when the forces are applied
thereto.

- 27.  The method according to claim 25, wherein the step of generating machine
control instructions comprises generating machine control instructions for controlling
composite manufacturing equipment for manufacturing a composite material.

28.  The method according to claim 27, wherein the composite material
comprises structural fibers laminated in a matrix.
29.  The method according to claim 28, wherein the matrix includes biologic

material.

30.  The method according to claim 28, wherein the matrix includes bone.

31.  The method according to claim28, wherein the matrix includes crushed
bone.

32.  The method according to claim 28, wherein the matrix includes co-factors.

33.  The method according to claim 28, wherein the matrix includes biological
cells.

34.  The method according to claim28, wherein the matrix includes bio-active

materials.
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radioactive materials.
38. A computer system programmed to perform the method of claim 25.
39. A control system programmed with machine control instructions for
controlling composite manufacturing equipment to manufacture a composite object,
wherein the machine control instructions are generated in accordance with the method of
claim 25.
40.  Composite manufacturing equipment comprising a control system
programmed with machine control instructions for controlling the composite
manufacturing equipment to manufacture a composite object, wherein the machine
control instructions are generated in accordance with the method of claim 25.
41. A method for manufacturing an object for which a defined field {f}
generates a potential {x} in response thereto, the method comprising the steps of*
(1)  generating a computerized mathematical model of the object by
discretizing a geometric model of the object into a plurality of finite elements;
(2)  specifying values of the field {f} and the potential {x} relative to the finite
elements;

3) specifying that the material properties of the finite elements have a

particular symmetry;
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(5) comparing each of the plurality of values in the material property matrix
[k] to known material properties and, responsive to a match, selecting a corresponding
manufacturing process parameter, wherein the seiected manufacturing process parameter
is usable for controlling composite manufacturing equipment if the matched known
material property is a material property for a composite material; and

(6)  controlling the composite manufacturing equipment in accordance with
the selected manufacturing process parameters to thereby manufacture the object.

42.  The method according to claim 41, wherein the object being manufactured
is a prosthetic implant for replacing a body part and the force {f} and displacement {x}
are specified based on the in vivo forces applied to the body part to be replaced and the in
vivo displacements generated in the body part to be replaced when the forces are applied
thereto.

43. A method for manufacturing an object having a potential {x} that is
generated in response to a field {f} applied thereto, the method comprising;

generating 2 computerized mathematical model of the object by discretizing a
geometric model of the object into a plurality of finite elements and specifying values for
the field {f} and potential {x} relative to the finite elements;

specifying that the material properties of the finite elements have a particular
symmetry;

calculating a material property matrix [k] based on the field {f}, the potential {x}

and the specified symmetry;
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coefficients for known materials to match the extracted material property coefficients to

the material property coefficients for known materials;

determining manufacturing parameters for controlling manufacturing equipment
for each volume increment of the object based on the matched material property
coefficients;

controlling the manufacturing equipment in accordance with the determined
manufacturing parameters to thereby manufacture the object; and

introducing an impurity into the object while the object is manufactured, wherein
an amount of the introduced impurity is variable for the respective volume increments of
the object.

44. A computer-implemented method for determining machine control
instructions for manufacturing an object having a potential {x} that is generated in
response to a ficld {f} applied thereto, the method comprising:

generating a computerized mathematical model of the object by discretizing a
geometric model of the object into a plurality of finite elements and specifying values of
the field {f} and potential {x} relative to the finite elements;

specifying that the material properties of the finite elements have a particular
symmetry;

calculating a material property matrix [k] based on the field {f}, the potential {x}
and the specified symmetry;

extracting material property coefficients from the material property matrix [k] for

cach finite element in the computerized mathematical model;
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determining manufacturing parameters for controlling manufacturing equipment
for each volume increment of the object based on the matched material property
coefficients;

generating machine control instructions for controlling the manufacturing
equipment in accordance with the manufacturing parameters to manufacture the object;
and

generating further machine control instructions for controlling the manufacturing
equipment to introduce an impurity into the object while the object is manufactured,
wherein an amount of the introduced impurity is variable for the respective volume
increments of the object.

45. A method for manufacturing an object for which a defined field {f}
generates a potential {x} in response thereto, the method comprising:

(1) generating a computerized mathematical model of the object by
discretizing a geometric model of the object into a plurality of finite elements;

2) specifying values of the field {f} and the potential {x} relative to the finite
elements;

3) specifying that the material properties of the finite elements have a
particular symmetry;

4 calculating a material property matrix [k] based on the field {f}, the
potential {x} and the specified symmetry, wherein the material property matrix [k]
comprises a plurality of values each corresponding to one or more material property

coefficients;
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(5) comparing each of the plurality of values in the material property matrix
[k] to known material propertics and, responsive to a match, selecting a corresponding
manufacturing process parameter for a volume increment of the object, wherein the
selected manufacturing process parameter is usable for controlling composite
manufacturing equipment if the matched known material property is a material property
for a composite material;

(6) controlling the composite manufacturing equipment in accordance with
the selected manufacturing process parameters to thereby manufacture the object; and

7 introducing an impurity into the object while the object is manufactured,
wherein an amount of the introduced impurity is variable for the respective volume
increments of the object.

46. A method for manufacturing an object having a potential {x} that is
generated in response to a field {f} applied thereto, the method comprising:

generating a computerized mathematical model of the object by discretizing a
geometric model of the object into a plurality of finite elements and specifying values for
the field {f} and potential {x} relative to the finite elements;

calculating a material property matrix [k] based on the field {f} and the potential
x5

extracting material property coefficients from the material property matrix [k] for
cach finite element in the computerized mathematical model;

comparing the extracted material property coefficients to material property
coefficients for known materials to match the extracted material property coefficients to

the material property coefficients for known materials;
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10%& () - tentidd¥gg ¢fjthe b@MRC{u)iny equipment comprises controlling a composite
manufacturing equipment for manufacturing a composite material.
48.  The method according to claim 47, wherein the composite material
comprises structural fibers laminated in a matrix and the impurity is introduced into the
matrix.
49.  The method according to any one of claims 43 to 46, wherein the impurity
comprises biologic material.
50.  The method according to any one of claims 43 to 46, wherein the impurity
comprises bone.
51.  The method according to any one of claims 43 to 46, wherein the impurity
- comprises crushed bone.
52. The method according to any one of claims 43 to 46, wherein the impurity
comprises co-factors.

53.  The'method according to any one of claims 43 to 46, wherein the impurity

comprises biological cells.
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510% & ()- 33 10%& ()- c1 10%& ()- @10% & ()- -10%B & ()--.

... 5. }. xYcomprA@¥@iddicaibd0%® ()-!10%&' ()- 10! 10! 10! >10% & () -
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potential {x} are specified based on the in vivo forces applied to the body part to be
replaced and the in vivo displacements generated in the body part to be replaced when the
forces are applied thereto.
59. An object made in accordance with the method of any one of claims 43,
45 or 46, wherein the object is selected from the gfoup consisting of an automobile part,
an aircraft part, a prosthetic implant, a golf club shaft, a tennis racket, a bicycle frame,
and a fishing pole, and wherein different portions of the object have different material
properties corresponding to the matched extracted material property coefficients for
known materials.
60. A prosthetic implant manufactured in accordance with the method of any
one of claims 43, 45 or 46.
61. A computer system programmed to perform the method of claim 44.

62. A control system programmed with machine control instructions for

controlling composite manufacturing equipment to manufacture a composite object,
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wherein the machine control instructions are generated in accordance with the method of
claim 44.

63.  Composite manufacturing equipment comprising a control system
programmed with machine control instructions for controlling the composite
manufacturing equipment to manufacture a composite object, wherein the machine

control instructions are generated in accordance with the method of claim 44.
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