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10 characteristics that are optimized for a desired application or use.

BACKGROUND AND SUMMARY OF THE INVENTION
Historically, analysis performed by engineers is one step in the long process in the
attempt to simulate and verify real-world expected performance of engineered products.
15 Complete models containing information such as geometry, material 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 to predetermined limits of the
material, whether isotropic, 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.



VCM may be applied, for exanple, to an orthopedic procedure known as THA
(Total H p 5 Anthroplasty). This procedure involves replacing a patient's’

hip with aybpssedsem so as to nmmintain the patient''s phyrcmusegiinad
capability of normal wal king notion. Traditional analysis revealed a

coupl e of areas of high stresses that an isotropic material displaced onto
surroundi ng bone and caused pain in the patient and premature failure of
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This plays very nmuch into the use of conposite materials because
reducing the stiffness involved using composite materials. These attempts however failed

due to inter-laminar shear causing delamination, and secondarily matrix/fiber disbonding.
These failures occurred due to an inability to come up with a ply configuration that could
withstand the load environment and unique structural properties of bone.

15 In order to provide an efficient analysis tool to determine the optimum 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 until specified elements display
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they can be tailored in many different ways to come up with the desired
material 5 property, unlike isotropic netallics that have |ess

tailorability i npari-son to conposites. The optim zat so be
Wit ety kads

extended to the type of solutions that result fromthe
above-descri bed processing. For exanple, the systemmy be constrained to
find a solution in which the finite volune el enents ("voxels") that nake up

t he object 10 have certain s tries. By way of i|lustration, the system
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certain synipading eendition, dhigmlaye very auglyin the pse of sprapasiipmeierials edavses, t he
system may be 15 confi-gured to generate solutions for isotropic voxels,
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sol ution used for manufacturing nay be chosen based on the relative ease
of cont r®l | progertyammitke dgotropin netadfics thathdve fass failomdbitity ih bempheison ®d  obj ect. As
menti oned above, conposite materials are useful for VCWI because they can
20 be tail ocopositesmany di fferent ways to cone up with the desired materi al
property. A conposite material is a conbination of two or nore naterials

i n which the i ndiheiogtimizatioramay alsd & exendedio sajil a eypedf soludnt aacepilc | evel .
One way to construct a conposite material is to lamnate structural fibers
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fibers. As described in greater detail below, the matrices in which the

fibers are fihd&QNRPIG RYicHEE fhiRke WBIEnE eRMch® (VBLIIBaCBiNAlpihe dujRYT 1 ti €s”.
In the case of a THA, for exanple, the inpurities may be biol ogic
n'_at erialp DRRR certhitHHRFLRANBy Wiy df ARkP4iion, 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 manufacturability 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 voxel. In some implementations, the system may be
15  configured to generate solutions for isotropic voXels, transversely 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



bi ol ogi cal cells, bio-active materials, nmedications, antibiotics,

radi oactive materials, etc. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS These and :
ot her feat womnsess advant ages provided by the invention wdruseensasiter and
nore conpl etely understood by referring to the foll ow ng detail ed
description of presently preferred enbodiments in conjunction with the
drawi ngs of which: 10 FIG 1 illustrates the nmethodol ogy for manufacturing
an obj ect fibers-a8¢ desaribrddn greptsr detaibbalovs dhamatrieesdn whish therfitess arg A and 2B
illustrates forces applied to the fenoral head of a hip during a one-leg
st ance aninceiperaieg niaydie repdified te inclusle gertain Vimipyritigs?.d9, thaeesenfia BBAL forustrate a
force applied to an in vivo hip and the resultant 15 stresses,

r espect i vekamples H@ impuiitidsmeayrhetbécogic materitlebarie corushed horgeto-fattoss, pr ost het i ¢

hip; FIGS. 5A and 5B illustrate material properties databases; FIG 6

i || ustr at bldgisabeellsbhd-activd miatesiatshmedicatipnd) entibdatits,tradioavtvenetetials fetc. pr esent

i nvention; 20 FIG 7 is a block diagram of an environnment which may be used
to i npbenent one or nore of the functional nodules of FIG 6; and FIG 8
is a schematic of a control conputer for controlling a manufacturing
machine. 4 1; WO 01/ 15(BREPOESSRIPZION OF TP BRARINGSSCRI PTI ON OF EXAMPLE

EVMBODI MENTS OF THE I NVENTION FIG | will be used to describe a nethodol ogy
for manufact urTikge &l c¥hér@eiurey andatvantages provided by the invention will be better
and more completely understood by referring to the following detailed description of
presently preferred embodiments in conjunction with the drawings of which:
10 FIG. 1 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
15  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.



in accordance with the present invention. As wll becorre appar ent fromthe
description 5 below, object or part (hereinafter "object'l as used herein
refers to anyoobjsesst that nay be nmanufactured by a proces scfushdadel due in
whi ch manufacturing paraneters may be controlled to vary constitutive or
material properties wthin the object. The nmethodol ogy for manufacturing
an object in accordance with the instant invention is based on sol utions
of the equation 10 (f)= [Kk] {x} where {f} represents a field that will be
applied to the object inits intended use, {x} represents a potenti al

cor r espondi NPETAILER DESCRIRIION @F BXAMRLE EYBODIVMENTSIGF THE INVENTIGN
properties of the object. The nethodol ogy of the instant invention may be
utilized with an¥iGerwillde usediiodescrite 4 methodotpgs formmantfactarihg) &n sbie begdrtur i ng
paranmeters may be varied. For exanple, a braiding process using a braider

may be used ik fccoriahdeaniththeprtdeReibvent bR 044 Wil RBORE ApparentTrdie the @estRiptidr ©
materials are finding increasing use as the construction material for
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exceedi ng, that of ne lic material s, exarrp le a sarre tinme
are lighter Bﬁb&‘!ﬁﬁwm@% :
Par anet er s scuch as the spsé&eig f&%ﬁ%gfrdgl% & %ng%%l r Jﬂaﬁ%&ﬁ

cont 1ol ed 1 VaPeeREE & ol bR LA Fé@ﬁ%ﬁﬂﬁ%ﬁfﬁf%@@%@&%@o 23030

of the fi ber rgg@a je material. An exanple of a braider bed designed for
controlled Bral ng of conposite materials is showmn in U S. Pat. No.
4,909, 1 to Skelton. Three- dinensi,en n fabrics are also discussed in
us oot No. 4 078 262 1o suo e (- HPES

where {f} represents a field that will be applied to the object in its intended use, {x}
represents a potential coresponding to the applied field, and {k] represents the material
properties of the object.

The methodology of the instant invention may be utilized with any manufacturing
technique in which the manufacturing parameters may be varied. For example, a
braiding process using a braider may be used to manufacture fiber composite objects.
Fiber composite materials are finding increasing use as the construction material for
components such as body panels of autornobiles, aircraft, prosthetic implants, golf club
shafts, tennis rackets, bicycle frames, and fishing poles. These composite materials offer
20 high 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
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Conposite materials may al so be constructed by |lam nating structural fibers
in 5 appropriate matrices conpatible with these fibers as described in U S
Pat. No. SwOB15880 to Carver et al. Fiberglass is a w dpCT/USBRI3EONPOSI t e
systemthat incorporates glass fibers within an epoxy resin matrix. For
formation of aircraft conponents, nore exotic conposite systens having

| nproved properties are desirable. Currently avail able for use are exotic
i nor gani c ofrht dibéradompesiteimageyiat aAh exnnifldbefrashraiienbed désigred $or conpellsded gl ass
fibers, to alum num oxide fibers, inorganic whiskers of different materials
and cer t aibmidhigéfitompodilcmeneriaty is khowm ialBSriPde Noah80% K2 7an Skeltonh Jhree-

pol yet hyl enes. These fibers.or whiskers are incorporated as threads,
fabrics, Bhdnsiof wovéiefablidsard dlscdisyusyed irtlUsS. PRSNO,974:262 @ Sitast ance

t hernosetti ng epoxies, polyesters, polyethers, polyimdes, and

bi smal ei m des Qbmpésite hidpiaR HidyCalsoWe tomBdetediby Rininaing yteicheil fibetsfinnes,

pol yet her ket ones, polyphenylene 15-sulfides and other simlar polyneric

mat eri 3l s apfrapmasnhtPictofphiibleWith Bfesd Meieat destribbd il NG, Par! NG 5@2B8800Ni ques - -
using either external .nolds that are of a conplenentary shape to an object
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nmold utilize or the formation and curing of a conposite object is called
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incorporated as threads, fabrics, mats, or the like in appropriate resins, as for instance

thermosetting epoxies, polyesters, polyethers, polyimides, and bismaleimides or
thermoplastic polyhmideimines, polyether sulfones, polyether ketones, polyphenylene
15  sulfides and other similar polymeric materials. Composite objects may be formed
utilizing molding techniques - using either external molds that are of a complementary
shape to an object or an internal mandrel type mold on which the composite object is
built. A mold utilized for the formation and curing of a composite object is called a
bonding tool and the curing is carried out under precisely controlled temperatures and
20  pressures.
In accordance with one aspect of the present invention, certain "impurities” may
be introduced into the matrices in which the fibers are incorporated. In the case of a

THA, for example, the impurities may be biologic material, bone, crushed bone, co-



per cent age of the above-nentioned inpurities. The actual percentage may
vary with 5 depth fromthe surface (e.g., as the surface is approached, the
concentrati oRyg@ysdds | ncredsed). By incorporating, for ex &mggbglogical
material in a THA, biological growmh to the inplant itselt can be
stinmulated. If nedication or antibiotics are incorporated in the THA, the
medi cation can diffuse out into the surrounding tissues. A contouring
process usi rgetérs, biulogiehl céll, Hy-abh@mtiferials| Mbdibutiohs, antibidtcs, pllismevd ne 10 may
be used to manufacture netal objects. Contouring refers to the continuous
removal  of Jadils, @ld thenile) VAN Ipkdividel RianiSFbcirirftontad elRmeR-tLAéiRertBESN Ni NQ.
Parameters such as the part surface, the drive surface, and the check
surface may Ji@ e ditet QrfablleibentOlat vk Bade 1 ihdihdddn iR MarPAhReddid cbitiin t he
contouring. Part surface refers to the surface on which the end of the
mlling tool,. WolPlaTel ' : ; L aof I st which
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I nvention i s‘chrﬁ%B?gﬁ)’i gy%@%gﬁ%jf(&%&mﬁ a’rlrééglﬁg%ge% rl?if‘m:%mlo:%% I ng, or
contouring and the,above di scussions .ar rel y. examples. of manufacturing
20 t echni qud&® ."%‘H‘_’%Rv}a’ﬁg“‘ﬁf‘i“f‘?’%é‘&“‘f‘%‘&hﬁ°ﬁ\‘i§%°\f/%‘{%ﬁ66‘8| ogy. Cther
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object inits intended use, as well as the desired potential (s) or

r esponselfs) maybepsrditp gapuipcture retd] objsity GrIvqusag refers o thscapinueus 5108l ect may

be applied with a mechanical force field, an electric current field,
of material in an application such as turbine-blade machining. Parameters such as the

part surface, the drive surface, and the check surface may be controlled to vary the
milling tool path and thus the contouring. Part surface refers to the surface on which the
end of the milling tool is riding; drive surface refers to the surface against which the edge
15  of the milling tool rides; and check surface refers to a surface at which the current milling
tool motion is to stop. Details of a contouring system are shown in Bedworth et al,,
Computer-Integrated Design and Manufacturing, McGraw-Hill Inc. (1991).
Of course, the instant invention is not limited 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 techniques,

and the like.



a magnetic field, a thermal flux field, and/or a fluid velocity field.

QG her fields (f) may 5 be derived using these prinmary fields. For exanple,*
an acoust iwobi/soss may be derived by conbining the nmecharcrmasoo2smiee field
and the fluid velocity field. A magnetohydrodynam cs field nmay be derived
by conbining the fluid velocity field and the magnetic field. Each of the:
above-identified fields has a corresponding potential. These potentials
are di spl acenemt step Ql FteSHEIAE) (1Y thab wilhbe iPpliEiditedbidc s ihleRdcdiuse/ @ t age, 1o
corresponding to the electric field; magnetic vector potential,
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thermal flux field; and fluid potential, corresponding to the fluid
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flux that will be applied to.the object in its |ntended use. O course, an
obj ectwnm‘fma%s?mﬁ'ﬁ ‘Bg'zf "&?"Fﬁz G magnsle ‘Gﬁ@rf"?t"e"ft’é‘i* SPrEseeRdingfe thshese fiel ds
may be defi ned, an el ectrical conductor may be

tep 21. For exanple ] !
appl i ed w'%ﬁ%"%%‘%&"?ﬂeﬁa“ff?@ﬂ?sp “%%f?é{’? ermal flyx field; and fluid potential,

corresponding to the fluid velocity field.
As noted, the fields defined at step 21 represent one or more fields that will be
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 to 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
walking, for example) 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
Newtons (N), with an orientation change from one-leg stance to midrise loading. As

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



and a nechanical force field in its intended use. 5 The potential (s) {x }
defined at step 21 define the manner in which the manufacturer desires the
obj ect to respaiseksehen the defined field or fields {f} arecepsinisdo
thereto. In the case of the prosthetic hip, the defined potentials are the
desired displacenments (which correlate mathematically to the stresses) in
the prosthetic hip when the prosthetic hip is subjected to the nechani cal

forces showmgk thabbiihe £l debbkdf infg 19::81:1\9?1148' 0 caupst, Eu‘:ﬁ&&gnf ?‘B@‘ a chair.
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be the displacenments set rth jn the table of FIG 3B. Slmlarly, in 20
the case of Hefdo-Hiaske casnieffbs post %’I"é‘FPeHFdF%ﬂdPP?“‘A%i)FFg& dipired a thermal flux
field, the defined responses correspond to desired tenperatures at various
portions of displecameais Wé@ﬁ&%ﬂ%‘éﬁ“@!’@ﬂ%ﬂﬂy tarhestrepres)de the psethetie hipayhep| ux
field is applied. I'n the case of an electrical conductor which is applied
with an el edherprestietie hip,is subjestgA & the mechanigal farses shown WFIGS/ 24 ead2Bdmug00/ 23030
mechani cal force field, the defined responses correspond to desired

di spl acenenwalking and gising fomporhairo Hsheohanufrsturerresines the prdstheti¢ hip telrespandd
nmechani cal force field is applied, to desired nmagnetic vector potentials
at various pofotdepinghe$anichmanperadas trovivankipsthe Tdesickdfdispldements” 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
15  the displacements generated at the points labeled A, B, C, D, E, and F in FIG. 3A in
response to this applied force. Thus, a manufacturer desiring to manufacture a prosthetic
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 the heat
conduction element when the defined thermal flux field is applied. In the case of an

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



magnetic field is applied, and to desired voltages at various portions of
the conductor 5 when the defined electric field is applied, respectively.
At step 22WOddmy988 er ai ded design is used to geonetti cal lpeTmsodzedwhe obj ect
to be nmanufactured. Ceonetric nodeling is a technique of using

conput ati onal geonetry to define geonetric objects. The purposes of
geonetric_nodel i ar, | ect representation, Lch mandates a conplete
defi niti off*g mfcﬁff}%f)cﬁj ‘8&‘?%%%&8&%?‘?‘?&%& g%ﬁgﬁl d‘fn%a%f'ﬁﬂ"ﬁ?ét i ons such
as finite el enent, an si s;, design, i.ch, al |l ows the yser to_ipput and

mani pul at §W“§88W8?§%&X%ﬁ9§8' ?YCVH%P(SW ngd mechpnigal force Held isapplied- 1y, whi ch
uses the _geonetry to paint.g realistic picture of the object on a conputer
gr aphi cs GeHsEtmagislic Yector ppfratipls at yaripuspastions of the gepfuctopwhembe definedt or part
may, for exanple, he based on the _experience of the design engineer or be
di ct at ed BipeRenis fiekkis aRpligd, pad tafesirgibvalipges @t vasiougpgrtions of tegronducigipl e, t he
initial geometric _nodel of a prosthetic hip is based on an in vivo hip. O
cour se’ tWS“?hﬁWﬁW°§éWH§amQW%W%g-subsequent ly modified for
adaptation to an individual of a particular height and/or weight. The
initial desi gnAtsiena?, egmpifteraided (design ig ysedde g¢ametrically modelchoobjectio ke | a
cylinder of predeterm ned |length and dianeter. ‘Again, this initial design
geomet ry magufpesuneddGeometric modelingiisiztechniquefof using comppedtioeal gobmetrytar t i cul ar .
20 height or to provide a shaft having a dianeter that varies, e.g., a
narr ower defneeeemetrie abjects. HEheqiungmsésaaf georietri¢ mbdalinGAfe chjdct represerpatioages f or
carrying out this geonetric nodeling include I'DEAS, CATIA and ANVIL-5000.

These sof whithenandarésaemphay ddfimitionrof tHeabjeceformphifactaringldd theased wor k
stations such as those available from Sun M crosystens 10 WD 01/ 15059

PCTNSQGY 2 apiidations sushlas finite éeraai asdysis lesigivhieh alldves the ased © mputcadaputer wil |
be determ ned by the conputational power required and the i1nvention is not

limted i mahipulateraqepmetic spdificdien ¢ffthe bjeeh andrEadérig, @hidRdsed@lsd gn sof tware
packages permts a geonetric nodel of an object or :
geometry to paint a realistic picture of the object on a 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 or be dictated by the intended use of the object or part.
15  For example, the initial geometric model of a prosthetic hip is based on an in vivo hip.
Of course, this initial geometric model 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., 2 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 Microsystems

10



part to be defined by a user and nodified quickly and results in generation
of geonetry 5 data which can be converted to formats useful in a conputer

ai ded manuf sseinsosg step and/or to formats useful a fini pevessepsEd net hod
step, which steps are discussed in greater detail below It is noted that
the initial geonetric nodel can be inmage data generated by scanning an

obj ect having the desired, geonetry. For exanple, the initial geonetric
nmodel in t e Sizer Godphixs. pObsiusef the chuiqe of aomingergall be détemhiimd by-thayi ng a
cadaveric hip using, 1o for exanple, a Sienens Somatom DR3 or a GE 9800 CT
scanner. Thiofputargml pave raited Id tidnvetibel nbolimitdddn tas resiald [ The laye dfhe CAD

sof tware package or may be directly converted to a format usable by a

finite el engel conffutenaided Saivk 30RwArt pickepes Perhits ageorMATEADUA Of fPdbject 6r be
descri bed below. At step 23, a finite elenent nodel of the object is

gener at ed Untt@bd 8finkd BY 4 Ssed Indah@iiBA quithlyipd restitein febitiritRn @F 8dERirynet hod i s

based on the theory that an irregularly “shaped object can Be divided into

smal | er s eqialAbhiéH din'b8 cOlvRARItb FornaRGRerE] if TR BhpRa hided ShnufAiulif g @l d

separately and the aggregate effect Is the sumof the effects of all of the

finite el GHBALR forndid\RefPh ﬁﬁi}&e elebikat frxleﬂﬂk% geﬁlvﬁmgkgm%scﬁéeﬁﬁ ge by a

user using an appropriate software pac at operates on the geonetric
del d | j T - fini t k
et al Ty iBbelol. 1 & Roed hathl! il Blonieiic nfle] e SRR B YehiBER 62 0 €295
d | di LNt t . | - DEAS
from Sbrc, HRREbject 1AMRE ML EdE8 Eéhad) %@%ﬁﬁﬁg%ﬁﬁﬁ gpAtighigs | - DA
SnaT Tl car Todel i dife 4iHontRER ni2tn RENGeLRABE ACURS s ARGV EIRNE e . 1
i tabl t 174 f ti finit | t del i | ud
ZN{‘i'sT:RA@ ggﬁﬁmﬁg{"gﬁﬁ%_&ﬁ%%%?lm%ﬁ&@tﬁﬁ fea t’?%ﬁ?(g SEAIBST: Fﬁﬁg‘?‘% @g':g)’@%ﬁr at 2§ by
Ividln e eonetri Cc. node C INTO a ur a (0] el enents
e Ehog IR RS ftscromagt Syanl oy e G RhiBvise piec bray be direclly

converted to a format usable by a finite element software package (for example, a

PATRAN format) to be described below.
At step 23, a finite element mode! 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 generally accesses a data file that contains the geometry
of the object developed in step 21. Some integrated software packages, such as -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

13



5 elenments. An exenplary finite element nodel for a prosthetic hip is shown
in FIG 4. A variety of elenent shapes may be used in the finite el enent
nodel of tMOOMNSe8t. The nunber and types of el enents sepeEnvsHizsBe
generally based on the type of field and the geonetry of the object. The
various,finite el ement software packages identified above generally

cl to.enabl e del i ng of

i nclude Iibr r|e s and eIe nt ust

areas io h%{\? nggf F‘E{TEFE‘){S ?)rﬁ\??‘fkia%ess % FAcTANE: E‘F TR IS RS 0 &glgr ee of
accuracy. Thu Vi n enent size of a predeterm ned val ue
or an el en’@ﬁ?ﬁécwggm&gﬁ%%ﬁﬁems having a cluster size of the
predet er m ned val ue . be utilize. If element clusters are wutilized, the
cluster may beﬁ'é‘ﬁ ‘é‘?ng%‘ ‘Sﬁ”éﬁ?@ﬂ’@ﬁ?"ﬁ?@eﬂeﬁbt’@@?‘wﬁﬁem$m°¢9 10f ust er may
i ncl ude el enents that have different shape For exa if the object to
be 15 nanuﬁ‘ﬁe?lﬁ?‘éﬁ°\%npiqfalﬁlé°§%}ﬁ‘}3%fﬁ%aﬂddh ﬁP‘“SG?‘&é@ th”B@mﬁ'ﬁtl@q{ A ng shapes
that are best suited for nodeling shear forces may be utilized and

orient el atlermenty Smexemplaryfts elemegemode] fora prosthgtiehigivthowa in B vheY | t hey
may define a cluster that may be repeated, for exanple, in areas having
sim|ar gevametyraf elemenishapes iy useddn thefinite elewentrmedehf the objestc Fbe | n
addition, different size elenents nay be used to nodel object portions of
critical 2unbsk andiypes.of Soments selected ave genetaliyrbased onthe type af fietl ankdhee t ol er ance
is not critical. Since the nethodology of the invention is typically an

i terative geooewysf the objettl The vatians fiskeciemént baftware packiges identifigd abové t i S
determned in a first iteration that there are one or nore portions of the
obj ect whegenefalipincindalibradés ef elettenand elemagelusiersto ehable modghing af areasal . 12 WO
01/ 15058 PCT/ USOQ 23030 purposes, a second later iteration nay generate a

finiteiel chavitg panidelar gdoniekies olifhenisert dpadified deghed @€ accaney.OThusParfelement
super-el ements_in these areas in order to sinplify subsequent

cal cul at i Omsving Hefentienbisikeofel gre@edrmitiod P4lué 6r MmeTEMeRt SSstdhof YRGbId déméhts he
val ues and/ or directions
having a cluster size of the predetermined value may be utilize. If element clusters are
utilized, the cluster may be repeated throughout the finite element model. A cluster may -
include elements that have different shapes. For example, if the object to be -

15 manufactured will be subject to shear forces, elements having shapes that are best suited
for modeling shear forces may be utilized and oriented as appropriate. When these
elements are grouped together, they may define a cluster that may be repeated, for

.example, in areas having 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 nodal values do not change much, for computational



5 of the above-described fields {f} and potentials {x} at the nodes of the
di'scretized object. |In addition, any appropriate boundary conditions are

i nposed. At WOSpIBEB the finite el enent software package ipctaisegisasgned to
solve for the material properly matrix [k] using the relationship {f}= (ki
{x}. That is, [k] {x}={f} 10 [k) {x} (x}'" -{x}-" (f} (k] = {x}"1 (f)
Because the field g 3 d.-the potenti al (x%ﬂ_have been defined at step 21,
the materi BfPP¥EHPSFRP FERRUPR Ay, gepersie i glemeniimodahefihg ehjeqt that he
mechanical force field and { x } is the displacenent, [k] is the stiffness
matrix. \Wheicludgs one or mage spprurelamentsin these; asgag in adegrieisiplify spbsequent t enper at ur e,
[kK] is the thermal conductivity. Wien (f } is the magnetic field and {x}
is the nagné%l?‘ﬁat\%%tor potential, [K] is the magnetic reluctivity. Wen {f}
is an electric current field and {x) is the voltage, [K] is electrical
conductivity. ThEhe finite elemantimadebis comhplend by specifyig the valtapnd/dr diteedortshe fi el ds
and potentials have been defined as described at steps 21 determ nes the
opti mum &r ofshe aboye desaribedefteldsi{f) andipopetidly {3t trnodes of the df3eretizediobfest. a

manuf acturer to manufacture an object having desired responses for a

speci fi ¢ appl addition,any apprepriatef boandarpamditibhcareipigosadat i on of forces. The
software for generating the solution to the equation nmay include an

optim zer, a stAwstprd, hbfinitd dlendnt SifiakepkRER PropRn¥SiosolvERdtheode, and a
controller for 13 WO 01/ 15058 PCT/ USOO’A}%OBO controlling data fl ow between
the opti ni zmateAslgrdperty marix(RABing@RCelaBORhipIF = KPS )PERR s, PEr f or med by the
FEA code, the controller sends the data to the optim zer to conpare the
resulting data fromthe analysis wi ti) (khgsdesired nodel paranmeters and
tolerances. If any of the results are not within the desired tol erance
range, g¢lected parameters are p) {x} {x}' ={x}" {f}

[kl = {x}" {f}

Because the field {f} and the potential {x} have been defined at step 21, the
material property matrix [k] may be calculated. When {f} is the mechanical force field
and {x} is the displacement, [K] is the stiffness matrix. When {f} is the thermal flux field

15  and {x} is the temperature, [k] is the thermal conductivity. When {f} is the magnetic
field and {x} is the magnetic vector potential, {k] is the magnetic reluctivity. When {f} is
an ¢electric current field and {x] is the voltage, [k] is electrical conductivity. The
calculation of the matrix k] at step 24 when the fields and potentials have been defined
as described at steps 21 determines the optimum or near-optimum material property

20 matrix for permitting a manufacturer to manufacture 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

13



5 conditioned by the optim zer, and the controller then sends the
recondi ti oned data back to the FEA code for another analysis run. This :
process isWOHIF®WEed until all user specified paranetersecmusovesosodel fall
wi thin the tol erance range, thus establishing convergence. Optim zation

met hodol ogy nmay be provided far back-cal culating the material properties

h sl . | fini . del .
o0 1ot | SRR ARG En REoitliod e R BT Ol BaGHEMENea D00 BTE
i f j t di s.ol. t |1
o S BB NSO T G e Vol

| t (EE),. 1 0o .adi . terial ti

et o | ceiieBREfR rolind MRl bufithd Bsirkd Bood Bheile s B SHERAC e apy
cl ose to tg e>§ ri neqt ahwg'g’seﬁlﬁacgnqnt S, as ,QOS ei bhe. 15 Nonl i near _
pr ogr ammi By ERER)® FREANT B HERE TRCTHITEC PHETEFB em  Consi der
i i Se. Feagisimn BY B optimh, 5 e forigechen Sepda e rouitioned dica bk gy ect 1o

XL <x; 5x' ere, ~Xi i h desi .variable (e.g, Mdulus of elasticity
Poi sson' sﬂ?egﬁ“’b%,\g&@f@.aj‘°‘h¥@nﬁ S1S - 8‘%}5]?5??585 'F’E,GI';‘\BB%U)‘“E/‘SG@B“‘ sPesifigls pl acenent
conputed from FE _npdel DE target displacenents (e.g. experinentally

obt ai ned) PaRMEEFEdR theimode} ﬁa!slrwlgwbtha.wlme fAnge.dhus ss B COPEIEIR® FE nodel

e k allowabl e (maxi mun) stress val ue . . .
ptimization methodology may be provided for back-calculating the material

properties so that the displacements at select nodes in the finite clement mode} are as

10  close as possible to the input target displacements. Such a problem is referred to as an
inverse problem. The target displacements are usually obtained from experiments. A
methodology must then, given the finite element_(EE) model, be able to adjust the
material properties systematically so that the computed (analytical) displacements are as
close to the experimental displacements as possible.

15 Nonlinear programming (NLP) tecﬁniques may be used to solve the problem.

Consider the optimal design problem as stated below:

Find _(x,,i: L...,n)
to minimize f(x)=(D; =D/, j=L...,n
20 | g.(x)=s, <55 ,k=1,....m
subject to xf<x <xf
where,

x;  i™ design variable (e.g. Modulus of elasticity Poisson's ratio, etc.)

14



S xL lower limt on the design variable xu9 upper |limt on the design

vdri abl e The best solution to the optinal design problem (if one exists) is
when the ohyeewisess function f(x) is zero while all the ceggissiRiss IK(X)
are satisfied. Wth (a) noise in the input data, (b) limtations of the FE
anal ysis, and (c) limtations of the nunerical 10 optim zation technique,
this theoretical zero-Aobj ective function generally cannot be obtained.
However, the nethodoPogy @splacenkns computsdfromiFEmakebse to this theoretical

sol ution. The Feasi bl e Directions Method (a well-known NLP techni que) may
be inplenented and BSed targendispgsementy @rg. expetimentallysobsdimed) A non- | i near FE
computer 15 programis used to solve the finite elenent nodel. The
controller is used t& reastressiavaniant{e.gmoniMisds) conhputedritbriithe Fgenddee opti m zer .
and non-1linear FEA conmputer program The optim zer may al so be used to
control the type of s%l utillowable@haxifem) itfesd ¥ali® t he above- descri bed
processi ng. For exanple, the systemmay be constrained to find a solution
in whichsthe finite xjgl unwet Iafeod tie desiagatbighls have certain symetries. For
20 exanple, the system my be constrained to find a solution in which the

voxel s are isotropigYor 1Wper i@ S e H&sPdnvatkiaile r opi c. Bone, for exanple, is
transversely isotropic. [Inposing such synmmetries on the solutions inproves

manuf act ur abi | i tfie Byt SttidAi 18 the @pGal &Qé?ﬁroﬁl&nkﬁ%ﬂz?eﬂmg%@%\r}% es (e.g.,
Poi sson's ratio, Young's nodulus) that™are the same, or 15 01/ 15058
PGTI US00/ 23§ ildsvd iletioh 8 &l 28ro IRl meecaﬁ&gailﬁsg%&%s%saﬁﬂﬁdy%&' (3) Adise® O

i npl ementations, the system may be con 0 generate SO Ions for

I sotropi C Vig¥e xﬁp;t BAABMRhPfloNs ﬁﬁﬁﬂ?ﬁfgﬁa‘f’éﬂgﬁ%}iﬂ”&%@‘ﬁ ogéhe%g%%ltx&ﬂ P c

voxel s. The actual solution use i ng Sen based on

the rel i i \Gpufi@aRoPlectmfie! s BB b A8t e Hon RO LIRS chdoPgduce the

obtained. However, the methodology can take the solution close to this theoretical

solution.
The Feasible Directions Method (a well-known NLP technique) may be
implemented and used as an optimizer software system. A non-linear FE computer
15  program is used to solve the finite element model. The controller is used to read the
problem input data and manage the optimizer and non-linear FEA computer program.
The optimizer may also be used to control the type of solution that results from
the above-described processing. For example, the system ;nay 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 example, 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



5 desired object. At step 25, the finite elenment software package is used
to extract the material property coefficients for each of the elenents in
the finiteweolownsest nodel fromthe nmaterial property mat PCI/US#023030
Specifically, the material property matrix [k] that is calculated at step
24 is the global or assenbled material property matrix [k]. The 1o material
property coefficients for a particular elenment of the finite el enent nodel
my be eharecirted symowtrieschroagipuothelvorsl. Essailinplmentations, the sygend bool ean

| ocating function or sone other |ocating function. For exanple, with

r ef er ence may belcGnfiglired th gemenite solations fordgarobly voxels, tragsvenstly idodtopie! enent 601
are extracted, followed by the material property coefficients for el enent
602, etc. vbkels, and forenistrepic soxelsp dat aclufl solubanizedfor MRRhfabtirihd)May Be MOdel i n
order to generate a data sequence representing the material properties of
the prostcheseh ®ased pn tie rélative eavdfaRrolifg MARMcturingleqfipMent36 prodfi& Bt r act ed
mat eri al property coefficients are conpared w th known ma?erial property
coef fi gi ergesirdd®bctrat eri al property database or databases.' FIG 5A

il lustrates one organi zation of a material database 700. Material property
data base 700 %@st@ﬁ'@i@lﬁfﬁﬁte%ﬁtfﬂfWa?éﬂEaE:Nag@ﬁsd@&ﬁ)réxﬁ—hétﬂ\grhiteri -2

M-n by the values of stiffness properties such as Young's nodul u,s.(iE).Eind

Poi sSON" S grdiettd cdefhiciendtfor BARTR R eleikn'ih fe finlfl plbmBEM&RI g{:ﬂgijxen um having a

Young's nodulus of 7.2 x 1010 Pa and a Poisson's ratio 32. Materi al
ML- 2 et ' ! . 16 WO
01115058 AR UL SRR 10, SpokBtily an Rl Drobend g ke, 2 ‘M -n may
be cast 1 LoRub@y b\er4 YOHAGicbal BIMletbled HardhiaPorpdHiRaER N 4@ POI sson”s

ratio of § urse, e Inventron1s n fese specific
terial ' Gl Wit h h.af 1k terjal -1, M-
o e b e b AR e e Pl B RS peT mheBe of

that proc %%t%nc(‘.e%%lﬁl such a global or assembled matrix using a boolean locating function or

some other locating function. For example, with reference to FIG. 4, the material
property coefficients for element 601 are extracted, followed by the material property
coefficients for eleﬁ:ent 602, etc. This procedure is repeated for each element in the

15 model in order to generate a data sequence representing the material properties of the
prosthetic hip at small volume increments.

At step 26, the extracted material property coefficients are compared with known
material property coefficients in a material property database or databases.” FIG. 5A
illustrates one organization of a material ciatabase 700. Material property data base 700

20  characterizes a plurality of materials M1-1, M1-2, . .., M1-n by the values of stiffness
properties such as Young's modulus (E) and Poisson's ratio (c). 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 a Young's modulus of 6.9 x 10'° Pa
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5 as tenperature, pressure, etc.) that will produce the material with the
corresponding stiffness properties. Simlarly, as showmn wwth reference to
FIG 5B, a woevisess property data base 701 may charact er ipgguRodsespal i ty of
materials M2-L, N2-2, ..., M2 -n by the values of electrical conductivity
(d).. Again, respectively associated with each of these materials M-1,

... , M-n are_a nuf act urin rocess and the specific paraneters of 1o

t hat proc e§§‘E t ﬁ%ffsrg%ns Fatio gt ﬁ&éc gﬂ“?ﬁﬁ’@] MAmdRayHe coft AR havinga Y pengisanranivg

el ectrical conductd Vi tg. Simlar materi al databases may be used to

char act er i PE3.&#t10r | P2 agd gPoisspaisratiopd 03] Of senmeube inyertionds novdigrited fa
reluctivity and to identify the manufacturing nmethod and manufacturing

par anet er s thesewesific atopiish \éeweﬁwnhftaéqopiated withgach of thesenmateridlaMiph, dfler t y

dat abases are archives of material property 15 coefficients with their

cor r espondizng-» el frg @tmgnibfagtupng prossss anddthenpacifiapdraméterg obtheirseess Gabt r ol
paraneters. Such databases are created and nai ntai ned by industri al

manuf actur @s temperatnes, pressure, algo tieit will pradidte thesestariahwitin i icdméspendiftgor  exanpl e,
when a material such as a netal, a plastic, or a conposite is created

usi ng a pastiffiesd propertiasn Stmiddrlyr asrshovar witke sefererict o FIGOSB) 4 maeridIpyopbey det er m ned
t hrough standard testing 20 nmet hods such as ASTM testing net hods. Wen

t hese propédathbas 70hay beesctaiRt @ plucdligtof mdtdilsdL-1 742-DRN MR by h9g par aneters
such as tenperature, pressure, etc. that was used to create the material

havi ng t heggudd?REEA SordhcERty (8).AA8 4N, (rfspldiSelYBlsBEihRY W dat the
mat eri al may be reproduced in{y'[(h‘()a futﬁreél?e%sof%(%gegg%ﬁhﬁgsw 23030

The cOrP3! LaoasMRL D, Ao ERIADR YA S ISR

coefficients and the materi a opertie at a

whi ch gt efﬂa@ﬁrﬁ‘}e@s &Qﬁvﬂﬁn{r@c{ﬁ@éﬁe nﬂ?eﬁal%ﬁ% %qegﬂo?nﬁiglg tg&:?lrﬁg%@?éﬁ ﬁ@ eh or most

cl osely match e properties correspondi rial

property c Qﬁxfufa} ﬁf.aféﬂhsdata-'b_&% ma§ 9; el .{onc%mtngteﬂe%até‘ialstb@ heir HEShal j son

conductivity or magnetic reluctivity and to identify the manufacturing method and
manufacturing parameters associated with each material.
Thus, the material property databases are archives of material property

15  coefficients with their corresponding manufacturing process and manufacturing-process
control parameters. Such databases are created and maintained by industrial
manufacturers, govemment agencies, and research institutes. For example, when a
material such as a metal, a plastic, or a composite is created using a particular
manufacturing process, its properties may be determined through standard testing

20  methods such as ASTM testing methods. When these properties have been determined,
the set of manufacturing parameters such as temperature, pressure, etc. that was used to
create the material having these properties is correlated to the material in order that the

material may be reproduced in the future.
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S5 wll result in the identification of a first set of manufacturing
paraneters which will produce the portion of the prosthetic hip

corr espondwo@ingessE| enent 601 with the desired stiffnessPorusevaoses; the
identification of a second set of manufacturing paraneters which wl]l
produce the portion of the prosthetic hip corresponding to el enent 602;

etc. The above-described conparisons may be carried out, for exanple,

usi ng a know edepcompgasanct ﬁwngﬁlbet‘é[ﬂﬂdb@ exirpsted tgterigh pyppenty co¢ficients r act ed
material property coefficient data for each of the elenents (e.gqg.

el enent s @il the @@wriakpropertids data®asediy usaddo deétermieg whickmaterigin theydathbasa from t he
mat eri al data base, and a rule base containing rules for conparing and

mat chi ng hhsematentdl properigs which magdh qummsteslosglydadteh the propertibs anfrespgoadisgenent s and
the material property data fromthe material data base. The | evel of

mat chi ng (eethg extragted enaterial propertyicoetiicicntss hos raférying o FIG. 41t ¢conaarison speci fic
and is related, inter alia, to how nuch tolerance is permtted. If the

obj ect st 0 wik resnlninfthe identifitation af adirstsetafimanofaparisgparametere wWhichlwile or per f ect
match is desirable. If the object to be manufactured is a non-criti cal
conponent prddiee thewpertibmer the prokthéticchipBatrdsporiditizax SlemenD6DE kvithithd desirétl Such as
cost and the avail abl e manufacturing equipnent may al so determ ne the

| evel of gifssdsé propertdést/the iditifeution offh fosd RPofdBanufdRiriadf p&ainsteRfwhich

manuf act uri ng- process control paraneters for each and every portion of

obj ect ar il gRidesthéottion St thd SstBetic Hip'CorfSidRbME iedlenifrt 502 erdrarel act uri ng

process control paraneters are ordered or sequenced to define the

manuf act Ulh\Q-deERfbES SonsaRbdna Infayltd Jhrridd Bud oF SRdible/ ulifig a kfbwikd3ebhdel 5058
PGT/ USCO 33030 manuf act ur e thg obj ect .u’l'he manuf gclt%?i ngwg%%r?trol

par aneher Ry 2 Bt WSEfbr sibring theleRFRUd mterRA bNgénf&efffcmm &ta fdpBadiRyRUf aCt Uri ng

equi prent used to nmanufactufe the object. nmerical control refers to the

e oot SR RSO e G P o AL SRRE oo
the material data base, and a rule base containing rules for comparing and matching the
extracted material property data for each of the ¢lements and the material property data
from the material data base. The level of matching (e.g., a perfect match, a close match)

15 is application specific and is related, inter alia, to how much tolerance is permitted. If the -
object to be manufactured is a critical component, a very close or perfect match is
desirable. If the object to be manufactured is a non-critical component, the matching
criteria may be relaxed. Other criteria such as cost and the available manufacturing
equipment may also determine the level of matching. Thus, by performing step 26, the

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

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

ordered or sequenced to define the manufacturing-process controls that are necessary to

18



s notion of the cutting tool or the novenment of the part being forned
against a rotating tool. The process of l|laying conposite material to form
| i ght wei ght wblepidead i ves to machined netal parts may al S}é)rzqg {;%ﬂiment ed
usi ng nunerical control. The necessary geonetry and notion | hts for
manuf acturing the object may then be programmed using a general purpose
nuneri cal control | anguage to devel op manufacturing control |Io data. One

such | anguagniict¥e the6bjddeENe rﬁa’ﬂufa@@ﬂ%@dnﬂ@f_rl%@&i&i miy BOERAd avai | abl e
from |1 BM Corporation, Arnmonk, N Y.). e APT-AC processor is a conputer

appl i cat i on jppREERHuiBAtal 86HEBPtheABarufietirind 3qlipBént SRUS mhAT AL TheSt at enent s
that describe the nunerical control operafions to be perforned. A

pOst pr 0cess Qpjeh Wulmékitd) @bt REES® thd 1€ oF Bl AfrhdtchNAforAMdhGh rdat a to tail or
the informati'on to a specific manufacturing 15 process. At step 28, the

post - pr oces $g@neat @nkrdl &m&fa&qﬁﬁ%qgigf&ggwﬁﬁ tH@lE‘,Hﬂi@ﬁﬁ%H@ to %%Vi ce

that uses the supplied data to co e manufacturing of ect. The
data suppli t eyl L0g. ' control.s the

mant act or 1 g O e B & e RShe BINSr Bl b bR Genril ot
desired specjfisall lGul.at ed material operties. For exanple, assune

t he manuf ac%ﬁ'iﬁ%‘f‘écegsg? DU Smpors eyl ‘S&rﬁqﬁ@ht‘?%ght?ge H&¥ Yt uring a
conposite mater.ial. ring the weaving of the conpagsite, all owing the
conputer to “??SWP?AOIP“% “‘%ﬁéﬁé@sw Wl”ﬁ%ﬂ?‘l Hﬁ%ﬁ“ﬁ‘ée"ﬁér“%@lt %"' PegHitNess of

the weave is_controlled. The tighter the weave, the higher the stiffness
(1 ow fl exi bgfq@%y'mgmogg&gm its 10f rapyfactyring th b Pisggmfps@mmes, regi ons
of both high . and | ow stiffness are requi red. 19 WO 01/ 15058 PCT/ US00/ 23030
Usi ng the g8SR&R BFEralBiRese Bpmerqakeantpllanguags tadevelop mansfaghysipg Gontieks £ i ci ent s,
the manufacturing process and specifically, the tightness of the weave,
can be d8nt A¥R| @BE $sh 1ageeage isART-AEdYumerisal Gonisel Rseqesson Ripgrame(apailablene regi on
defined by element 601 in FIG 4) and a region of low stiffness (e.g., the
regi on def i free IR} Corepmtien. dogonks NFY.I5, The)APTRAC processor is a computer ‘

application program that accepts as input user-oriented language statements that describe
the numerical control oﬁerations to be performed. A postprocessor may further process
the manufacturing control data to tailor the information to a specific manufacturing

15  process. Atstep 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 manufacturing is carried out using a braider for

20  manufactuting a composite material. During the weaving of the composite, by allowing
the computer to control the speed of various machine parts, the tightness of the weave is
controlled. The tighter the weave, the higher the stiffness (low flexibility). For example,

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

19



5 appropriately controlling the manufacturing process in accordance the

I nventive nethodol ogy, a prosthetic hip may be produced which responds to
applied | oWdNLISPSEH nanner which is substantially identi ®aiTauseo2se3mner in
whi ch the human hip would respond to the sane applied | oad. Such

a' prosthesis can be devel oped with specific response characteristics for a
particul ar individual. 10 The above-described nethodol ogy is typically
carri ed outUsing thhgeomeirig model prdibe sxjractef aratezinbprppesty cotféiciemsthé s of an

initial iteration may generally indicate that a fiber conposite

manuf act ur deanyEcHEng process ded spseifivallyethe tightnese of thamieave, tan Heltengalledast ed
material property coefficients in the intended application. Thus, in a
second sub<peeyidera regicn ofigh stiffnesie.g. it tegior Hefined by element 60%.¥n BIG. apsid i ed to
take into account the smallest increnental 15 volune that can be

control | ablayegiomoflew stiffnesg (ecg. cthemrgionrdefinsalby@ldnit 603ah B¥G.4)PBof erabl y, each
of the elenents in the finite el enent nodel corresponds to no |ess than the

smal | ests  iappropiieely adntuodlingrthe inmifactihglPpocestih betbidaetheMmPsHRet ur ed usi ng
t he manufacturing technique by which the object is to be manufactured. For

exanpl e, f etietiodblogy,di prostifetio aiprfiay beirddiicad Whish f8Fonds iaeapgﬁ&! 1b&dlin YOl uMe that
can be controllably braided is approximately one 20 cubic mllinmeter. In

ot her wor dsnanhér vitichi® SEtistah@allyGd&n@ibdl 1@ iladdek ¥h WIREN th hiaat K} %hi&egmﬁ@
produce an object having material or constitutive pr operPi es that vary. on

the order @ the safieiipliediiond.i SRhQlprostiekis cHiBY de%&peh%ﬂuesggdgﬁé‘iesyo%y”e w1 of

course vary in accordance wth the manufacturing pro S or technique

sel ect ed aRfarh@efistitd YorslPartibudat indiGadigrendent 20 WO 01/ 15058 PCT/ USOQ/ 23030
on avail abl e manufacturing equi pnent. Thus, although the snall est

SO 10 g BB Sl

one cubic mllineter, IS not necCess
bl f ' QLA . ' . [
R onent oL enBRCEe kst ordi AL it vkl cealy RS palg Hoet T L0

composite manufactured using a braider provides the best match to the extracted material

be

property coefficients in the intended application. Thus, in a second subsequent iteration,
the finite element hodel may be modified to take into account the smallest incremental

15 volume that can be controllably braided using a computer-coritrolled 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 is possible to controllably vary a braid pattern to
produce an object having material or constitutive 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



5 braider. It will be appreciated that as manufacturing techni ques inprove
and smaller increnental volunes can be controllably manufactured, the

met hodol ogy v oiisessi nst ant i nvention may be utilized w t bcrRSbea36500"

di fferent shaped el enents. The mathematics of the inventive nethod are
valid for other types of manufacturing processes other than conposites
such as the manufacturing of netals, 1o plastics, and ceramcs. The

i nventi ve mweakhokiblesnaalifcturing eqhifnent. iEhosifaithdugh ithegnalipse ticfenteambeblane t hei r
desired responses to heat and electric currents. In short, the inventive
met hod can thee carstecdriided tyrastaoopht-an baddet fsank esbicmilliheet, étlis /g pr ocess, where
precision volunetrically controlled manufacturing is desired. The nethod

of the prenecdssaribmesntthanll bmidesy willde kayable of arh dheraimn AcoGaREH sudP
efficiency of an object is desired. In traditional manufacturing, the

enphasi s | $afs, thdoRUkst intReriBR Y (aGhe sidB@rihe PBY D ERAbiliflesd? W BIiMhie W t hout
much, if any, control over the internal structural makeup of this

geonet r . |b?ai&9.cﬁwi|l§'ﬂé3§ppﬂciakbditﬁﬁ%@ﬁhﬂ(ﬁac‘?{ﬁfng%ﬁﬁigi&\é émg&b@mmhﬁﬁ&?" matrix is

t he unknown and an iterative process may beé car ut to optimze the

materi al  PLRRGHdmal VSlhbscatBh bRty &%@rﬁb@&%@h&%&%ﬁ% még}sétws, in

accordance with the present invention, I nput para ers any process

™y be pr ek ekl ViRt PRIGE halld kol 01 561y def i ned

material property matri X. As manuf act uri ng nues to i nprove, the

bove-d i bed ‘ O, | ' h t h | | est

nor erent al | vol TeekpERRies B¥int AR -ER e S BB 8830 cont r ol 1 abl y
fact ' ase . ' FlG.6 illystrat [

Funct  onal Tpar B rbdtiis bAGERE GRRRytT ihah tmariiaina df3tiflboy of the

i nstant, . | ti . A ter-aid ' D dule 801 i

thr o e RBF B GrABITT c L BT A BEBPOB AL i og BrBRE g BegBonet r | cal

nodel

based on their desired responses to heat and electric currents. In short, the inventive
method 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 geometry. 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 input 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



5 definition. Such a geonetrical nodel definition includes coordinate
points precisely locating the object design in a three-di nensional

coor di nat eweysisess This may be provided by a graphics sebriRighapgckage
using, for exanple, X Y, and Z coordinate points and appropriate |ocating
vect ors where necessary. The three-di nensional graphics software package -
utilizes appropriate data structures for defining particular points in the
1o dat abasenteilably mappfacuted say Copinygto daFreaseinsize-ng al gorithms in the
graphics program other points in the object can be defined and generated.
The graphi cs pFisybakuspaies arigys funciignal modidesshas may be ased to dmplementribe mat ri x
routi nes whereby an object can be rotated or otherw se noved in conputer
menory anthethodology ofi therstantiaventipe e¢nymputes-aidod design{CAD)module80ldne poi nt are
known with respect to other points. As noted above, suitable CAD 15
sof t war e puededigrensionat Brapkics soDWASR, prosdth for genetating\dl geomeBidal model ni t e el enent
nodul e 802 is used to generate the finite elenent nodel of the object from
dat a stor definition. [Suchyr gpdmetscad model alefinitiominalades chondinate poimspetiselpdul e 802 is -
a software package for dividing the object designed using

conput er - dicdeg e ebjen dasighline thise-dimentional cpdrdinate sysyennf Thik enagdes and
expressing one or nore unknown field variables in 20 terns of assuned

appr oxi mapiavitlel b atgraphivs voftwire\packade weing/foréxamplenX! ¥, slddrevvirdinmelul e 802 i s
programmed to cal culate the optinmum material properties for each el enent as

di scussed paiaavad agproprivtd BcRg VeRos wherinagssary. OThefthreé dindksidaslgraphiedul e 802
i ncl ude ﬁASTRAN, ABAQUS, and ANSYS. 2 WD 017/ 15058 PCT/ US00/ 23030 A

mat eri al s sglate pakege WikidbapBibprints daA sPictltksfBr @finig(Jattitakr Phint¥as gkl al
property coefficients with their correspondi ng manufacturing process and

manuf agt Ulghi3GasP bPGE £ hl‘é@ﬁb?ﬂ}n. BY RifRing ral‘gorifﬁhﬁ ithe3taphis bméﬁmﬁ%ﬂ{e?' ate the .
properties of materi aPs to the nmanufacturing process and manufacturing
process pagaish teobiten'be defifkdlafid bfifRrated. 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 ANVIL-5000.
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.

i)



5 materials. A conparison nodul e 804 conpares the material properties
déterm ned using finite elenent nodule 802 to the material data in

mat eri al dat avdb@aeosaodul e 803 in order to determine (1) Wechosipbapi al
has, material properties which match or nost closely match the materi al
properties determ ned using finite el enent nodule 802 and (2) the to

manuf acturing process and manufacturing process paraneters associated with
this matched mat gﬁ?ﬂéﬂfr@%ﬁ&&ﬁq Bedled0d i & adiverprabives efsnaseriah pwgerty or

exanpl e, by a know edge base having a fact base for storing materi al
property dat §o¥Heiet YVH?? theirepapsppndingpangfastugagpraeass pud manufdctupng pecess dat a
frommaterial data base npbdule 803 and a rule base containing rules for
conpari ng andonied paEmeiersh Thererckivesabus somplete the piopeties pbmmtesialé toahd s el enent
nodul e 802 and the material property data frommaterial data base nodul e
803. A nanufmoviastigng procéss md3@Bufactaring process paranetersjued cesedtéithemanuf act ur i ng
paraneters derived from conparison nodule 804 to provide manufacturing

i nstructi énsmategials. manuf act uri ng nmachi ne for manufacturing an object in
havi ng the geonetry defined using conputer-aided-design nodule 801. The
manuf act uri ng of Alempdyses moduly 80Ecotipaes theinextbrialifropertics doRerhin i table for
the particular material. For exanple, nmetals may be manufactured by

reproduci ng Sitiitd dlerfeny SRHEIE 892 fohe matertal ASth R Matkrial A8 68k mddRIEIB0S id &8erY  be
manuf actured by controlling weave configuration and fiber choice, and

pol yners may to defersme ¢l )aeie Rstetidt hwgro?&ﬂé&ﬁzicﬁ RABR bAhbk: Blosdid
pressure. Conputer assistance in 23 WO 01715058 PCT/ US00/ 23030

manuf act ur i Nehatth kiRWeatérRe Blop@tied diPBinddiGld finiR deRhEHodule #2 a%d ()%he

manuf acturing process fromone object to the next or wthin various

regions Qb anahiFelningPrstels and AnAREdRSEEd ﬁaﬁ%&@%&&tﬁﬁtmﬂ ovi ded

separately or as an integrated package. The VCM system process relies
on conputer RLRGESEMEH!! LoRatssh mbBuld B8 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

parameters derived from comparison module 804 to provide manufacturing instructions
to a manufacturing machine for manufacturing an object in having the geometry 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 controlling weave configuration and fiber choice, and polymers may

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



5 engineering effort. The conputer processing is used throughout the

desi gn, analysis, and nmanufacture of a part or assenbly. During the design
and anal yswoovts@$fes, the systemis preferably confi gur e#CTUSeE303Dt
visualization of the sensitivity of mechanical properties such as stress
and strain to changes in material properties. This is acconplished by

Iteratively. splvin or erial properties, subsequent sol ving for
nechani caFR/af‘ aﬁl“%‘b‘?gﬁl{ol‘”één%ﬂﬁf ‘aibgﬁi“(ﬁ@?fﬂ ugfer ) VAR ?F@n‘i‘tjﬁ&ﬁﬁ’%@“ﬁe Preal time
for each iteration. It is then ~used to determne the optimal materi al
_properti e§f°ﬁb‘?“eé’l’1§ﬁ‘éﬂfhedﬁexb‘?"dﬂﬁmb‘l'a“@}‘%‘f?gﬁl‘ss‘?fasﬂgﬁi ReSranuf act uri ng, the
systemis used to determ_ ne.the material pakeup sych as  selection of fiber
and conposite W& ®oveescripedipodules maybe poyfed separately praganintggrategy i ng

pr e- processi ng and\Post-processing, the system preferably provides a 15

vi ewi ng wippekase- t etV (YL spitery and proesss ERliAHOMRSOBIPYICT PIORFSEBE &9 fstishid Bhdel s with
the properties of each elenent rendered as a different color. This nodel

i s di spl apegineesingefforer The gompaicr Arocesping iscised thrpaghaout thedlesign, anplysiv apd 3] so t he
ability to volunetrically render the results of the finite el enent

anal ysi s. nianefactaeeidf apart or ggsemblpnBuring the design and awalysisssiages, the systemis f or each
elenment is read into the software. The systemthen interpolates the results
20 t hr ougpeafidratelp configueded permin visnalization pithe seasitivikyoof meshanic4l prapemies pect r um
that represents the value range of the desired material property. This
data is tlsach assmete amdistrairt to chinges imandterinl propertiess \Thislis a¢vomplishieddyel ement

nodel . Transparency values are assigned to the elenents to allow for the
interior eleratiesly solting for materiabpropéfties, subs¢quentlyasel virtgdfomimedhanigalt 0 24 WO

01/ 15058 PCTI USO43030 translate fromproprietary file formats from

CAD/ CAYyl anpgopettids, lafd Hisplayifig) both restiBriQldise tdxeal Rals forl eablicidGratdord TUisitgmaphi cs as
wel|l as standard file formats such as |GES. Many of the files that are
exchanged yfgpdbbnidé e opemil rRAeriak gRpertespelElehbntiop dioup of tlementdransl at or s

convert the different text-based files fromone formto another, thereby
During manufacturing, the system is used to determine the material makeup such as
selection of fiber and composite materials, fiber volume, and fiber ortentation.
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
raﬁo, for each element is read into the software. The system then interpolates the results

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 data is then rendered onto the

meshed geometry 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



5 integrating the packages independently fromthe user. During the analysis
stage, the systemcontrols the exchange of data between the FEA processing
to the optigz@hksg Processing. The results from each itepeftisinsBy be
sent to the postprocessor and viewed alnost in real tine. The data that is
being exchanged is in ASCII format and software code parses the text files
and translates the 10 file format into the forns needed by the separate

packages. Tbﬁxsﬁjésﬂ—cﬁﬂb%?ﬁ&&&%m Formht frbmERD/@ AR FEXN rolsls@ast he user to

mani pul ate the data. so the systempreferably has the ability to out put

the resul tsasBKOIENASTRAN, AUDAS irfd Urligaphi @ WS el Bs stRAhrd A RrmA bikh of €2t Ur e

not only allows for sinmulation of "end results" but also "internedi ate

sol utions". > MReAd 18Ot aed ' nmposi te
materi al s tleds%:yadlgtyr?.& 1@%@“&&%@@%@%2@3?&%%?%%%& Méﬂ%(%ﬁggnwggd gueries
that allow . | | | | perty
val ues for gﬁgﬁa? %ﬁﬁg r@%ﬁ%&g&%ﬁg&géﬁ%&#@ﬁﬁéﬁ% g{nﬁ?‘?@uﬁgkﬁg&dp and

par anmet ers. . Lect-Qqri a h,creates a data structure that
dynami ca%l ym@%’%@%&gé’aan{wgkr%%&gﬁrgﬁﬁo%ﬂqgth%é‘rgee}'smappi ng of | arge anounts of
data. This neth ensyr es, scal ability while I ntai ni hi gh l.evel of
per f or nance. 20 2the qrialypis stage e s %%ﬁ?’%‘?‘sg‘ﬁﬁﬁ*ﬁ%éﬁ? %%o‘?ebgefewhcperfor m ng
the conputer.,inplemented processes described ve. Various on of the

b ocesans e ERORHETES] e APURZAND Rorrgy Th SR AEPLSED LA BRCE st om
1201 includes a processin nit 1203 and a_system nepory 1205. A system
bus 1207 COEFBFQSLEWWHH’?S R 1l sb‘ff?g% M/‘%‘?ﬁﬁ‘% conponent s

i ncl udi ng system npm)réé 1205 tg%qorgcessi ng unit 1203. System bus 1207 nmay
be any of s®&wemged isymASCHfompt and sofiwasscade napes the ferblilss mdpnslalsdeor nenory
controller, a peripheral bus, and a |ocal bus using any of a variety of bus

ar chi t ed@ ur Bls formayintathe frsms peedsdbirthe srppratsackagesd Tha FyptepeprefesabROM) 1252 and

random access
includes a GUI that allows the user to manipulate the data. Also the system preferably

has the ability to output the results from each iteration to the viewer in real time. This
feature not only allows for simulation of "end results" but also “intermediate solutions”.
The system' also includes a database for storing the composite materjals test data.

15 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 ou the same or on different computers. System 1201 includes a processing

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

N
h



5 nenory (RAM 1254. A basic input/output system (Bl OS) 1256, containing
the basic routines that help to transfer infornmation between el enents

Wi t hi n conyQe1s088/st em 1201, such as during start-up, | BCBUSIRI30N t he ROM
1252. System 1201 further includes various drives and associ ated
conput er -readabl e media. A hard disk drive 1209 reads fromand wites to a
(typically fixed) magnetic hard disk 1211. An additional (possible

opti onal ) S¥PRRBHIAFIRAIRE systean memory 285 popracesTing¥nitl?203 WP ystase byscl 287 r enovabl e
“floppy" or other magnetic disk 1215. An optical disk drive 1217 reads
from and, ™AY B of srveraltypes of dus struciyrestingluding amewomn\babbememeonycal  di sk 1219
such as a CD ROM or other optical nmedia. Hard disk drive 1209 and opti cal
di sk dri vecongotiersa peripharpldws.cnd 8 docgl s aiging ary af20/aritty ofibusaarchitectiiek. dri ve
interface 1221 and an optical drive interface 1225, respectively. The
drives 15 System memeryd2€binchidescteadonbyimemorys ROMI 1252remti randomoadicess nonvol ati | e
storage of conputer-readable instructions, data structures, program

nmodul ess anmernofyéRANDIA54.0A basioimputfantpus yystean(BIQS)1256 containing thebdsiggur at i ons,
ot her types of conputer-readable nedia that can store data that is

accessi bl erobtnea timohgbpitoatranéfer ipformangristiesnelearats within dolmpater sysRAPI01¢ar ds,
digital video disks, Bernoulli cartridges, random access nenories 20

(RAVB) , r esndh anduyingstanupgis stofédivh the ROMLIRS2.| $ysin 1P0Y fithepinbRdésS@dousA Nunber
of program nodul es may be stored on the hard disk 1211, renovable nagnetic

di sk 1215, drives ardadssodiafeld corp@rerieddadie tbdia. RONlARR dans {200 b4 fidM\ni254 of
system nenory 1205. Such program nodul es may i nclude an operating system 26

WO 01/ 150586/ A {fypidalys F1R&H) nidRetic harici€k PRI AR addiforaP@PoskiviEbstion@ye OF nore.

application prograns, other program nodules and program data. A user nay
enter ¢PMEBRGiAlsk diVeQR TR ich@ frdm bild AR £femotibid ";IZE:BWQMEF ough i nput

devi ces such as a keyboard 1227, pointing device 1 .~ m crophones, .
j oysti cks, mgaRe &AI718! AGlopticat Alsk lakibd £219rSd38 From 268 E5rie cMfighidfiors k€. These
writes to a removable optical disk 1219 such as a 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
15  and their associated computer-readable media provide nonvolatile storage of
computer-readable instructions, data structures, program modules and other data for
computer 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, Bernoulli 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 1211, removable

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

system memory 1205. Such program modules may include an operating system



5 and ot her 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 connect e®W®§/1se8er interfaces, such as a parallel poripcrivstosssor e bus
or a universal serial bus (USB). A nonitor 1233 or other type of display
device is also connect ed to system bus 1207 via an interface, such as a

vi deo adapt al so .include a nodem 1154 or ot her
net wor k intpgé‘fl g fs%‘fnrgeé%&tﬁnfg ﬂ’&“&%ﬁ?&ﬂﬁ‘.l’é%ﬁ’?‘%g VPSR ™ et wor k
1152 such as e | ter net Mbdem 1154 e internal or external,

i s connect e’B‘“{ Q? TORNAp flatay Z%UW 5‘“%3#%?9"“5@?45 af’ﬁ E’E?WEQ“ In{OROMPUIT 1ot wor k

I nterface 1156 so, be VI ded for,  al]l om ng system 1201 to conmuni cate
with a renob¥e mgﬂ‘l’é 2 ¥ y°%Wﬁeﬁ°"§V§@éﬁF@LW?) via a 15
| ocal area network 1158 (or such comuni cati on may be via w de area network
1152 or otw&f%mwrse%eﬁ?caawagsuwﬂgs dighes; scarmersy oighe Bke. dd@seuni cat i ons
nmeans). System 1201 wil| ically include other peripheral output

devi ces,5 s(ABH ofhsT PpRtiderices cange eAmRested to penqessing upib 1303 1krough aiseviekpeg. | n one
exanpl e, video adapter 1235 may include a 3D graphics pipeline chip set 20
provi di ng fla@,tfagmglr thptis caypiediel eystergbus 1 207% bprawryde con@Bled brpthexs  conmands

| ssued based on a standard 3D graphics application programrer interface
such as M dntededes, suchBis agataliel pprtOFioe wins busor ¥ enigérsah seridl mst(USB).sAer eo

| oudspeakers 1237 is al so connected to system bus 1207 via a sound

gener at i ng moriter 1283 @r stheittygesofalisplay devitd io alad connentedito gpstedn by 120V diang 27 W
01115058 PCT/ US00/ 23030 hardware and enbedded software support for
gener at i ng ihtedflicepunah ad aviddoedamati@ds.c sound based on sound conmands

provi ded by bus 1207. FIG 8 is a control conputer schematic for a

goen L0 COn o 85T i R SR ARt B O
for establishing communications over a network 1152 such as the Internet. Modem 1154,
which may be internal or external. is connected to system bus 123 via serial port intetface
1231. A network interface 1156 may also be provided for allowing system 1201 to
communicate with a remote computing device 1150 (e.g., another system 1201) viaa

15  local area network 1158 (or cuch 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 prcgrammer 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
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5 instructions generated by manufacturing nodule 805 of FIG 6. Information
such as braider bed speed, fiber tension, tenperature, pressure, etc. is’
obt ai ned f Wn91880%80rs 952 of a nanufacturi ng machi ne i n RETYISORIBLI mat
(on/of f, open/closed) or analog format (voltage). Analog inputs are
converted to a digital representation by analog-to-digital converter 953 -
of cont 0! n AR EE calbdued LR Mtgéne%@gﬁhggﬁgﬁﬂﬁﬁs@m%m%d 960 10
for anal yzi ng &5 RFOT hat i on 110 sensSrs nd genheratl ng signals which
are suppl i

¢ 7 ng the settings of the
manuf act urg?f dﬂ%é‘%ﬂ%g%ﬁggdéi’ ééa“%bg%q the downl oaded manuf acturi ng
instructions. I 1tio oan : puts. may
be provi ded to gﬂqﬂgés %TOéIBB #gef 8&5 gcr ug&te ahz%%o&%%ogﬁ\ﬂe? ﬁﬂR%Le tool s
and ot her e nment rse t he speci [} r ol 950 wil |
15 depend 8 @%‘tﬁ%@: qcr?ﬁtrﬂlacé’ﬂtpﬁ T ﬁg&ﬂltw'ﬁtn% '@‘t 'f% of control
conputers _useful in surface nuf.act ur,i.n S e fou for
exanpl e? i ipstritionsgrpgrated by M%"B% ﬂof ‘é&tﬁl& is%@??’b%’aggsoo
provides the_ abiljty tqQ contyol desired material char erlstlcs
t hr oughout bepidef Piﬁcﬁpﬁ?degb‘?‘ﬁe”é?gememwmﬁtés‘ gﬁ‘ép"f‘éh%@rsﬁ'ﬂﬁofsa#? of 20 -
conventional conposite materials, .Inste rollin roperties in the
| ongi t udi naf a manufagyringaaching thhlglé@tf?%aﬂ@%aﬂpfé‘?é?sF@‘gﬁgﬂ& tby altering
the axial direction of individual plies, VCMallows the nechanical,
el ect r o- magvrdtage), Aaﬁlegtﬂﬂéﬁsr#ﬁ“@wg& @ digitalirepreseptation Yc@ﬁ@ﬁﬁ?‘ﬂ%ﬂand vari ed
in all three directions to a fidelity of one cubic mllineter. 228V\D
01/ 15058 PEmivesems? ofoatrol eatenutsr §50. Eontrokeompuie 93P inclidey 1Rreeessqrdod e
t hree-di nensi onal structure, not a thickness built-up b?l/ st acki ng
t wo- di rmn5|fm'rmhlyphg§slnf¢mle\‘l from sensoreffi2rand gensrating sisndnwhich arssupRlied pl i es

are no longer major concerns that drive the design process. The variation
i n propert iteactador 9fionadjestiog thesettings of abe anufactising mashinelin agcerdanse a

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 property
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



5 ways (e.g., manipulating fiber volune at individual |evels, controlling
matrix volume, varying fiberlmatrix type as it is being fabricated,
varying fibegoQiisgid ation, and varying degree of cure as ]IL# being laid
down). Just as in a conventional conposite |am nate, alter 66 " ber

vol ume can vary the properties. VCM can mani pul ate the fiber volune at the
i ndividual fiber level within 1o a structure by altering either the nunber

of fibers ogddifiéh, MERRifahiri beks s 1R tf@'_[:@-@in-ieﬁ;i strudfife ﬁ&cLe\gjciq?esQr cut
ard 1n place. e

fromthe bundle as the fiber bundle is being rnatively,

the amount  ghidRivy'stacliRE ?vH-ﬁkneHﬁ&rﬂgplws??ﬁQFfMet Helmﬁatit{ngﬁ% sl%lﬂqu% e my be
tro npl i she

i ncreased or decréased. This matrix con 'S acco I'rP two ways.

The first j I oE_aﬁg' hs ent fiber. The

bi - conponent i%ggﬂelgl)sﬁgg)rglg&f |Hgﬂﬁ$ﬂ§% aet%v%g’ga?%@sq{g%eﬁﬁed inthe matrix
material. The thj - th i control l.ed as t.he fiber js being
laid, thus givi %@’éﬁ%&‘ﬁé@ﬁ?‘@gﬂ%ﬁgﬁviﬁ SHFHe g Fan b jacc i}g}‘eéé‘b%%a' t hod
uses co-m nql strands, of £iber, and matrjx. Just as the fjber bundles are
added tog]or g’sagsodtf‘rgagiaglaulﬁmbefP{Biuﬁ‘ﬁéﬁg&t"@uglfk‘f?aﬁ ¢onirollipg max volumes ot r ol | ed.
Anot her nethod of., controlling the, material properties is to alter the fiber
and/or 20 W‘Pgb PR F%‘ﬁ&%@g’?%%atg%rvgmqsr@%@wm% ap@ vaying
fabricated. ,This _allows_.for .cqombinations of fibers within the sane
structure. merfﬁc‘frﬁa%ﬁéfl?ﬂlﬁtl?‘géf’% fromthe fiber bundle yields a fairly
continuous materjal transition resulting in a seemngly continuous

gradi ent in nat JEFEE ‘%%?%P@.COWS“@M%,alt%rtnsttqugmvcéumam\@ax ed using
the 29 WO 01/15058 PCT/ US00t 23030 VCM process may require carbon fiber to
achi eve a sPheeropetiche¥EMifiae sanipplejsahe fber velame oithe individpaldiher lewel vdthin he
structure may be subjected to a high tensile |load. Conventional methods
woul d ud® a2 drughrgier Flieringeither banwoberpf Bpsreor thoarhetint ofrptex irhan arent i r e

structure. Using VCM however, the structure is fabricated such that a high
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 one

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 andfor

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 a seemingly

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

29



5 performance, high-cost carbon fiber is used throughout the structure, but
in a dimnishing fiber volune towards the non-load-bearing end. It m ght
be nore coedomssésscti ve, though, to use the high-perfornecaeseasben fiber
only at the | oaded end. Throughout the renainder of the structure, the

hi gh- performance carbon is gradually substituted with a | ower-performance-
carbon fiber that has sim | ar nechani cal properties., (%Ionventional to
conposi t e¥Y&k 1Teess @ay WS‘E‘%WFWF%@@W&V%&ﬁagggm&?B’&'Rrﬁﬁﬁﬂan in a
cost-effective mnanner. Another exanple of the useful ness of this method
can be sddewevar. anlyonp ead efdhe SrucRiFemay by sibiected ko phjelvienslelpadst t he wi ng nust
be damage tol erant and capable of w thstanding small inpacts w thout

del am natCenventivmal metheds wayldyise phightperfepnance easponaeprog tofabricatedheri ngbox.

Thus, for exanple, a wing that has a high kevlar to carbon ratio on 15 the
out er ski entirestaibties: BUsingniEM. hewevey tiestmeturstivfabricaked sueh that pligensi onal
reinforcenent that is integral to the VCM nethod al so assists in arresting
del am nat pevformdrice,highwratearbonTiber is asddthronghayt el stcture,dubintd diminishing t h car bon
as the inner sections of the wingbox are fabricated. Again, this nethod
woul d be htreolun@tovedrsthe harelohdrbenring end nkt meght be tmeret cost-dfelotive; though.he entire
w ng out of a carbon/kevlar conbination. 20 As with conventional conposite
met hods, Qs the highgeformante saboni fitgr balp at the radesendt Throughaubthe t he structure
as it is being fabricated. The difference with VCMis that the fiber

ori ent at i Raindefdfehecsuctuteathe tighfperfonmdnceradrboneis gratiudllysubstiesttd with aand t he
fiber is fabricated accordingly in unique finite volunes. Because the VCM

met hod pr RwdlpsidcRddck2ab8n fiber/thit ALY s2aflaGnechalicalipdpaties) rGunivartiohalber
orientation, ?he fiber orientations will be nore repeatable and can be

mor e g¥actorhhiafle Bodafinot forfodfl suchla amletslsubfinkityi-inlp Soseffective convent i onal
conposite lamnates. An additional nethod to tailor the properties of the
MALTT X 1 Sl fnef ORhGtREr ekhifiplE 8EthE Bsefulness 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 impacts without delamination. The same capability is not required
within the wingbox. Th;ls,.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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5 of cure of the matrix as it is being |aid-down. This involves the

i acor poration of such technology as el ectron-beam curing, mcrowave curing
and/ or focusggloiRéssar ed energy curing. Once the materi al $criushizedso! pnes
and cure nmethod are determ ned, the VCM process can manufacture the
sfructure by one of several nmethods. 10 One nmethod is through the

custom zation of rapid prototyping technology. Currently, RP techniques
such as Fus egdidiaps piecise fibdrividntaion( fhDfbertdrRntdG®E willbs/mbfe refidtabld and can
proof - of -concept parts, not production parts. For this reason, the

materi al s usi@tméry exdchthén the B @190, A4S, +4-60 laptpsd BedinxodidiRDeai@kieer i ng
plastics. Wth some nodification, rapid prototyping equipnent can be used
to lay therngimeti cs, reinforcing fibers, 15 epoxies, and the like to
create production parts, not just prototype nodels. Equi pnment can al so be

modi fied to |ay ygVRitMond WS tallBE e brRpértiés! of BRGRatri ¥R cdnfrol the digréedual
fibers. The machinery can be provided with the ability to create

bi - conpongnt o¢ filRE IR wstrid mgﬁ%ﬁomagwéﬁf fn010estiGn &ﬁdgrogsucﬂommr cial

FDM equi pnent al ready has e contr accuracy require y VCMto vary

material propgibio éfectnjaﬁ-b%?!r:]lgingf nits avé Surfidh&rorobdsk A hbdafed eﬁg}%%her

manuf acturing nethod 1s bra I'ng 1sjust beginning to ke its
foray into t onmerci al sector. Research and industry surveys indicate
that the proceés¥ is limted to braiding dry fibers that are then infused

with resin. Howeyer, .if the, bral di 3 058 . PCI/ 0 0O process
is coupled with \élﬁl?%t(%‘r?}%#%ﬁ{s’él g‘rﬂggﬁanidocpmn%éoeﬁgcfwmhﬁg% i nfusi on
process, which is not ver nsi st ent, beconmes un essary. In addition,
the inf usioer%Pso%é’%““iﬁﬁﬁéfeﬁ@“t&'&F‘P‘&M°8F°§%¥E’P‘r‘f‘%p°3%mrol of fiber vol une.
Brai ding the matrjx wit .tagq }fli ber woul d all oy such control.. The braiding
process 10 oo | en§emethodds thrqueh the castorpization of rapid prototyping technology.

Currently, 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 équipmcnt can be used to lay thermoplastics, reinforcing fibers,

15  epoxies, and the like to create production parts, not just prototype models.

Equipment can also 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 to vary material properties on the scale of one

20  cubic millimeter.

Another manufacturing method is braiding. Braiding is just beginning to make its

foray into the commercial sector. Research and industry surveys indicate that the process

is limited to braiding dry fibers that are then infused with resin. However, if the braiding
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5 devel opnment because it can be used to yield a true three-dinensional
reinforcenent. Any application, patent, technical docunent, textbook, or -
ot her publwoat/itsess cited herein should be construed to becrrisagpat ed by
reference as to any subject matter deened essential to the present

di scl osure. Wil e various enbodi nents of the present invention have been .
descri bed above J]g it should be understoqd that they have been presented
by way of PEOCERH GuP ﬂ&"thi’f’“’rf‘??ﬁe? 19°E5Pr cqRsled yamns, theh thednfisi@n scope of t he
present invention should not pe Iimted by any of the above-descri bed
exenpl ar y PERESdVIHERES 20U Y5oY cansisienty beromes parjeeessask In additiopcthe infesife with t he
followng clains and their equivalents, 32 WO 01/15058 PCTt USOQ 23030 1 |
CLAI M 2 Procgssdessiiohaliosyt forspegiticcontrol of fibgr valumee Braiding the matgamdthithes) { x )
that is 3 generated in response to a field (f % applied thereto, the nethod
conpri si n§oeneould dlow syeh control chherbirifing peocess gy dands uself wiell todwghercal nodel of
the object by discretizing a 5 geonetric nodel of the object into a

pl ur al 5t ydevelapmenthecauseitean be used tasyieldiafype thyeesdimgasiorabreinfercementf i el d {f} and
potential {x} relative to the finite elements; 7 specifying that the

mat eri al pr opeAny appliogtionpatent,ri¢chpicell doqwmens, ttrabapkaormtlier ipablication dtedymet ry; 9
calculating a material property matrix [Kk] based on the relationship

{ f } =f kJ{ xhereihsheuid|b¢ ¢rnstzyeddo bé tndorpyrated by yefertficeas to amyt subjgctmmdteer i al property
coefficients fromthe material property matrix [lIc] for 12 each finite

el ement i deenied essential teethe presentdisblestme.i cal nodel ; 13 conparing the extracted
material property coefficients to material property 14 coefficients for
known mat eri al While varixius bmbdédiments bfuht prisentineérntioh hpveheer dyscabef dboed,ent s t o

10 it should 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.




15 the material property coefficients for known materials; 16 determ ning
manuf acturing paraneters for controlling manufacturing equi pnent 17 based
on the mat chew omsoss i al property coefficients; and i s contpcirusongsoshe
manuf act uri ng equi pment in accordance with the determ ned 19 manufacturing
paranmeters to thereby manufacture the object. 1 2. The method according to
claim1, wherein the material properties of the 2 finite elenents are
specified té%%otropi c. 1 3. The nethod according to claim1, wherein
the material properties of the 2 finite elenments are specified to be
transver fel y i sofir opi & methpd for manyfaciuging ag ebict hyingy potentigl ¢ hauisoo 23030 1
4. The nmethod according to claim1, wherein the step of generating a 2
conput er i3z edensratpdingespense torp field {6k applied thisptecthe mathpd eomprisniztbesepsof:er mi ni ng
the smallest 3 volune increnent that can be manufactured using the
conposi t & manuf agengrating a4omputenined matherhatial Fode! ofthe object by disdietizingo claim 1,
wherein the field {f} is a nechanical 2 force field and the potential {x}
is a di spl ageomettic mbdé.of Theebjectinwa phoality of finjte elemeh@iand dpecifying wiluwesfdre fi el d
if } is an electric 2 current field and the potential {x} is,a voltage. 1
7. The mwt hahk fisld Of} dnd gotentiat () nelative todhefmitaclednents;i el d {f} is a nagnetic
field 2 and the potential { x } is a nagnetic vector potential. 1 8. The
met hod agcor di ngspedifgihg@ibiat the matecinlgirtpeitiae of thefifkte{ digmdnts lave b patiadlarf | ux 2
field and the potential {x} is a tenperature. | 9. The nmethod according to
claim1l, gwheimimeui;he field {f} is a fluid velocity

9 calculating a material property matrix [k] based on the relationship {f}=[k]{x}
10 and the specified symmetry;
11 extracting material propenty coefficients from the material property matrix {k] for
12 each finite element in the computerized mathematical model;
13 comparing the extracted material property coefficients to material property
14 coefficients for known materials to match the extracted material property coefficients to
15 the material property coefficients for known materials;
16 determining manufacturing parameters for controlling manufacturing equipment
17  based on the matched material property coefficients; and

18 controlling the manufacturing equipment in accordance with the determined

19  manufacturing parameters to thereby manufacture the object.

1 2. The method according to claim 1, wherein the material properties of the

~

finite elements are specified to be isotropic.
1 3. The method according to claim 1, wherein the material properties of the

2 finite elements are specified to be transversely isotropic.

W,



2 field and the potential {x} is a fluid potential. 1 - 10. The nethod

according to claiml1l, wherein the step of controlling the 2 manufacturing -
equi pnrent WORpYIS08®s controlling a conposite manufacturi ngceasegawsset 3 for
manuf acturing a conposite material. 1 11. The nethod according to claim 10,
wherein the conposite material 2 conprises structural fibers lamnated in-

P i e bt o o AR

i ncl udés biologic . 2 materia e e I'ng claim11,

01/ 15025 FORTLES) Pelfephilfs pOBte e Bbiccl aiies theiils dhipibing e suslegc, o
the TMRL | %ofe et P 5o iR e s SR ARERLALND Lo clai m 11,

wherein the matri X I ncludes co- ors. Ecordingto
claim %1, ewher ein the matrix includes biological 2 cells. 1 17. The met hod
accordi'ng AEPREY m 11, wherein the matriXx includes bio-active 2 materials.
1 18. The net hod acgordi to ¢glaim11, erein th trix inclydes 2

medi catli ons. 19'19. Cﬁﬁé"ﬁ@%{ﬁ&"&‘@@é‘? elpimy, 1 Whegein, ﬁf‘%, Hﬁﬁé‘r'@?"ﬁa@ matrix
includes 2 a tlégligg | CS. The pet hod according to claim 11, wherein

1 20,
the mafri fOFHES e?°‘r¢%‘éﬁ‘i’é¥:‘t‘ia\9’é‘mﬁ?‘€"r‘ﬁt-al s. 1 21. Thenethod according to

claim1l1, wherein thﬁx obj ect bei nhg manuf act ured )
1 6. e method according to claim 1, wherein the field {f} is an electric

2 current field and the potential {x} is,a voltage.

1 7. The method according to claim 1, wherein the field {f} is a magnetic field
2 and the potential {x} is a magnetic vector potential.

1 8. The method according to claim 1, wherein the field {f} is a thermal flux
2 field and the potential {x} is a temperature.

1 9. The method according to claim 1 , whergin the field {f} is a fluid velocity
2 field and the potential {x} is a fluid potential.

1 " 10.  The method according to claim 1, wherein the step of controlling the

2 manufacturing equipment comprises controlling a composite manufacturing equipment
3  for manufacturing a composite material.

1 11.  The method according to claim 10, wherein the composite material

2 comprises structural fibers laminated in a matrix.

1 12.  The method according to claim 11, wherein the matrix includes biologic

2  material.

1 13.  The method according to claim 11, wherein the matrix includes bone.
I
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2 is a prosthetic inplant for replacing a body pan and the force {f} and
di-spl acenent {x} 3 are specified based on the in vivo forces applied to the
body part towbeuisessl aced and the in 4 vivo di spl acenent s pgarso@dse® i N t he
body part to be replaced when the forces are applied 5 thereto. 1 22. An
article of manufacture nade in accordance with the nethod of claiml1, 2

wherein the article i.s selegted fromthe graqup.consisting of an, autonobile
part, anlai rcraf]tc4' 3 15 methog apgo i?%‘@tcia&milﬁ’p‘ﬁ?fcﬁ“f8‘5“&5”?’“@?‘%&“@5&[, a

tennis racket, a bicycle frame, and a fishing 4 pole, and wherein

di fferent pB?‘{e'rons of the article have different material properties 35 1 |
[ I [1111111 1111 Bail{ CL ms WO 01/15058 PCT/USOCJ 23030 5 correspondi ng
to the mhtched el racthe@mehedarsordingtosirindy, whsenn the matfixinelpdes cadagers
materials. 1 23. A prosthetic inplant manufactured in accordance with the
nethod of 2 cl aln | .ThiﬂEmOdAc@ngg@lcﬁﬁnﬁbﬂ!m@F@!}tfl’wnﬁlé@érb&&?&@lvvith t he
method of claim1. | 25. A conputer-inplenented nethod for determ ning
machi ne onesllsl 2 instructions for manufacturing an object having a
potential {x } that is generated in 3 response to a field {f} applied

t hereto; 1t he netlbod dbaprtwidacsording oichin 1bfwherrintha sratrix ingJudes bingstiver i zed
mat hemati cal nodel of the object by discretizing a 5 geonetric nodel of the
obj ect imtomateghlsrality of finite el enents and specifying values of 6 the
field {f } and potential { x) relative to the finite elenents; 7 specifying
that theirmateri al8. pr Ghendethod acdordifgtofclaim 1 &, wteesirethe matriniacladgsarti cular 8
symmetry; 9 calculating a material property matrix [k] based on the

rel ati onghi mefititiehk] { x}

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

2  antibiotics.

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

2 radioactive materials.

1 21.  The'method according to claim 1, wherein the object being manufactured
2 is a prosthetic implant for replacing a body part and the force {f} and displacement {x}

3 are specified based on the in vivo forces applied to the body part to be replaced and the in
4 vivo displacements generated in the body part to be replaced when the forces are applied
5 thereto.

1 22.  An article of manufacture made in accordance with the method of claim 1,
2 wherein the article is selected from the group consisti.ng of an automobile part, an aircraft

3 part, a prosthetic implant, a golf club shaft, a tennis racket, a bicycle frame, and a fishing

4  pole, and wherein different portions of the article have different material properties

. I



to and the specified symmetry; 11 extracting material property coefficients
fromthe material property matrix [k] for 12 each finite elenent in the °
conput er i webasusiienat i cal nodel ; 13 conpari ng the extra®ordisoeR3e3o al
property coefficients to material property 14 coefficients for known
materials to match the extracted material property coefficients to 15 the
material property coefficients for known nmaterials; 16 determ ning

manuf dct ¢eTresgoRsdingioshematched cxgragied Baterial propary peesficientyfgr keWpnent 17 based
on the matched material property coefficients; and 36 Viii iiitiir%~ i~
tiir i6 Cmatedials. WO 01/ 15058 PCT/ US00123030 18 generating machi ne contr ol

I nstructions for controlling the manufacturing 19 equi pnment in accordance
wi t h tthe nmanu3ct uAipnesthetic implansmeanufac@ted if ieeoniandecdthabe metiodgf t 0 ¢l ai m 25,
wherein the object being manufactured 2 is a prosthetic inplant for

repl aei nglamBody part and the force {f } and displacenent {x} 3 are
specified based on the in vivo forces applied to the body part to be

repl aaed and 24e i A golf chibimamifzpiraiie aeotdancrowieh the agthod of Elainhody part to be
repl aced when the forces are applied 5 thereto. 1 27. The method accordi ng
to claim25, ofier eArompatesimyleméntgianahod fordeteriidihg@achineccdtrblol | nstructions
conpri ses generating machi ne control instructions for controlling 3

CONPOYi t gnskfBEtitng EriidnBfacRiEing RNEHject h@VingBpiténiial (W)itha ifeenaaRashte material . 1
28. The nethod according to claim 27, wherein the conposite material 2
CONP i3S € Fespbrise &4 alfiald (F) 4plied thesid) Hesbtiod cBmPBIiRg the stipsst: The method
according to claim28, wherein the matrix includes biologic 2 material.

4 generating a computerized mathematical model of the object by discretizing 2

5  geometric model of the object into a plurality of finite elements and specifying values of

6 the field {f} and potential {x} relative to the finite elements;

7 specifying that the material properties of the finite elements have a particular
8  symmetry;
9 calculating a material property matrix [k] based on the relationship {f}=[k]{x}

10 and the specified symmetry;

11 extracting material property coefficients from the material property matrix [k] for
12 each finite element in the c;dmputerized mathematical model;

13 comparing the extracted material property coefficients to material property

14  coefficients for known materials to match the extracted material property coefficients to
15 the material property coefficients for known materials:

16 determining manufacturing parameters for controlling manufacturing equipinent

17 based on the matched material property coefficients; and

-
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1 30. The nmethod according to claim 28, wherein the matrix includes bone. 1
3Lk. The net~od according to claim28, wherein the matri x includes crushed

.2 bone. 1 3®gofiwassret hod according to claim28, wherein tpanisebssod
i ncludes co-factors. 1 33. The nmethod according to claim 28, wherein the

matri x includes biological 2 cells. ". 1 34. The nethod according to claim
28, wherein the matrix incl.udes bj.o-activ 2 erjals. .3 tliiill
1111110.&ﬁllllll%?f‘fi"i‘fgP@&%@"WFE%S%%@?%%Z“ £35. The

nmet hod according tq clai erei r}athecrratri i ncludes 2 nedications. 1

28,
36. The Het HFGBPRERAT 8GR ?‘i?"élfh\gt/gﬁp’%’, B matrix includes 2
antibiotics. 1 37. The net hod accordi to claim?28,. . wherein the majri x
i ncl udes 1 2 radi é&ct i V¢ Welped gogprding fo 'ggim %@'&Jﬁﬁ'ﬂt °"é°§§‘?%‘?ﬁ’6?‘8’3?‘&ﬁ?f@d to
performthe nmethod of claim?25 1 39, A contral systempro ramTE(t with
machi ne contif apropheticimplanbios replsring 2 bedypartand F’ﬁémﬁﬁxf;&g‘ii fhéplﬂ‘%m?f‘%l uring
equi pnent to manufacture a conposite object, 3 wherein the machine control

i nst r uct i onsarespecifjedieased enthe in Vv foreenprpliedyorthe bady pag taksgerlpced and thg iy, o5 1

40. Conposite manufacturing equi pment conprising a control system 2
progr anmed witddisplaskinenss geatated|in the Sodypart to he replscedoientist forcagare gpplied nposi t e
3 manufacturing equi pnent to manufacture a conposite object, wherein the
machi ne 5 thereto.

1 27.  The method according to claim 25, whetein the step of generating machine

2 control instructions comprises generating machine control instructions for controlling

3 composite manufacturing equipment for manufacturing 2 composite material.

1 28.  The method according to claim 27, wherein the composite material

2 comprises structural fibers laminated in a matrix.

1 29,  The method according to claim 28, wherein the matrix includes biologic

2 material.

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

1 31.  The method according to claim 28, wherein the matrix includes crushed
2 bone.

1 32.  The method according to claim 28, wherein the matrix includes co-factors.
1 33,  The method according to claim 28, wherein the matrix includes biological
2 cells.

1 34.  The method according to ctaim 28, wherein the matrix includes bio-active

2  materials.
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4 control instructions are generated in accordance with the nmethod of claim
25. 1 41. A nethod for manufacturing an object for which a defined field
{f} 2 geQelses8a potential { Xx) in response thereto, tkherossblndo
conprising the steps of 3 (1) generating a conputerized mat hemati cal nodel
of the object by 4 discretizing a geonetric nodel of the object into a

plurality of fienit : 2).1.$ I f.ying.val ues, of .the field {f} and‘
‘the potential 3F'x} ?lé%gl?%gg‘fscgnﬁémﬂ%ﬁgg’w%mé'?gﬁﬂ#g’f’"?lfufl%s) speci fyi ng t hat

t he terial. properties of the finite elements have a 8 particular
symrg?ry;m%%caﬁof%)'l"l Frreer a1t 111t CL N W 03n5058

PCT/ USOQ 2303 9 (4) calculatjing a material property matrix [k] based on
t he rjl ati onsﬁpp 1§h%?’f®f’§f‘{°>? ’?ﬂ?fﬂc{aﬁﬁr?' PSR g ludes wherein the -
mat er i al ﬁgrﬁ grty matrix [k] i1 conprises a plurality of val ues each
corre§po p B‘fso one or nore material property 12 coefficients; 13 (5)
conpar.ing eacaﬂof {l‘@? plurality of values in the material property matrix
14 [K]! to knowh nat g msthodacspuding taglayp 48, wheesinthe mpagrix igcludesat ch, sel ecting a
correspondi ng 15 manufacturing process paraneter, wherein the sel ected
manuf dct FAIIPACHYS BaEas.par aneter 16 is usable for control |ing-conposite
manuf acturing equi pnent if the matched known 17 material property is a
mat erilal propéty AcPmaUEnIHSisHI programmed toperform ther@eti@ofclaimi26) | i ng t he
conposi te manufacturing equi prent in accordance with 19 the selected
manuf dct ur i ng 3Br ocAsentelsysiem programynad withomschingcontzel instrectides farbj ect . 1 42.
The nmethod according to claim4l, wherein the object being manufactured 2
i s a pBr osphizalling ¢omplosite minyfactusing squipment thmeayufacture azompasite objectce {f} and
di spl acenment | x) o

3  wherein the machine control instructions are generated in accordance with the method of

4 claim 25.

1 40.  Composite manufacturing equipment comprising a control system

2 programmed with machine control instructions for controlling the composite

3 manufacturing equipment to manufacture a composite object, wherein the machine

4  control instructions are generated in accordance with the method of claim 25.

1 41. A method for manufacturing an object for which a defined field {f}

2 generates a potential {x} in response thereto, the method comprising the steps of:

3 (1)  generating a computerized mathematical model of the object by

4  discretizing a geometric model of the object into a plurality of finite elements;

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

6 elements; |

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

8 particular symmetry;
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3 are specified based on the in vivo forces applied to the body part to be
repl aced and the in 4 viva displacenents generated in the body part to be

repl aced Wheypdshsesgorces are applied 5 thereto. 39 PCT/US00/23030

9 (4)  calculating a material property matrix [k] based on the relationship
10 {f}={k]{x} and the specified symmetry, wherein the material property matrix [k]
11 comprises a plurality of values each corresponding to one or more material property
12 coefficients;
13 (5)  comparing each of the plurality of values in the material property matrix
14  [Kk] to known material properties and, responsive to a match, selecting a corresponding
15  manufacturing process parameter, wherein the selected manufacturing process parameter
16 is usable for controlling composite manufacturing equipment if the matched known
17  material property is a material property for a composite material; and
18 (6) controlling the composite manufacturing equipment in accordance with
19  the selected manufacturing process parameters to thereby manufacture the object.
1 42.  The method according to claim 41, wherein the object being manufactured
2  is a prosthetic implant for replacing a body part and the force {f} and displacement {x}
3  are specified based on the in vivo forces applied to the body part to be replaced and the in
4  vivo displacements generated in the body part to be replaced when the forces are applied

5 thereto.
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