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METHOD AND APPARATUS FOR MANUFACTURING
OBJECTS HAVING OPTIMIZED RESPONSE CHARACTERISTICS

BACKGROUND OF THE INVENTION
1. Technical Field

The present invention generally relates to articles of manufacture and, more particularly,
to a method and apparatus for manufacturing objects having response characteristics which are
optimized for a desired application or use.
2. Description of Related Art

An object composed of one or more materials, which is engineered and manufactured for
an intended application, must be able to withstand the stresses exerted on the object during use
in the application. For example, a bridge, carrying a pathway or roadway over a depression or
obstacle such as a body of water, must be designed to withstand the stresses created by traffic
(either pedestrian or vehicle or both), temperature variations, wind, shifts in the surface of the
earth which may be caused by earthquakes or other geological movements, etc. Similarly,
aircraft components must have sufficient strength to withstand bending, sheer, torsion, and other

forces placed on it. Accordingly, in a conventional engineering process, a stress analysis is
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‘The above-described conventional engineering process will be discussed in greater detail
with respect to Figure 1. The initial design geometry of the object and the matexiql(s) of which
the object is to be composed are defined at step 11. Geometry includes dimensions, tolerances,
surface finish, definitions of surfaces and edges, and, in some cases, the fit between two mating
parts., The initial design geometry rﬁay be created using computer-aided-design (CAD)
techniques known in the art. Each force which will be applied to the object during intended use,
and the points and direction of application of the respective forces, are identified at step 12.

Stress analysis is performed at step 13. One technique for carrying out such a stress
analysis is to create a finite-element mode! of the object and utilize the finite element method
to determine the suitability of the object for the intended application. The finite element method
is 2 numerical analysis technique for obtaining approximate solutions to a wide variety of
engineering problems in which a complex part or object is subdivided into the analyses of small
simple subdivisions of the part or object. This method has been widely discussed and reference
will be made in what follows to a discussion from Huebner et al, The Finite Element Method for

Engineers, Third Edition, John Wiley and Sons, Inc. (1995). In a continuum problem, a field
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adjacent elements are connected. For the finite clement representation of a problem, the nodal
values of the field variable become the unknowns. Once these unknowns are found, the
approximating functions define the field variable throughout the assembled elements. An
important feature of the finite element method is the ability to formulate solutions for individual
elements before putting them together to represent the entire problem. This means that the
characteristics of eéch individual element may be found and then the elements may be assembled
to find the characteristics of the whole structure. The finite element method may be summarized
by the following steps. | |

First, the continuum is discretized into elements. A variety of element shapes may be

used and different element shapes may be employed in the same solution region. The number
and type of elements in a given problem are generally matters of engineering judgment. For
example, three-dimensional elements work best if they are either tetrahedral or hexahedral in
shape. In addition, the most accurate elements have a unity aspect ratio. The next step is to
assign nodes to each element and then choose the interpolation function to represent the variation

of the field variable over the element. Once the finite element model has been established, the

matrix equations expressing the properties of the individual elements may be determined.
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structural problem, the nodal unknowns are displacement components. From these
displacements, the element strains and stresses may be calculated.

An example of the finite element method from the Huebner text will be discussed as an
aid in understanding the terminology to be used in this specification. Figure 2 iilustrates a linear

spring system. For a typical spring element, the relations expressing its stiffness are
ky -k d = F,
kn kyn 5, F,

Under a given loading condition, each element as well as the system of elements, must

where k" = k,z = k-n = kn = k.

be in equilibrium. If this equilibrium condition is imposed at a particular node i,

EFO? =F® + F® + F® + ... = R, e (1)
which states that the sum of all the nodal forces in one direction at node i equals the resultant
external load applied at node i. In accordance with conventional tensor notation, each coefficient
in a ;tiffness matrix is assigned a double subscript, e.g., if; the number i is the subscript

designating the force F, produced by a unit value of the displacement whose subscript is j. The
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the properties of the individual elements may be determ ned.
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di fferent approaches including a direct approach, a variational approach,

or a weighted residual approach may beSused. The el ement properties are
then assenbl ed to obtain the system equations. That is, the matrix

equat i ondores F; 4% shay rhieh: exists whesr 6,0 i andealk thenpther displacamentsare fixed: oA t he
mat ri X equations expressing the behavior of the entire system At this
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may then be solved to obtain the unknown nodal val ues of the problem The
sol uti on shgwiethdgt i ons may be used to cal cul ate other inportant paraneters.
For exanple, in a structural problem the nodal unknowns are displ acenent
conmponenfggnode £F OM these displacenments, the elenent strains and stresses
may be cal cul ated. An exanple of the finite el enent nethod fromthe
Huebner text will be discussed 5,008, + k.M =R,

at node 2,

ki® + Ka® + 1p® + kB, + (k® + k) = 0
at node 3,

k® + k™8, + Kas® + kys® +kys™)8; + ky 8, = 0
and at node 4

k8, + k8, = F

Using matrix notation, these system equilibrium equations can be written as

kil kY 0 0 |{s R,
KRR AR) (k@i 0 | o
0 (AEAR) KRR+ &2 ()a] )0
0 0 kY 2 | s, F

or
k] {8} = {F}. ... @
These equations are the assembled force-displacement characteristics for the complete
system and (k] is the assembled stiffness matrix. These equations cannot be solved for the nodal
displacements until they have been modified to account for the boundary conditions.

It can be seen that the stiffness matrix [k] is the sum of the following matrices, each
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Thus, it can be seen that the assembled or global stiffness matrix can be obtained simply by
adding the contribution of each element. Similarly, using boolean locating functions or other
locating functions, the contribution of each element may be determined from the assembled or
global stiffness matrix.

Thus, to perform stress analysis, the material(s) of which the object is composed as
determined by the initial design, the forces which are applied to the object as identified at step
12, and any constraints or boundary conditions are input into the finite element model. Since

the forces {f} and the material property matrix [k] are known, the finite element method is used



shown that at node 1, [err] at node 2, [err] at node 3, [err] and at
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can be witten as [err] or [err] These equations are the
assenbl ed fbdrce-displ acenent characteristics for the conplete system and
[k] is the assenbled stiffness matrix. These equati ons cannot be sol ved for
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to determine the corresponding displacements {8} using equation (2). For example, assume the
forces determined at step 12 are loads applied to the object. Then, since the material property
matrix is determined by the initial choice of material(s), the displacement resulting from
application of the loads may be determined. As noted above, these displacements may then be
used to calculate the stresses and strains. The calculations for solving the matrix equations
generated by the finite element method are generally performed using a suitable finite element
software package.

Post-processing, indicated at step 14, is carried out to determine if the design will
perform satisfactorily. Such post-processing may include, for example, a comparison of the
stresses in the material to the maximum allowable stresses dictated by the material used. If the
stresses are too high, the process returns to step 11 where the part may be made stronger by
adding material, the material may be changed to one with higher allowable stress, or a new
design geometry may be utilized. If the post-processing at step 14 indicates the results are
acceptable, the process proceeds to step 15 where the object is manufactured in accordance with
the design peometry and the choice of material(s) determined at step 11.

A known problem with the conventional manufacturing technique described above is that
it uses known materials and pre-set manufacturing parameters, thereby creating a structure with
fixed intrinsic (constitutive) properties. This results in over designing and inefficiency of the
structure. 'While manufacturing processes exist that enable the adjustment of manufacturing
parameters, no method exi#ts of precisely determining what the manufacturing parameters should
be or the sequence in which they should be implemented so as to optimize the constitutive

properties of a particular object design. In essence, no method exists for determining an
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optimized constitutive matrix for a particular object or for manufacturing the object in
accordance with this optimized constitutive matrix.

SUMMARY OF THE INVENTION

In accordance with the present invention, a method for manufacturing an object having
a potential {x} which is generated in response to a fieid {f} applied thereto includes the step of
designing a geometric model of the object. A computerized mathematical model of the object
is generated by discretizing the geometric model of the object into a plurality of finite clements
and defining nodes at boundaries of the elements, wherein values of the field {f} and potential
{x} are specified at the nodes. A material property matrix [k] is then calculated based on the
relationship {f} = [k] {x}. Material property coefficients are then extracted from the material
property matrix [k] for each finite element in the computerized mathematical model and the
extracted material property coefficients are compared to material property coefficients for known
materials to match the extracted material property coefficients to the material property
coefficients for known materials. Manufacturing parameters corresponding to the matched
material property coefficients are then determined. The object is then manufactured in
accordance with the determined manufacturing parameters.

In accordance with another aspect of the present invention, 2 method for determining
manufacturing parameters for manufacturing an object having a potential {x} which is generated
in response to a field {f} applied thereto includes the step of designing a geometric model of the
object. A computerized mathematical model of the object is generated by discrétin'ng the
geometric model of the object into a plurality of finite elements and defining nodes at boundaries

of the elements, wherein values of the field {f} and potential {x} are specified at the nodes. A
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parameters corresponding to the matched material property coefficients are then determined.

In accordance with yet another aspect of the present invention, a method for determining
the material properties of an object having a potential {x} which is generated in response to a
field {f} applied thereto includes the step of designing a geometric model of the object. A
computerized mathematical model of the object is generated by discretizing the geometric model
of the object into a plurality of finite elements and defining nodes at boundaries of the clements,
wherein values of the field {f} and potentml {x} are specified at the nodes. A material property
matrix [k] is calculated based the relationship {f} = [k] {x}. Material property coefficients are
extracted from the material property matrix [k] for each finite element in the computerized
mathematical model and the extracted material property coefficients are compared to material
property coefficients for known materials to match the extracted material property coefficients
to the material property coefficients for known materials.

In accordance with yet another aspect of the present invention, a machine for determining
the manufa'cmﬁng parameters of an object having a potential {x} which is generated in response
to a field {f} applied thereto includes a designing element for designing a geometric model of
the object. A generating element generates a computerized mathematical model of the object

by discretizing the geometric model of the object into a plurality of finite elements and defining
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material property coefficients for known materials and a determining means determines
manufacturing parameters corresponding to the matched material property coefficients.
In accordance with yet another aspect of the present invention, a machine for determining
| the material properties of an object having a potential {x} which is generated in response 10 a
field {f} applied thereto includes a designing element for designing a geometric model of the
object. A generating clement gencrates a computerized mathematical model of the object by
discretizing the geometric model of the object into a plurality of finite elements and defining
nodes at boundaries of the elements, wherein values of the field {f} and the powntial' {x} are
specified at the nodes. A calculating element calculates a material property matrix [k] based the
relationship {f} = [k} {x}. An extracting element extracts material property coefficients from
the material property matrix [k] for each finite element in the computerized mathematical model.
A comparing element compares the extracted material property coefficients to material property
coefficients for known materials to match the extracted material property coefficients to the
material property coefficients for known materials.
These and other features and advantages of the present invention will be better understood

from a reading of the following detailed description in conjuncﬁon with the accompanying
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manufacturing the object in accordance with this optimzed constitutive

matri x.. SUMVARY OF THE | NVENTI ON I n accordance with the present
invention, a nethod for manufacturing an object having a potential {x}
which is generated in response to a field {f} applied thereto includes the
step of dewiodeikswsa geonetric nodel of the object. A conpBREWPSNHEP7

mat hemati cal nodel of the object is generated by discretizing the
geonetric nodel of the object into a pbﬁ;ality of finite elenents and
defi ni ng nodes at boundaries of the el &ments, wherein values of the field
{f} and gaJ {x} are specified at the nodes. A material property
matrix [K t hen calculated based on the relationship {f} = [Kk] {x}.
Mat eri al ;.--- xtracted fromthe material
property T8 in the conputerized
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the matched nmterial property coefficients are then determ ned The obj ect
is then MRAPRHCAERNG in accordance with the deternined manufacturing

par anet ers. I n accordance w t h anot her aspect of the present
invention, a Rigwed illustrats themathadelpey formanmuiacturing AR qhiech Racepsiancs with the
manuf acturing an object having a potential {x} which is generated I n

r esponse preseat iftveation.{ f } applied thereto includes the step of designing a
geonetric nodel of the
Figures 4A and 4B illustrates forces applied to the femoral head of a hip during a one-leg
stance and rising from a chair, respectively.
Figures SA and 5B illustrate a force applied to an in vivo hip and the resultant stresses,
respectively. |
Figure 6 illustrates a finite element model of a prosthetic hip.
Figures 7A and 7B illustrate material properties data bases.
Figure 8 illustrates functional modules which may be used to implement the present
invention.
Figure9is a bloci diagram of an environment which may be used to implement one or
more of the functional modules of Figure 8.
Figure 10 is a schematic of a control computer for controlling a manufacturing machine.
DETAILED DESCRIPTION
Figure 3 will be used to describe a methodology for manufacturing an object or part in
accordance with the present invention. As will become apparent from the description below,

object or part (hereinafter “object™) as used herein refers to any object which may be



object. A conputerized mathematical nodel of the object is generated by
di scretizing the geonetric nodel of the object into a plurality of finite
el enents and defining nodes at boundari es of the el enents, wherein val ues

of the'field {f} and potential {x} are specified at the nodes. A
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properties of the object.

The methodology of the instant invention may be utilized with any manufacturing
technique in which the manufactuxihg parameters may be varied. For example, 2 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 automobiles, aircraft, prosthetic implants, golf club shafts, tennis rackets, bicycle
frames, and fishing poles. These composite materials offer 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 of the fiber composite material. An example of a braider bed designed
for controlled braiding of composite materials is shown in United States Patent No. 4,909,127
to Skelton. Three-dimension woven fabrics are also discussed in U.S. Patent No. 4,975,262 to
Suto.

Composite materials may also be constructed by laminating structural fibers in

appropriate matrices compatible with these fibers as described in U.S. Patent No. 5,023,800 to



matrix [k] is calculated based the relationship {f} - [k] {x}. Material
property coefficients_are extracted fro terial property matrix [K]

for each finite element in the conputerized mathematical nodel and the
extracted nmateri al property coefficients are conpared to nmaterial property
coefficients for knowmn materials to match the extracted material property
coeffici entwodsasiibe material property coefficients for knBGEIUSRSO0A07 5| s,

In accordance with yet another aspect of the present invention, a machine
for determning the manufacturing pargpeters of an object having a
potential {x} which is generated in response to a field {f} applied

thereto Iwctem a Fiegladi 9 G ﬁt&:yeaﬁedfeempdml @Stemowhicl dnsoeporites ghasefibers

the object. A generating el enent generates a conputerized mat henati cal
model of Jfibifn aPlefdily reli¥ mird€. Fidr Zoftatioh Sf GHEAI confpoRiBHLs, mére éxofic WomPeitei Nt 0
a plurality of finrte elenents and defi ni ng WO 96/ 25716

Egghgﬁ??égﬁgﬁ thlglvm%l m P r ei n va l&é’ée of tr}l_'lenﬂyl aevlal(}ab{ f }fox;%% ?ﬁgm !
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Mat hemat | CM&% poiyemylenes ~These fibers or whiskers are incorporated as threads, fabrics,
mats, or the like in appropriate resins, as for instance thermosetting epoxies, polyesters,
polyethers, polyimides, and bismaleimides or thermoplastic polyamideimines, polyether sulfones,
polyether ketones, polyphenylene suifides and other similar polymeric materials. Composite
objects may be formed utilizing molding techniques - using either external molds which 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 pressures.
A contouring process using a contouring system on a lathe or 2 milling machine may be
used to manufacture metal objects. Contouring refers to the continuous removal 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 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).



A conparing el enent conpares the extracted matrial property coefficients to
material property coefficients for known materials to match the extracted
materi al property coefficients to the material property coefficients for
known materfals and a deternining neans deternines nmanufacturing
paranmeters corresponding to the matched material property coefficients.

I n accor dancewoigsfsryet anot her aspect of the present inventiPCT/USNWONI ne
for determning the nmaterial properties of an object having a potenti al
{x} which is generated in response to a_]j‘_i eld {f} applied thereto includes
a designing elenment for designing a geonetric nodel of the object. A

generating el engféound Biedhstint rvemtionls Rotlifftd ibkjeisfornad uiﬁ?&'aidﬁg,ﬁﬁ&i‘ding,
object by discretizing the geonetric nodel of the object into a pluralTty

of finite &Hﬁﬂ*iﬁ %mp ﬁdd‘ R nikrel g*g;,gﬁ:fs' [ :
wherein values o % e |ge ?” anggfﬁﬁe po?entla o?xaﬁgf?%tﬂﬁg ecl :é“eegwg%cht he
nodes. A c alid:04g -el I a ' ' ]
based t he HREPs B I \REnek ipbioBbibiy O BrdcPlaet ELiniqull el way
mat eri al propert gefficients from.the terial ert rix for
each {1 ni | o Braiey U o} Wiy, e el raopltig ety ceimliac

el ement conpar.es the extracted jaterial property coefficients to material
property qYes; mlcfwumgmp?ﬁ?gmf@eﬂ#ch the extracted materi al
property coefficients to the %t erial_property coefficjents for known

mat eri al s. At step 2 dhefieldes) i mdichywailkheapplied ig thepbiact injisdntspded yise, Aseall, ¢

invention will be better understood froma reading of the followin
det ai | ed dasstheidgsireshpotential(s) omwsponse(s)i {x} to these ficldé)aarpidefjned. For example, an

object may be applied with a mechanical force ﬁcld, an electric current field, a magnetic field,
a thermal flux field, and/or a fluid velocity field. Other fields {f} may be derived using these

~ primary fields. For example, an acoustic field may be derived by combining the mechanical
force field and the fluid velocity field. A magnetoliydrodynmnics field may be derived by
combining the fluid velocity field and the magnetic field. Each of the above-identified fields has
a corresponding potential. These potentials are displacement, corresponding to the mechanical
force field; voltage, corresponding to the electric field; magnetic vector potential, corresponding
to the magnetic field; temperature, corresponding to the thermal flux field; and fluid potential,
corresponding to the fluid velocity field.

As noted, the fields defined at step 21 represent one or more fields which will be applied
to the object in its intended use. For example, in the case of a prosthetic hip, the field may be
the mechanical forces which will be applied to the prosthetic hip after implant in the human
body. For example, the arrows in Figures 4A and 4B 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
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BRI EF DESCRI PTI ON OF THE DAW NGS Figure 1 illustrates the prior art
met hodol ogy for nmanufacturing an obj ect. Figure 2 illustrates a

si mpl e mechani cal spring systemfor defining term nology used in this .
appl i cati onwoosnsmé Figure 3 illustrates the nethodol ogy PSFUSMIPYCt uring
an object in accordance with the present invention. Fi gures 4A and
4B illustrates forces applied to the fggpral head of a hip during a one-leg
stance and rising froma chair, respectively. Fi gures 5A and 5B

i || ust r aivive swidies esportpd bi, for éxample, Hodge etal.h *Comact Fréssures inithe dhimant HipJoint
respectively. Figure 6 illustrates a finite el enent nodel of a

pr ost het iMeaiired In Vivo,* Pro.i Nuil. 9fead./Sci."BISA, B3, RB7528831(2986)! dhieabsuftam force ofs
dat a bases. Figure 8 illustrates functional nodul es which may be

i 2 aim S bt ot 0 Vi o ek S e
leg stance to midrise loading. As another example, in the case of a heat conduction eclement,
the field may be the thermal flux which will be applied to the object in its intended use. Of
course, an object may be applied with more than one field and each of these fields may be
defined at step 21. For example, an electrical conductor may be applied with an electric field,
a magnetic field, andamecharuiglforoeﬁeldinitsintmdeduse.

The potential(s) {x} defined at step 21 define the manner in which the manufacturer
desirestheobjecttorespondwhen the defined field or fields {f} are applied thereto. In the case
of the prosthetic hip, the defined potentials are the desired displacements (which correlate
mathematically to the stresses) in the prosthetic hip whea the prosthetic hip is subjected to the
mechanical forces shown in Figures 4A and 4B during walking and rising from a chair. If the
manufacturer desires the prosthetic hip 1o respond to forces in the same manner as an in vivo
hip, the "desired displacements” in the prosthetic hip may, for example, correspond to the
displacements geaerated in an ir vivo hip during walking and rising from a chair. Figure 5A
illustrates an in vivo hip applied with a force of 2000 N as indicated and Figure 5B is a table
setting forth measures of the displacements generated at the points labeled A, B, C, D, E, and
F in Figure SA in response to this applied force. Thus, a manufacturer desiring to manufacture
a prosthetic hip which responds to the force indicated in Figure 5A in the same manner as an

in vivo hip would define the force {f} to be the force indicated in Figure 5A and would define

the displacements {x} to be the displacements set forth in the table of Figure 5B. Similarly, in



nore of the functional nodul es of Figure 8. Figure 10 is a
schematic of a control conputer for controlling a manufacturing nmachine.

DETAI LED DESCRI PTI ON” Figure 3 will be used to describe a
met hodol ogy for manufacturing an object or part in accordance with the
present invention. As will becone apparent fromthe description bel ow,

obj ect or pariyolderssas nafter "object") as used herein refers PETUSHG0IT oct
whi ch nay be WO 96/ 25716
PCT/ US96/ 02007 -12-

manuf actured by a process or technique i'nlﬁ\'/\hi ch manufacturing paraneters

my be Conkﬁé)usﬁéf n{e%&%dmaﬁ kieieht WhRicR fis dpplied with adthemmeal fluk Sield, the definik
obj ect. The nethodol ogy for manufacturing an object in accordance with the

(172" )" b o ihtipe S vl i i e soncucion s
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be vari ed. rlégpronge)é E%:orrprles(ia’omil tg Elgslir%a r}lg]splacements at various portions of the conductor when the
defined mechanical force field is applied, to desired magnetic vector potentials at various
portions of the conductor when the defined magnetic field is applied, and to desired voltages at
various portions of the conductor when the defined electric field is applied, respectively.

At step 22, computer aided design is used to geometrically model the object to be
manufactured. Geometfic modeling is a technique of using computational geometry to define
geometric objects. The purposes of geometric modeling are object representation, which
mandates a complete definition of the object for manufacturing and other applications such as
finite element analysis; design, which allows the user to input and manipulate a geometric
specification of the object; and rendering, which uses the geometry to paint a realistic picture
of the object on 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. 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 height or to provide a shaft having a diameter which varies, e.g., a narrower



process using a braider may be used to manufacture fiber conposite objects.
Fiber_conposite materials.are finding.increasing use as the construction

materi gl for conponents such as body panels of autonobiles, aircraft,
prosthetic inplants, golf club shaft, tennis rackets, bicycle franes, and
fishing poles. These conposite materials offer high strength equal to, or
exceedi ng, wowesasme netallic materials, for exanple, whil e P&E 02007e time
are lighter in weight and have other inproved functional properties.
Paraneters such as the speed of the bray4ler bed and/or mandrel, the

t hi ckness of the fibers, and the tension applied to the fibers are

contr ol | edlatheet/meay thel dhab héadf fSudtable TAD aoftwas padkapdscfof cireying onpthis geometric
material. An exanple of a braider bed designed for controlled braiding of
conposi t emoddiag iindhidel FDEASV(@viilablefro SORC,! 16, SR Millérd\Ohic}, TIOITA? Gavailable
Skel ton. Three-inension woven fabrics are also discussed in U S. Patent No.

4, 975, 2624, TBM-SfArmonk, New Yor) RREANYTLBHOY (ammeavmamuﬁemﬁgpmmmd by

I am nating structural fibers in appropriate matrices conpatible wth
gg}‘ezgﬂgbﬁﬁo&? g itforhrd Bacgagcts tﬁ@ﬁé‘f‘un',\'?or eﬁmﬂ%ﬁ, 80 QfiBx-based work stations?
PCT/ US96/

o Fi bor SR 81 thoge avajiable from Sun, Migresystems or Sjicon Geaphicy, Of egjise):the SRUMEE o'

FIDers  computer will be determined by the computational power required and the invention is not

limited in this respect. The use of such computer aided design software packages permits a
geometric model of an object or part to be defined by a user and modified quickly and results
in generation of geometry data which can be converted to formats useful in a computer aided
manufacturing step and/or to formats useful i finite element method step, which steps are
discussed in greater detail below. It is noted that the initial geometric model can be image data
generated by scanning an object having the desired geometry. For example, the initial geometric
model in the case of a prosthetic hip can be generated by X-raying a cadaveric hip using, for
example, a Siemens Somatom DR3 or 2 GE 9800 CT scanner. This image data may be
converted to a fomat usable by the CAD software package or may be directly converted to a
format usable by a finite element software package (for example, a PDA-PATRAN (available
from PDA Engineering) format) to be described below.

At step 23, a finite eilement model of the object is generated using the finite 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 which operates on the



wi thin an epoxy resin matrix. For formation of aircraft conponents, nore
exotic conposite systens having _inproved properties are desirable.
Currently avail able for use are exotic inorganic materials such as carbon
fibers, boron fibers, inproved glass fibers, alumnumoxide fibers,
I norgani ¢ whiskers of different materials and certain organic fibers such
as arami des igbensiended chain pol yet hyl enes. These fi ber sSPEFUGH03002r s are
i ncorporated as threads, fabrics, nats, or the like in appropriate resins,
as for instance thernosetting epoxies, pglyesters, polyethers, polyimdes,
and bi smal ei m des or thernoplastic polyam dei m nes, pol yether sulfones,
pol yet her gkghafie modePtsveivpeyd trestep 28] il S thenihiet dkamens isoftvare packagetgeneraily
mat eri al s.” Conposite objects may be forned utilizing nolding techniques -
using ei t Retec@X ek il Whidh cHithind the SedietryofCRETRbREEAéviioped iR Pep 20, aSome
object or an i1nternal mandrel type nold on which the conposite object is
built. A Ight ) ' Oflink REIISSTol Bedhhtinge t
M%ﬁ&ﬁdﬂg ; m %J(,;%t A BDEAS H6iH SDRC,MacQ link Be
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surface refers to the surface on which the end of the m|]l;j toqQl,.l s
riding; cABAQUS(avzilable from Maghieali$chwendies Corpgmation), %im§£géaﬁg'5@°off°‘? he
mlling tool rides; and check surface refers to a surface at which the
current niSwinsop Maoufacturisg)n is to stop. Details of a contouring systemare
shown in Bedworth et al., Conputer-Integrated Design and

Thus, the finite element model is generated by dividing the geometric model of the object

into a plurality of elements and then defining nodes at the boundaries of the elements. An
exemplary finite element model for a prosthetic hip is shown in Figure 6. A variety of element
shqnsnwwbeusﬂintneﬁnﬁeekmumtnuxkﬂofﬂuu*ﬁun;lhenmnﬂnrandqnnsciekmumu
selected are generally based on the type of field and the geometry of the object. The various
finite element software packages identified above generally include libraries of elements and
element clusters to enable modeling of areas having particular geometries with a user-specified
degree of accuracy. Thus, an element having a element size of a predetermined value or an
element ciuster of variable elements having a cluster size of the predetermined value may be
utilized. If element clusters are utilized, the cluster may be repeated throughout the finite
clement m&d. A cluster may include elements which have different shapes. For example, if
the object to be manufactured will be subject to shear forces, elements having shapes which 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 which may be repeated, for example,



Manuf acturing, McGawH Il Inc. (1991). WO 96/ 25716
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O cour,se, the instant invention is not limted to objects fornmed using
brai ding, nblding, or contouring and the above discussions are nerely
exanpl es of manufacturing techniques which may be utilized in the

i nventive mwobdsmspisogy. Ot her processes and techni ques i nclREFEHVFOIY,  of
exanpl e, but not by way of limtation, polyner nmanufacturing processes,
crystallization techniques, ceram c pgaufacturing techniques, and the
like. At step 21, the field(s) {f} which will be applied to the

obj ect iimareas havingesichildr psometdes and/dr which areapplisd withl simila fosces. ( I1) addition,
response(s) {x} to these field(s), are defined. For exanple, an object may
be appl idifferait isive iementamag de vsad wembiet lobject portibrcédf eriticalitoleratcef | Sd-called
magnetic field, a thermal flux field, and/or a fluid velocity field. Qher
fields {shger@himeAss Mgy ibeamed Whed folkedme iP mbtretitical.i eSifice theOmethudvlggycof the
acoustic field may be derived by conbining the nechanical force field and

the fl Uiitbek@oPf! fyBichil lafl itefativB Prodes 1 4t v Hidcissed ibelow, TRYfo exaple) s Py

conmbining the fldid velocity fireld and the magnetic fiel d. Each of the

SR R A e
values do not change much, for computational purposes, a second later iteration may generate
a finite element model of the object which includes one or more super-elements in these areas
in order to simplify subsequent calculations.

The finite element model is completed by specifying the values and/or directions of the
above-described fields {f} and potentials {x} at the nodes of the discretized object. In addition,
any appropriate boundary conditions are imposed.

- At step 24, the finite element software package is programmed to solve for the material
property matrix [k] using the relationship {f} = [k] {x}. Thatis,

M=
K {x} & = (3 {8
K = {x}* ()

Since 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 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



force field; voltage, corresponding to the electric field; nagnetic vector
potential, corresponding to the magnetic field; tenperature, correspondi ng
to the thermal fl ux field; and fluid potential, corresponding to the fluid
veIOC|ty field. As noted, the fields defined at step 21 represent
one or nore fields which will be applied to the object in its intended
use. For examwoaensmet he case of a prosthetic hip, the fiel dPCRUSHE200T he
mechani cal forces which will be applied to the prosthetic hip after inplant
in the human body. For exanple, the arr in Figures 4A and 4B represent
the forces (direction and magnitude) applied to the femoral head during a
one-| eg st 33GgndnCin iffafiis\iRl kjoftials RavectediRiefihed a8 desciibdd 4t stépaR19d@érifies the
respectively. The force distributions and orientations are based on in

WO 96/ 2571 near-optimum material property matrix for permittin: amanufacturertomanuﬁcmre
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2879- 2883 (L1 The resultant force of each of these forces was

appr oxi mat J? 000 Newtons (N), with an orientation change fromone- Ieg
stance to mdr| | 0 not her, exanpl.e e case of a heat
conduction ele ts aghg%fﬁréid’? p % “#W’&ﬁftc '?mggm
applied to th ect n tended

PP | Iftt?nel ements in Lﬂg%mtc clement model from the material property

matrix [k]. Specifically, the material property matrix [k} which is calculated at step 24 is the
global or assembled material property matnx {k]. Aspreviously discussed, the material property
coefficients for a particular element of the finite element model may be extracted from such a
global or assembled matrix using a boolean locating function or some other locating function.
For example, with reference to Figure 6, the material property coefficients for element 601 are
extracted, followed by the material property coefficients for element 602, etc. This procedure
is repeated for each element in the 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 data base or data bases. Figure 7A illustrates one
organization of a material property data base 700. Material property data base 700 characterizes
a plurality of materials M1-1, M1-2, ..., Ml-n by the values of stiffness properties such as
Young’s modulus (E) and Poisson’s ratio (s). 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 and a Poisson’s ratio of 0.35. Material

M1-n may be cast iron having a Young’s modulus of 8.8 x 10'° Pa and a Poisson’s ratio of 0.30.



course, an object may be applied wth nore than one field and each of these

fields may be defined at step 21. For_exanple, an electrical conductor nmay
be appl,ied with an electric field, a magnetic field, and a nmechani cal
force field in its intended use. The potential (s) {x} defined at

step 21 define the manner in which the manufacturer desires the object to
respond whewotogesmefi ned field or fields {f} are applied t REFESWO200% t he
case of the prosthetic hip, the defined potentials are the desired

di spl acenents (which correlate mat hgymtically to the stresses) in the
prosthetic hip when the prosthetic hip i1s subjected to the nechanical
forces sOpédurid) the igvéntion 4¢'nat tichited telthese pestfit atgiaB Raspevtively fassooiawdovith 1 .

If the manufacturer desires the prosthetic hip to respond to forces in the

sane NMengRh oFhédd mdlerials/B11-1)i M1-2 N, Mies afecsl ntthafAbafs s arid e Specific
prosthetic hip may, for exanple correspond to the |splacenents gener at ed

: InI 32t Irg es an :ﬁ'@@wﬁ?‘@%ﬁwﬂﬁwg&] @ggg’m g,g I ndi ?’3?331 and
glt gﬂ\g ggl nts ?&g&ﬁg@e@n%% %’gﬁr‘ﬂh@%kl nr esg:g%gg?ﬂ)at -
brost het Pl Simsf Y @ﬁ%&%ﬁagefwﬂiﬁf DReRR AT MR, 1M
i cat o8 oy e yaiies of Secial copdheicdori, cAeaih aespeeelr s Vith xch o g
A sl ace e a1 N1, O Mol hreca manufacturing puscess and the specic phtameiers of that
process which will produce the material with the corresponding electrical conductivity. Similar
material data bases may be used to characterize materials by their thermal conductivity or
magnetic reluctivity and 1o identify the manufacturing method and manufacturing parameters
Thus, the material property data bases are archives of material property coefficients with
their corresponding manufacturing process and manufacturing-process control parameters. Such
data bases are created and maintained by industrial manufacturers, government 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 methods such as ASTM testing methods. When these properties have been
determined, the set of manufacturing parameters such as temperature, pressure, etc. which 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.
The comparison at step 26 between the extracted material property coefficients and the

material properties data base is used to determine which material in the data base has material
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of the heat conduction elenment which is applied with a thermal flux field,
the defined responses correspond to desired tenperatures at various
portions of the heat conduction elenment when the defined thermal flux
field is appl wishenkngt he case of an el ectrical conductor whi ®aT/0896/02493| | ed
with an electric field, a magnetic field, and a mechanical force field, the
defined responses correspond to desired 4 spl acenents at various portions
of the conductor when the defined mecharffcal force field is applied, to

desired nMRGpSiertesWORIER malkhl Grinbst! dlosdly mwpmaaﬁa BoFesPonditi 1° BidOektrabted
when the defined nmagnetic field is applied, and to desired voltages at

var i ous pordiyeds Wmﬁuﬁt Ofndﬂh%hﬂgwi@i guREs, (e |\gliCrebudlt in the

appl i ed, respectl step 2 comput er ai ded design Is used
to georretrl I
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and rendering,. which uses the eorretr O paint arealistic cture of t he
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t he obj ect part may, for exan‘|i>m be based on the experience of the
desi gn engi‘m;'éqd @, fos examplg; uEng)3 knowledgebase having g factibasefor staringthe extragted

For exanple, the initial geonetric nodel of a prosthetic
material property coefficient data for each of the elements (e.g., elements 601, 602, etc. of

Figure 6) and the material property data from the material data base, and a rule base containing
rules for comparing and matching the extracted material property dam for each of the elements
and the material property data from the material data base. The level of matching (e.g., a
perfect match, a close match) 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 aiso determine the level of matching. Thus, by performing step 26, the 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 which are necessary to manufacture
the object. The manufacturing control parameters may be used to implement numerical control
of the manufacturing equipment used to manufacture the object. Numerical control refers to the

use of coded numerical information in the automatic control of manufacturing equipment. For



hip is based on an in vivo hip. O course, this initial geonetric nodel may

be subsequently nodified for adaptatjon to an individual of a particul ar
hei ght ,and/ or weight. The initial design geonetry of a golf club shaft
is again known, i.e., a cylinder of predeterm ned |ength and di aneter.

Again, this initial design geonetry may be nodified to provide a shaft for

a gol fer woensprr t i cul ar height or to provide a shaft ha!(ﬁfl’iés’é[“mhrreter
which varies, e.g., a narrower WO 96/ 25716
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near the club head. Suitable CAD software packages for carrying out this
geonet r i cmachimketoolsg this might gefer ©ERG njctioni df the cutfing teobORG)e movemest of/ther parl |
Chi o), CATIA (available fromIBM of Arnonk, New York), and ANVI L-5000
(avai | abl beifig dormddnagainst arsotating’coclul (lha procss \of dayipg coinposites mateviak to form
packages may be run, for exanple, on UN X-based work stations such as

those avajigiitwight ilteinabves W etackined metal PartSimdycalso Ge dmpienented usimpunamericahe
choice of "conputer will be determ ned by the conputational power required

and the i gy i Fhe hécefaly gdomeiry QRd mdtibi sthitehRfR 961 manbiffbtiti thé objeaimBOR@ !t er

ai ded design software packages permits a geonetric nodel of an object or

Do) ofe Bfbebld ¥ it R bbbl i i iy

g?gpngtme r ng('ftﬂ%)g dg(gg prbﬂce\%ﬁ%ﬂg hhé\gg) gseglr"g% Nun;egic;l%m Pﬂﬁ'gsw' P?ogHrH '(ngilable
from IBM Corporation, Armonk, New York). The APT-AC processor is a computer application
program that accepts as input usér—o:iented lanpuage statements that describe the numerical
control operations to be performed. A postprocessor may further process the manufacturing
control data to tailor the information to a specific manufacturing process. At step 28, the
postprocessed data is supplied to a computerized manufacturing device which 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 manufacturing 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. Using the geometric model and the extracted material property
coefficients, the manufacturing process and specifically, the tightness of the weave, can be
controlled to provide a region of high stiffness (c.g., the region defined by element 601 in

Figure 6) and a region of low stiffness (e.g., the region defined by element 603 in Figure 6).



di scussed in greater detail below It is noted that the initial geonetric

model can be image data generated_by scanning an object having the desired
geonetry. For exanple, the initial geonetric nodel in the case of a

prost hetic*hip can be generated by X-raying a cadaveric hip using, for
exanple, a Sienens Somatom DR3 or a GE 9800 CT scanner. This inage data may
be convert edwbosasrieor nat usabl e by the CAD software packagel"é’ﬁm

directly converted to a format usable by a finite el enent software package
(for exanple, a PDA-PATRAN (avail able fpeam PDA Engineering) format) to be
descri bed bel ow. At step 23, a finite el enent nodel of the object

i s gener at Bylappropriatélycontrolling eheqhaufacturingprdeess in ddcordancei theinvensive metlwdoljhud i's
based on the theory that an irregularly shaped object can be divided into
smal | er regiyrasthetic Hip Gndy BépriducedEwhithelespnds te appliddeloadscin acrmamndr which is
separately and the aggregate effect is the sumof the effects of all of

the finiteg@s@nmumySdénticiN® MMinE in whith thé Rivhan hip WOEA trespontt to te sameaippliedoy
a user using an appropriate software package which operates on the

WO 96/ 2571 is can be devel ith specific se characteristics for a particular
PCT/ USO8/ b .7Suchaprosthesnsan eveloped with specific respon: parti

-18- geonetric
nodel devek@g‘g&ain step 22. Thus, the finite element software package
general ly cesses a data file which contains the geonetry of the object

devel oped in St‘?!?e gb%ﬁeﬁgsrgibed methodology is typically carried out as an iterative process. For
example, the results of an initial iteration may generally indicate that a fiber composite

~ manufactured using a braider provides the best match to the extracted material property
coefficients in the intended application. Thus, in a second subsequent iteration, the finite
element model may be modified to take into account the smallest incremental volume that can
be controliably braided using a computer-controlled braider. Preferably, each of the elements
in the finite element model corresponds to no less than the smallest incremental volume that can
be controllably manufactured using the manufacturing technique by which the object is to be
manufactured. For example, for a braiding process using a braider, the smallest volume that
can be controllably braided is approximately one cubic millimeter. In other words, it is possible
to controllably vary a braid pattern to produce an object having material or constitutive
properties which 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 on available manufacturing equipment. Thus, although the smallest
incremental volume that can be braided by a state-of-the-art braider is one cubic millimeter, it
is not necessarily true that all braiders will be capable of such operation. Accordingly, in such

cases, the smallest incremental volume is determined by the capabilities of an available braider.



I ntegrated software packages, such as |-DEAS from SDRC, Inc., |ink nodul es

for geonetric mpdeling and finite elenent analvsis so that the user does

not have to_,redefine the geonetry specifically for finite el ement

anal ysis. Qther suitable software packages for generating the finite

el ement nodel include MSC/ NASTRAN (avail abl e from MacNeal - Schwendl er

Cor por at i on)Wo 96MBNGUS (avai | abl e from MacNeal - Schwendl er CHRFHPIN) | and
ANSYS (avail able from Swanson Manufacturing). * Thus, the finite

el enent nodel is generated by dividi ng.gshe geonetric nodel of the object
into a plurality of elenents and then defining nodes at the boundaries of
t he el endnwill be/appreciatedyshat ay manufactering techpiquesimpedveiand smalierdaaremental violumess
shown in Figure 6. A variety of elenment shapes may be used in the finite
el enent rgag B cetitrollably einafatturel) themerieiology of the irstans fnvehtionemaysbe utilized with ar e
generally based on the type of field and the geonetry of the object. The

various rhdizedtor différentshapedidlemenes. packages identified above .generally
include libraries of elenents and elenent clusters to enabl e nodeling of

areas having Bfetrhdihdmdticsd OP MR InveRtivei héth& KRS¥alidPRF iotlie? dyped A Manufiicturing
acturacy. Thus, an elenent having a el enent size of a predeterm ned val ue

BLeSgt e?%%ﬁ%%y&%n ﬁlfﬁsf% | Zgﬁb@{@ﬁgmkgltﬁeﬁ%ﬁcgﬁﬁ i ze‘gg,let he
| uSter Tk SR R 1 Y 1 ko YR o B gl ™
L, 08 T i ol e B30 B 5 B o B i
Ty et | ORI SRR PR hers gt votypeealy fepiolid Ranfabtusng 5
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 matenal matrix is the unknown
andaniteriﬁveproows may be carried out to optimize the material property matrix while
keeping the geometry fixed.
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 matcnalpropertymatnx As
manufacturing continues to improve, the above-described methodology is applicable even though
the smallest incremental volume that can be controilably manufactured may continue to decrease
in size.
Figure 8 illustrates various functional modules which may be used to impiement the

methodology of the instant invention. A computer-aided-design (CAD) module 801 is a three-
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having sinlar geonetries and/or which are applied with simlar forces. In
addition, “different size elenents may be used to nodel object portions of
critical tolerance. So-called super-elenments may be used where tol erance
is not critiwaleseéiiece the nethodol ogy of the invention i sPEYBIEAPNY an
iterative process as will be discussed below, if, for exanple, it is
determined in a first iteration that thgge are one or nore portions of the
obj ect where the nodal values do not change nuch, for conputational

pur poses, dimé&RieRAICrhphic softivifearogram Ry geseiftinglan gedmbirichll moddl alefinitionroSech of
t he obj ect which includes one or nore super-elenents in these areas in

order to $iguphbditalThiRPaiMidonGAtiGats dbbrdilite points precisel} fockiiny the objecydesign bodel

I's conpl eted by specifying the values and/or directions of the

above- des Gl peGithirslofist Joé} Iiﬁihg énﬁi@hﬁy{&}praﬁdédﬂsy ﬂgga?ﬁicﬁfsoﬁ%e package

discretized object. I'n a any appropriate boun y conditions are
D05, 4508, 5 RPIE G, s, e SR U SEHRNE 103REUES wher
{ Ei a'; ;(f nihr'{e%sw. ’?‘hé M«Q&%m?&%ﬁ gf.aﬁhics software package utilizes appropriate data structures
: for defining particular points in the data base of the graphics program. By utilizing algorithms
in the graphics program, other points in the object can be defined and generated. The graphics
program preferably utilizes appropriate vector and matrix routines whereby an object can be
rotated or otherwise moved in computer memory and can be dimensioned whereby the
cqordinates for any one point are known with respect to other points. As noted above, suitable
CAD software packages include I-DEAS (available from SDRC, Inc. of Milford, Ohio), CATIA
(available from IBM), and ANVIL-5000 (available from Manufacturing Consulting Services).
A finite element module 802 is used to generate the finite element model of the object
from data stored in the graphips program data base. 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 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 MSC/NASTRAN (available from
MacNeal-Schwendler Corporation), ABAQUS (available from MacNeal-Schwendier
Corporation), and ANSYS (available from Swanson Manufacturing).

A materials data base module 803 is an archive or archives of material property



[k] {x} {x}[err] = (x)[err] {f} _ _
[kl ={x} {f} Since the field {f} and the potential {x}_have been defined

at step 21, the material property matrix [k] may be calculated. Wen {f}
is the nechanical force field and {x} is the displacenent, [k] is the
stiffness matrix. Wen {f} is the thermal flux field and {x} is the

t enper at ur ewol9ksme t he thernmal conductivity. Wen {f} is PAHURHIE?| c
field and {x} is the magnetic vector potential, [k] is the magnetic
reluctivity. When {f} is an electric c@?ent field and {x} is the voltage,

[K] is electrical conductivity. The calculation of the matrix [k] at step
WO 96/ 25%aeficients with their corresponding manufacturing process and manufacturing-process control

PCT/ US96/ 02007 -20- 24 when
the fi el gerametirsocTheraréhives tuscorrelatetheprbperties of naserials foitheimanufacturing process
determ nes the optinumor near-optinmmmmaterial property matrix for

perm tti and manufactiring proeess parameters used to ereaerthe mateciglshavi ng desi red
responses for a specific application, i.e, for a specific application of

forces. A cobipagiseid module 804 donipated the anifterial prdpertidscdRpiinglcusing Winitel t 0

extract the material property coefficients for each of the elenents in the

finite ekRpiRm moRACS07 fodhé ARl inFhatétid? A8t bise module 303 in order to determine

; (1) which material has material properties which match or most closely match the material

properties determined using finite clement module 802 and (2) the manufacturing process and
manufacturing process parameters associated with this matched material. Comparison module
804 may be implemented, for examplé, 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 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 modﬁle 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 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 weav_e
configuration and fiber choice, and polymers may be manufactured by chemical choice,

temperature, and pressure. Computer assistance in manufacturing allows machines to be quickly

adjusted to vary the manufacturing process from one object to the next or within various regions



matrix [k]. Specifically, the material property matrix [k] which is
calculated at step 24 is_the global or assenbled material property matrix
[k]. As preyiously discussed, the material property coefficients for a
particular elenent of the finite el enent nodel nmay be extracted from such a
gl obal or assenbled matrix using a bool ean | ocating function or sone ot her

| ocati ng functwewens7fsor exanple, with reference to Figure 6, ROTAISHEN2007 al
property coefficients for elenent 601 are extracted, foll owed by the
material property coefficients for el eneng-602, etc. This procedure is
repeated for each elenent in the nodel in order to generate a data sequence
repr esent i ofjatsingle objeckri al properties of the prosthetic hip at small vol une
i ncrenments. At step 26, the extracted material property

coef ficients arFigorefisrablock diagkanoofthemorfiguzition of ap enviyormeat $0Q which maynbea
material property data base or data bases. Figure 7A illustrates one

or gani zat i @sedoto dmpleinent die parbusr fupctibmiab nikeinles 7d¥scritelit sbove) [Bxameles yofd tiis
base 700 characterizes a plurality of materials M-1, M-2, ..., M-n by

t he val ues egVirdhimehf if€lade @upe nbi 16fitdL6) TBM-PC\@stpatisle pardotal!Conputers Bt UNIX-
Poi sson's ratio ([err]). For exanple, material ML-1 nmay be al um num having

a Young's mlﬁkﬂﬁﬁoﬁs Zuch &9 bivsé hydiibRord SUR! ﬁ?&?}'yiteﬁfslto} (Siﬁon%ﬁghics. It

NateriaI_Nﬂ-Zlnay be al um num having a Young's nodulus of 6.9 x 10[err] Pa
i ST 5l e oo s ook W5 peor
brand of computer, and thus contemplates microcomputers to supercomputers. In addition,
while Figure 9 illustrates the details of a single environment, the modules of Figure 8 may be
implemented on more than one environment. For example, a first environment may be used to
implement CAD module 801 while a second different environment may be used to implement
finite element module 802. Information may be exchanged between environments using floppy
disks or using standard communication packages. Alternatively, a single environment may be
used to implement both CAD module 801 and finite element module 802. Environment 900
includes a central processing unit (CPU) 901 such as a RISC-based or an IBM PC-compatible
CPU which is plugged into bus 903. One or more of the modules of Figure 8 are loaded in
memory 905 during operation. Input is received via an I/O device 907, after which the input
passes through a buffer 909 and then to memory 905 via bus 903. It should be understood that
the 1/O device can be any standard input device, such as a disk, tape, keyboard, mouse, touch
# screen, or any compatible or equivalent means for manually or automatically entering
information or commands. In order for a user to observe the results as information is entered
into the present invention and as progress is made, a preferred embodiment also contemplates

the use of a visual display device 911 as an example of an output devices. Other output devices
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the inventign is not Iimted to these specific materials. Respectively
associated wth each of these materials M-1, M-2, ..., M-n are a

manuf acturi ng process and the specific paraneters of that process (such as
t enper at ur ewoperssIrUre, etc.) which will produce the nateriRET/USHENN0T he
correspondi ng stiffness properties. Simlarly, as showmm with reference to
Figure 7B, a material property data b29e 701 may characterize a plurality

of materials M-1, M2-2, ..., M2- n by the values_of electrical
conduct i could include printers, magnetic orconticalidisks tape,setec iAaROM Rl 3 may ftare programss e
materials M2-1, ...., M2-n are a manufacturing process and the specific

par anet efor the overmll controbofenvirnhineat 90! | produce the material with the
correspondi ng electrical conductivity. Simlar nmaterial data bases may be
used t o char aRigerei Hecisraatontriobtomputert schematichfer aegeneralizbdotontrol gomputernusinget i c
reluctivity and to identify the manufacturing nethod and nanufacturing

par amet egéntrohesiRite950. Whe Borftfut Bormiiter is dbwnloaded with the dtanufatteringinstracaions
property data bases are archives of material property coefficients with

their CORLRIANGY REndBARLHRE Mddule $05 'of Fifite 81 AnfoMMafc Such ia Briidé?tRa Spéeat 1 ol
paranmeters. Such data bases are created and mai ntai ned by industrial

TANUT 3G Wb oty SO e, HBRH? e A bR i 058 s nERGANAP ©

when a I’T’B.t(i‘l’lail duc | astic, or a conposite is create

0 19 2 RGEAEH GRG0 oo s AR B Aok i o
DL OPCT A et ey g8 o G0N S o B
AV NG S ol Coniputer bSO includes 4 processor 960 fot analysing the information Hom seasors 955
"and generating signals which are supplied to actuators 954 for adjusting the settings of the
manufacturing machine in accordance with the downloaded manufacturing instructions. In
addition to analog and digital outputs, pulse outputs may be provided to drive stepping motors,
frequently used with machine tools and other equipment. Of course, the specifics of control
computer 950 will depend on the manufacturing machine which is utilized. Details of control
computers useful in specific manufacturing processes may be found, for example, in the above-
identified Bedworth text.
The following examples are provided to illustrate applications of the methodology of the
instant invention.
EXAMPLE I
The manufacturing of a composite fiber golf club shaft in accordance with the present

invention will be described. In the case of the golf club shaft, the governing equation is
{f} = [k {x}



material may be reproduced in the future. The conparison at step 26
between the extracted nmaterial property coefficients and the. materi al
properties_data base is 5 used to determne which material in the data base
has materi al WD 96/ 25716

PCT/ US96/ 02007 -22-
whi ch mat ch okwgesais7iel osel y match the properties correspondi RGTU
extracted material property coefficients. Thus, referring to Figure 6, the
conmparison will result in the |dent|f|c§9Ton of a first set of

i cor r o< Aol RERRe Brops el G " ety R Eaty A Palladitees AR Rl |
'pf'ﬁﬁh'cfﬁ' fﬁtga%' °”m31§ca?wems: dﬂgfmset & f!ﬁ?bwetfﬂ%gﬁrmt e"?a*%rsf g %%4‘%%52-)

T % S {
5tS|Cng aekﬁéguve escr i e conparl ons ma e arrlf%&gﬁ O%lr‘gé gesedfthe

mat eri al property coeff|C|ent data for each of the elenents (e.g., elenents
601, 602, dinte clomentingdale 6) and the material property data fromthe

materi al data base, and a rule base containing rules for conparing and

mat chi ng t he ex Argolfeegencrally desites pgolf clubshafiorespond ina-parkigular waydo thessyasious, g
the material property data fromthe nmaterial data base. The |evel of

mat chi ng ( does. Por example, a golf professional generally wants the shafts for a pitching wedge, nine-

properties

iron, and eight-iron to have a flex point (i.c., a point of relatively low stiffness) near the clnb
head; the shafts for a M—hon, a six-iron, and a five-iron to have a flex point near midshaft;

| the shafts for a four-iron, a three-iron, and a two-iron to have a flex point just above midshaft;
and the shaft for a driver to have a flex point just below the grip. In each of these four cases,
the shaft thus has a unique set of desired deflections {x}. These desired deflections {x} thus
define the displacements at the nodes of the finite element model. Accordingly, four different
finite element analyses are carried out.

Since the forces and the displacements of the finite element model have been defined, the
global stiffness matrices for each of the four cases may be calculated. Using boolean locating
functions, the stiffness coefficients for the individual elements are determined. These determined
stiffness coefficients are matched with stiffness coefficients from industrial databases. The
manufacturing parameters corresponding to the matched coefficients are appropriately translated
and seqhenoed to generate manufacturing instructions. These manufacturing instructions are then
supplied to a composite weaving machine and the braider bed speed and the fiber tension are
appropriately controlied to produce the golf shafts. For example, if it is determined that a

carbon fiber provides the best match to the determined stiffness coefficients, a carbon fiber is



perfect match, a close match) is application specific and is related, inter
alia,_to how nmuch tolerance is permited. 1f the object to b factured
is a ckitical conponent, a very close or perfect match is desirable. If
the object to be manufactured is a non-critical conponent, the matching
criteria may be relaxed. Other criteria such as cost and the avail able
manuf act ur iwgoe/asaiei prent may al so determine the | evel of rRATUS6ROTThus, by
perform ng step 26, the sets of manufacturing-process control paraneters
for each and every portion of object atle determ ned. At step 27,

or scquabh of P ATprobuaE AR MaceBft "8 S e 0 Rl e 6
oy bo. e B oo Ensionam ] b, hoperedofn e TAND St JOF AFPERRR pron:

used to nmanuyfacture the object. Nuneri.cal contrgl ‘refers.to the, ., use of
‘"HL?&YF&&E&FWH'@"

coded nUREWM £ ARSYUAHANS 50 that certain porligRsAf; the golf ¢lub shaft

equi prnent . For . . WO 96/ 25716 ] ) \
PCT/ US9/and@ther portions will have a looser weave. Portions of the shaft having the gighter waavye; will

tools, this mght refer to the notion of the cutting tool or the novenent
of the pherstiffertian gortionsrwith:the:loose weaveot at i ng tool . The process of |aying
conposite material to form |ightweight alternatives to nachined netal
parts nmeBXAMPLE# i npl enent ed using nuneri cal

The manufacturing of a carbon ﬁbcr filled composite hip replacement in accordance with
the present invention will be described. In the case of a composite hip replacement, the
governing equation is once again |

{f} = ] {x}

First, a finite element model of the normal bone geometry (both cortical and cancellous layers)
is created. The stiffness properties of each layer are then defined. These stiffness properties
are a function of Young's modulus and Poisson’s ratio. These stiffness propertics are used to
define the stiffness at the nodes of the finite element model. Next, the loads of walking, rising
from a chair, climbing stairs, etc. are defined. These loads are used to define the forces at the
nodes of the finite element model. These stiffness properties and loads are known quantities
which have been published in numerous journals, e.g., Hodge et al., Comtact Pressures in the
Human Hip Joint Measured In Vivo, Proc. Natl. Acad. Sci. USA, 83 2879-2883 (1986); Fung,
Biomechanics, Mechanical Properties of Human Tissue, Springer-Verlag, NY (1981).

Since the forces {f} and the stiffness [k] of the finite element model have been defined,
the displacements {x} (which are mathematically related to the stress) may be determined.

Using boolean locating functions, the resulting matrix data is analyzed to determine the stress




control. The necessary geonetry and notion statenents for manufacturing the
object may then be programmed using a general _purpose nunerical control

| anguage tQ devel op manufacturing control data. One such |anguage is

APT- AC Nunerical Control Processor Program (available from|BM

Cor poration, Arnonk, New York). The APT-AC processor is a conputer
application Woo¢esméthat accepts as input user-oriented | anBCER96/02007
statenents that describe the numerical control operations to be perforned.
A post processor may further process the-3xmnufacturing control data to
tailor the infaqrnation,t specific nuf acturi ng process. At step 28, the
postproces‘kI %‘5‘[‘3’“‘7 gp'é'ﬁg‘ﬂqué “3°Q‘g$rputeri zed manufacturing device which
uses the supplied data to . control the manufacturing of the object. The
data supplied tREHRS iﬁt’fﬁbtﬁ}e@'i%ﬂmﬁ%ef thefinite ¢lemeat, model hes beas) detarmined, it
manuf acturi ng devi ce to synthesize the object, which object has the

desi red spBRY PO Be|treated |as 3 knosm quantityiand reprosentst the ddeal stoess distrihytion thas stise
the manufacturing is carried out using a braider for manufacturing a
conposi t e dnsired toachievauin ithecomposite hip veptageroént: Mhus, aheomatetial, stiffess imamrist [k mape
conputer to control the speed of various machine parts, the tightness of

t he weave now beotreates] 4scah uniknewn. ght er t he weave, the higher the stiffness
(low flexibility). For exanple, in the case of the prosthetic hip, regions
of both high anx finiwvelerient nodel 3s agin icRatd] Bt ndv intfuded EnGtRG Ber] faridlgCthe 2nd
the extracted material property coefficients, the manufacturlng process
and speci farifiitlyhip eltBedded i R SEnehlotBondamee: F le, QQstEM& %t.ovﬁlieoéi' de
a region of high stiffness (e.g., the region define eby el enent 601 In

Figure 6) ancge 3%,3}1%'?11‘&}9& Phin'AieF Yoral BipUrthrbplfisey < U fidte gEHtheaan'&s may

el ement 603 in Figure
be performed using the fine mesh model of Figure 6 which includes 5207 nodes and 5040

isoparametric solid clements. Both hexahedronal and pentahedronal elements are used in the
mesh of Figure 6 to ensure accurate shape adherence. The previously calculated displacement
data {x} defines the displacement at each node of the finite element model.

The loads it is desired to subject the composite hip replacement to are defined. Thus,
loads such as walking, one leg stance, etc. are used. The choice of loads depends on the nature
of the composite hip replacement being designed. These loads are generally known quantities
as noted above, for example, with respect to Hodge et al., "Contact Pressures in the Human Hip
Joint Measured In Vivo,” Proc. Natl. Acad. Sci. USA, 83,.2879-2883 (1986). These loads
define the forces {f} at the nodes of the finite element model.

Since the displacemeqt {x} and forces {f} at the nodes of the finite element model have
been defined, the global stiffness matrix {k] may be calculated. Using boolean locating functions
or other types of locating functions, the sﬁfmes coefficients at each of the nodes are

determined. Iterative optimization techniques may be used to calculate the ideal stiffness
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appropri ately controlling the manufacturing process in accordance the

i nventive methodol ogy, a prosthetic hip may be produced which responds to
appliied loads in a manner which is substantially identical to manner in
whi ch the hwomgatve woul d respond to the sanme applied | oaBCTBS8692007
prosthesis can be devel oped with specific response characteristics for a
particul ar individual. The abo¥d- descri bed net hodol ogy is

typically carrie ut. as an.iteratiye ocess. For exanple, the results of

an initi JW%%‘@%‘%&W@@BE‘F?H‘? 4%%%51"@% hat a fiber conposite

manuf act ur ed i ng .a br.aidet_provides the best tch t.o the extracted

mat erial prop dEtBE?‘PF‘gF%tFFF“és ﬂ@“?ﬁ?eﬂﬂ'@@ﬂ iSEHPFSS PoCHFRat ﬁ?f“a?

second subsequent iteration, the finite . elenment nodel may, be n@%infie o]
gy ko

t ake i nt oMAKEYPROPEIEE datd-base < The, MARRGNIING DIRMALETS; bly

brai ded using a conputer-controlled braider. Preferably, each of the,
el enent s cdefficients are ppropaatelyetransigiod and sequenged o genesate Manpfasturing instryetions.
smal | est incremental volune that can be controllably manufactured using
t he manuf Thesemangfacturing iiosmctionsvané ¢hent supplied; toct comspasite weaving mdchine .and dhe For
exanpl e, for a braiding process using a braider, the smallest volune that
can be cobaidet spded \andnthe fibet tessionpire appropfistely conrolladofocproduckithe temposita hig her
words, it is possible

replacement.

Of course, it should be understood that the present invention contemplates other
configurations of modules, and it is not limited to the specific implementation noted above.

Any application, patent, technical document, textbook, or other publication cited herein
should be construed to be incorporated by reference as to any subject matter deemed essential
o the present disclosure.

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

exempiary embodiments, but should be defined only in accordance with the following claims and

their equivalents.



to controllably vary a braid pattern to produce an object having materi al
or Iﬂmm"mm"ml”muserties which vary on the order of a cubic millineter
Thi ntal volume will of. course vary in ac¢dHi®USHEEWHAS BEEN
t he fanfif att utidg process or technique sel ected and may, in{ addi RERIACEDe
dependent on avail abl e manuf acturi ng equi prent. Thus, although—the—snattest
i ncrenent al velossesfipat can be brai ded by a state-of -the-art PETEWORINs one
cubic mllimeter, it is not necessarily true that all braiders will be
capabl e of such operation. Accordingly, 5 such cases, the snall est
[ ncrerrentallcﬁ/ig‘lzurre Is determ ned by the capabilities of an avail able

br ai der.

PCT/ US96/ 02007

appreciated t hdt as%ﬂ%&’mwggﬁm‘&m W%‘lgoa
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g ey is ol DS

I ncrenment al vol unes e controllahly manufactuced, the t hodol ogy of
the instari® mwtt?ar@gﬁ "F‘F’E@d%ﬁy‘f‘&#m%b"%?‘ea{%ﬁ gﬁent shaped

el enent s.

The mat hematics,  of the_.inventive nmethod are valid for

other types of designing:ageemetyc madskelssaidobiedter  han conposites such as the
manuf acturing of nmetals, plastics, and ceramcs. The inventive nethod is
al so valid for geseratingca comnytesizpd qrathamatical madetnef; said cobjack By, discrstizing; said,
heat and electric currents. In short, the inventive method can be used for
any conputgsometric model of said object into a plurality of finite elements and defining nodes at

boundaries of said elcments, wherein values of the field {f} and potential {x} are specified at
said nodag |

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

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

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

determining manufacturing parameters corresponding to the matched material property -
coefficients; and

manufacturing the object in accordance with the determined manufacturing parameters.

2. The method according to claim 1, wherein the step of creating a computerized
mathematical .model of the object further includes determining the sm.a]lest volume increment
which can be manufactured using a computer assisted manufacturing method.

3. The method according to claim 1, wherein the field {f} is a mechanical force field

and the potential {x} is a displacement.

This Sheet Has Been Replaced




ontrolled manuf act uri ng process, where precision volunetrically controlled

ired The nethod of the present| T i TS ———
par ;mmllmlllm Hmu!ml\/\hen i ncreased efficiency of an object ‘| s ge F%F”Aq BEEN
tradi*ti 6nat nhnufacturing, the enphasis is on precision nanu u;ml
an object's geonetry, w thout nmuch, if any, control over the internal
structural weleesnef this geonetry. In accordance with i nREHP$$H2007

met hodol ogy, the material matrix is the unknown and an iterative process
may be carried out to optirrize the mat’erial property matrix while keeping

t he geonetry, f|x &g@ochﬂnchﬂ qﬁgﬁ%épy&ggd&%gto crerﬁé?d;tlon

the input pararreters ess my recrs vari e

obj ect WI L ed material property matrix. As manufacturing
cont i nu8% F'BW%BP%\g? %l’hg&gagg\/e descri bed met hodol ogy i s applicable even

t hough the maII ene at. can mtroIIaJ

nmanuf act ur edg'rray ‘Hﬁ‘iz “ﬁ'&:""e@ i H’ t%e fela {ipis ﬂﬁl’)bé’y%dd and

il lustrates varjous functional nodul es whi ch may be used to i npl emrent t he
met hodothsgRptentiak {xg is A MAGRRLC; YecloR POSAALA conput er - ai ded- desi gn (CAD) nodul e

801 is a three- WD 96/ 25716
PCT/ US96/ 02067  The method according to claim 1, wherein the field {f} is a thermal flux field and

the potential {x} is a temperature.

7. The method according to claim 1, wherein the field {f} is a fluid velocity field
and the potential {x} is a fluid potential. |

8. An object made in accordance with the method of any one of claims 1-7.

9. A method for determining manufacturing parameters for manufacturing an object
having a potential {x} which isl generated in response to a field {f} applied thereto, the method .
comprising the steps-of:

designing a geometric model of said object;

generating a computerized mathematical model of said object by discretizing said
geometric model of said object into a plurality of finite elements and defining nodes at
boundaries of said elements, wherein values of the field {f} and potential {x} are specified at
said nodes;

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

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

comparing the extracted material property coefficients to material property coefficients

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

This Sheet Has Been Repl
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- 26- phi cs software program for generating an georretrl cal
rmdel”lnmmlmnﬂmllgﬂﬂ a geonetrical nodel definition mcl!%&g ﬂx_‘ éatc
poi nt$ pfectsely sl o¢ating the object design in a three-difensrt § A B_EEN.
coordi nate system This nmay be provided by a graphics soft | .
using, for exanple, X Y, and Z coordi nate points and appropriate Iocat| ng
vectors wher e wonsgpssisary. The three-di nensional graphics sof PEEUSIEHIMIage
utilizes appropriate data structures for defining particular points in the
data base of the graphics program By ut3izing algorithms in the graphics

program oth gints in t bj e t can be defined and generated. The

gr aphi cs ‘ﬂ?@rﬁ'reg i MW§’| zes appropriate vector and matri x

routi nes wherehy an object _can be rot ated or ofherw se in., ut er
nenory and can é‘@“ﬁl‘?‘%d@?"&‘ "?Bg?dtéﬂ V@e'ﬁﬁ?‘e‘im %F‘m

are known with respect to ot her poi nts As not ed above, suitable

sof tware FReff&iRY. | ncl ude |- DEAS (available from SDRC, Inc. of M ford,
Chio), CATIA (available fromIBM, and ANVIL-5000 (available from

Manuf act uri ng @8nsulAmethodsiardeteamining the materiahproperriessofeancabioct haninga pogaialj s
used to generate the finite el enment nodel of the object fromdata stored
in the gra&xhwdmhpsmmddammaﬁddl{f}eapplldthmmmahwmpmmgWMre
package for dividing the object designed using conputer-aided-desi gn nodul e
801 into afplurality of elenments and expressing one or nore unknown field
variables in ternms of assuned approxi mating functions within each

el ement. Fini tq@hﬁn;atgem&ﬁbm&%ﬂmmammd to cal cul ate the optinum
material properties for each el ement as di scussed above. Suitable

sof twar e packagRfierh@ig hi cVnighteiz&d Mlithenatiediom8id of sdid! jekSBy NASERMhg said

(avail able from
geometric model of said object into a plurality of finite elements and defining nodes at

boundanes of said elements, wherein values of the field {f} and potential {x} are specified at
said nodes;

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

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

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

11. A machine for determining the manufacturing parameters of an object having a
potential {x} which is generated in response to a field {f} applied thereto, comprising:

designing means for designing a geometric model of said object;

generating means for generating a computerized mathematical model of said object by

discretizing said peometric model of said object into a plurality of finite elements and defining




MacNea

| - Sch oration), ABAQUS (avail able from MacNeal - Schwendl er
Corp.orlillfli m;‘ EM%E (avail abl e from Swansop Manufact gt m—
mat er i 1 ule 803 is an archive or archives offirertds! iAo BEEN
property WO 96/ 25716 REPLACED
PCT/ US96/ 02007 —-2/7- coefficlients

with their wargersnpendi ng manufacturing process and manuf ac PERUSHPBEcess
control paraneters. The archives thus_gorrelate the properties of
materials to the manufacturing proces 3%nd manuf act ur i ng process paraneters

used to cr : al 1&8[39 ' Oﬂ“‘r? 62;%@;@ t he
mat er i alfo&?sg%tgbroﬁxﬁtggﬁgéf éirx%e%éngn ﬁk?ﬁ%’eﬁi ni e%?e enen ﬂ%‘gu‘ﬁ% tgifﬁg

mat eri al dafa in@@m rial data base nodule 803 in order to determne (1)
whi ch nefPegified at 'Péf'%rial properties which match or nost closely match

the materi al roperties determ.ned using finite el nt dul.e. 802 d (2)
he manuf act AIHEaRE BERS SoTRAIaNAR & rataral proger Bees TR el B¢ srteionain e o
with this matched material. Conparison nodule 804 may be inplenented, for
exanpl e, =biK] &lknow edge base having a fact base for storing mnateri al
property data fromfinite el enent nodule 802 and material property data
f rom mat er i alextracting means-forgxtacinpmatesiak proparty coeffigicatsdrom saich matgrial prepertyor
conparing and matching the material property data fromfinite el enent
nmodul e Sfadtriarf] fon eachefinite elément ap said yomipsterifed anathematicalanodtdy a
comparing means for comparing the extracted material property coefficients to material
property coefficients for known materials to match the extracted material property coefficients
to the material property coefficients for known materials; and
determining means for determining manufacturing parameters corresponding to the
matched material property coefficients. -
12. A machine for determining the material properties of an object having a potential
{x} which is generated in response to a field {f} applied thereto, comprising: .
designing means for designing a geometric model of said object;
generating means for generating a computerized mathematical model of said object by
discretizing said geometric model of said object into a plurality of finite elements and defining
nodes at boundaries of said elements, wherein values of the field {f} and potential {x} are
specified at said nodes;
calculating means for calculating a material property matrix [k] based the relationship {f}
= [k] {x};

comparing means for extracting material property coefficients from said material property

matrix (k] for each finite element in said computerized mathematical model; and

This Sheet Has Been Reﬂlaced




base A manufacturing nodul e 805 transl ates and

: seque‘mm uri ng paraneters derived fromco rison nodul e 804
ren aet Ufl ng instructions to a manufacturing| THE BHEET HAS BEEN

rranuf acturing an object in having the geonmetry defined uping RepLA ED

conput er - ai ded- desi gn nodul e 801. The manufacturing of!

carried out bywaesmsessi ne suitable for the particul ar materi CTUS02007

exanple, metals nmay be nmanufactured by reproducing surface geonetry

(surface points in space) conposites ma¥®be manufactured by controlling

weave configura fiber choic 0 S _nmay be nu ctured by
chem cal choi cém}" 'B%é‘flg rwnﬁ’ﬁﬂ"ﬁ)ﬁ‘&ss %%M%@ éqf’

manuf acturing all o es to be UI ckl ar

nmanuf acturﬂfﬂ&rﬁyr% ien Fr ‘f‘%e‘h Facp %“E’Tﬁ{ﬂ SB%fﬁP’oS@‘r"ons'
WD 96/ 25716

PCT/ US/ 02d9the matenalpropertycoefﬁclems for known materials. -28- of a single
obj ect. Figure 9 is a block diagramof the configuration of an
envi ronment 900 which may be wused to inplenent the various functional

nmodul es descri bed above. Exanples of -this environment include (but are not
limted to) | BMPC conpatible personal conputers and UNI X- '

Sheet Has Been Reraced
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based workstations such as those available from Sun Mcrosystens or Silicon
Graphics. It should be understood tha vironnment of_the instant

inventjon is not limted to any type or brand of conputer, and thus
contenpl ates m croconmputers to superconputers. In addition, while Figure 9
illustrates the details of a single environnent, the nodules of Figure 8
may be inwbeeesnied on nore than one environnment. For exaRfRMESs6M20pT st
envi ronment nmay be used to inplenment CAD nodul e 801 while a second
different environment may be used to it ement finite el ement nodul e 802.
I nformati on may be exchanged between environnents using floppy disks or
usi ng standard comruni cati on packages. Alternatively, a single environnent
may be wused to inplenent F 1 and finite el ement nodul e
802. Environnent 900 i ncl GEG\U%Y cessing unit (CPU) 901 such as
a Rl SC-based or an I BM PC-conpatible CPU which is plugged into bus 903.
One or nore of the nodules of Figure 8 are |oaded in nenory 905 during
operation. Input is received via an |I/0O device 907, after which the input
passes through a buffer 909 and then to rrermry 905 via bus 903. It should
be understood that the—+O-gevee—ear—bBe—anry—standqrd i nput device, such

as a disk, tape, keyboay any conpati bl e or
equi val ent neans ;‘I(‘)'r map ?ﬂ:m@ 'ﬂ%k pgﬁ%h{)erl ng information or
commands. I n orde f%aﬁE m%ﬂ as information is
entered into the presept Tnvention an r.‘cl) ress Ts mhde, a preferred

enbodi ment al so cont enp at-@FtMATER&A d)sual dilspl ay device 911 as an
exanpl e of an output delices. Qxher oufput devices

IDENTIFY FORCES
40— | APPLIED TO OBJECT IN
INTENDED APPLICATION

STRESS ANALYSIS
13— BY CALCULATING

POTENTIALS

14 —. MATERIALS

OK
7

YES
15— | MANUFACTURING
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PCTLUS96/ 02007 .. -29- _could
i nclude printers, nagnetic or optical disks, tape, etc. A ROM 913 nay store
prograns for the overall control of environnment 900. Figure 10 is

a control conputer schematic for a generalized control CO%R%hEr sipg a
control corf¥@®eRs?90. The control conputer is downl oaded §9ﬂ§zoo

manuf acturing instructions generated bgsqganufacturing nodule 805 of Figure
8. Information such as braider bed speed, fiber tension, tenperature,
pressure, etc. is obtained fromsensors 952 of a manufacturing nachine in
digital format (on/off, open/closed) or analog format (voltage). Anal og
inputs are converted to a digital representation by anal og-to-digital
converter 953 of contrygl conputer 950. Control conputer 950 includes a -
processor 960 for anal)zing the information from sensors 952 and
generating signals whi¢h are supplied to actuators 954 for adjusting the
settings of the manufacturing machine in accordance with the downl oaded
manuf acturing instructfons, In addition to analog and digital outputs,
pul se outputs may be provi @@@d to drive stepping notors, frequently used

wi th machi ne tools and oth equi pnent. O course, the specifics of control
conmputer 950 will depend t he manuf acturing machine which is utilized.
Details of control 0 s useful in specific manufacturing processes
may be found, for exanpleMIn the aboyg- “identified Bedworth text.
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The foll ow ng exanples are provided to illustrate applications of the
met_hodol ogy _of the instant inventjon EXANPLE | . The manufacturijng
of a composgite fiber golf club shaft in accordance with the present

i nvention will be described. -In the case of the golf club shaft, the

governing equation is f1=[k] {x}
WO 96/ 257 16v0 96/25716 reTrussbnznT
PCT/ US96/ 02007 -30- Afinite

el ement nodel of the golf club shaft31$1created Gol f club manufacturers
mai ntain data bases which specify the forces {f) a shaft is subjected to
(torsion, conpre53|on tension, etc.) for differemsclaub head speeds.
These forces ‘afe U deflne t he Iorces at the nofes of the finite

el enent " nodel"., '“".,ACA gLﬂen—gene ally desires a golf club shaft to
respond 7' " parti cll ar. may_lo these various forces. For exanple, a golf
profeSS|onangeneaaLlyrwamts.xhe-shafts for a pitching wedge, nine- iron,
and ei ght-iron tohavers fl ex.point (i.e., a point of relatively |ow
stiffness) near“,he,gﬁuhn haad,,tha.shafLs for a seven-iron, a six-iron
and a five-irongto. havelﬁgflex~p | At near n1ds,aii*_-%+ﬂ§'§ﬁ§?”s for a

Y AL> *
four-iron, ,a thr)(-fe"","b:rl,.'7 nd, a_ tmn iron to have a flex point just aboye
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and the shaft for a driver to have a flex point just below the grip. In

each of these four cases. _the shaft thus has a unique set of desired

defl ectiong {x}. These desired deflections {x} thus define the

di spl acenents at the nodes of the finite el ement nodel. Accordingly, four
different finite elenent anal yses are carried out. Since the
forces andwoleensiiepl acements of the finite el enent nodel TERESSBWAT def i ned,
t he gl obal stiffness matrices for each of the four cases may be

cal cul ated. Using boolean locating giypctions, the stiffness coefficients
for the individual elenents are determ ned. These determ ned stiffness
coefficients are matched with stiffness coefficients fromindustri al

dat abases. The manuf act uri ng paraneters corresponding to the natched
coefficients are appropriately transl ated and sequenced to generate
manuf acturing instructions. These manufacturing instructions are then
supplied to a conposite weavi ng machi ne and the brai der bed speed and the
fi ber tension are appropriately controlled to produce the golf shafts.
For exanple, if it is determned that a carbon fiber provides the best

match to the determ ned stiffness co b Ginent carbon fiber is
WD 96/ 25716 f’& 4461
PCT/ US96/ 02007 -31- placed on

an appropriate weaving nachine. As the weaving is perforned, the speed of
the braider bed and the tension on the fibers is varied in accordance with
t he generated

[




manuf acturing instructions so that certain portions of the golf club shaft
w Il _have a tight weave__and other portions w.ll have a |l ooser weave
Portions of the shaft having the tighter weave will be stiffer than
portions with the | oose weave. EXAMPLE || The manufacturing of a
carbon fiber filled conposite hip replacenent in accordance with the
present i nwodesniéwi | | be described. In the case of a co

repl acenent, the governing equation is once again

{f} = [Kk] {x} First, a finite el enent5Midel of the normal bone geonetry
(both cortical and cancellous layers) is created. The stiffness properties
of each |l ayer are then defined. These stiffness properties are a function
of Young's nodul us and Poisson's ratio. These stiffness properties are used
to define the stiffness at the nodes of the finite el enent nodel. Next,
the | oads of walking, rising froma chair, clinbing stairs, etc. are
defined. These | oads are used to define the forces at the nodes of the
finite el enent nodel. These stiffness properties and | oads are known
guantities which have been published in nunerous journals, e.g., Hodge et
al., Contact Pressures in the Hu i JOj Measured In Vivo, Proc.

Nat|. Acad. Sci. USA, 83 2879- 288%{16) ;4 , Bionmechani cs, Mechani cal
Properties of Human Ti ssue, Springer-Verlag, NY (1981). Si nce the
forces {f} and the stiffness [k] of the finite el enent nodel have been
defined, the displacenents {x} (which are mathematically related to the
stress) may be determ ned. Using boolean locating functions, the resulting
matrix data is analyzed to determ ne the stress




WD 96/ 25716
PCT/ US96/ 02007 -32- _at the

elenegts of the finite el ement nodel. Since the stress {x} at the
el ements of the finite el enent nodel has been determned, it nmay now be
treaed as a known quantity and represents the ideal stresigﬂéﬁ%ﬁhQﬁtion
that it | swowesTéd to achieve in the conposite hip repla . us, the
material stiffness matrix [k] may now be treated as an unknown. A
finite el enent nodel is again creat e@®/1but now i ncl udes anot her | ayer,
nanely, the artificial hip enbedded in the cancell ous bone area. For

exanpl e, as discussed in St: Ville et al., "The Anatony of M dthigh Pain
After Total H p Arthroplasty”, a fi4p | ement anal ysis may be perforned
using the fine nmesh nodel of Figur rch includes 5207 nodes and 5040

are used in the nesh of Figure 6 to sure accurate shape adherence. The
previously cal cul ated di spl acenent gata {x} defines the displacenent at
each node of the finite el enent nod¢ The loads it is desired to
subj ect the conposite hip repl2f~ o are defined. Thus, |oads such as
wal ki ng, one |eg stance, etc. B0 The choi ce of | oads depends on the
-ﬁ? bei ng designed. These | oads are

i soparanetric solid elenents. Both hegﬁhedronal and pent ahedronal elenents

nat ur e ofthecommmtefﬂprep‘
deneral ly known quantities B

FIGURE 5A
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as noted above, for exanple, with respect to Hodge et al., "Contact

Pressures in the Human Hip. Joint Measured ln:Vjivo, " Proc. Natl. Acad. Sci.
USA, 83, :2879-2883 (1986). These |oads define the forces {f} at the nodes
of the finite el enent nodel . Since the displacenent {x} and forces

{f} at the nodes of the finite el ement nodel have been defined, the gl obal
stiffness mo9428716k] may be cal cul ated. Usi ng bool ean | oc RCTA9%A28%t i ons

or other types of locating functions, the stiffness coefficients at each of
the nodes are determned. Iterative gytim zation techniques may be used to

calcul ate the ideal stiffness WO 96/ 25716
PCT/ US96/ 02007 -33- properties
at the elenents of the finite el enent nodel. These det erm ned

stiffness coefficients are matched with stiffness coefficients froma
material property data base. The nman cjpuri paranmeters corresponding to
the matched coefficients are approfletGj ansl ated and sequenced to
generate manufacturing instructions. These manufacturing instructions are
then supplied to a conposite weaving nmachine and the braider speed and the
firber tension are appropriately controlled to produce the conposite hip

repl acenent . O course, it should be un that the present
i nvention contenpl at es ot her
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configurations of nodules, and it is not limted to the specific

i npl enentati on noted_above. Aoy anpplication, pat :

docunent, textbook, or other publication cited herein should be construed
to be incorporated by reference as to any subject matter deened essenti al
to the present disclosure. Whi | e vari ous enbodi %ﬁ Jopf Present
i nventi on wavé2sren descri bed above, it should be understoo at they
have been presented by way of exanpigq and not limtation. Thus, the
breadt h and scope of the present invention should not be limted by any of
t he above-descri bed - exenpl ary enbodi nents, but should be defined only in

accordance with the-—f—-e-H—ewr-ﬂ-?—e-l-ar-n?—z, mg-—t-her-r equi val ent s.

- 34- 1. m\_p&p_?i Lp{ nLEa(';‘{‘sti nd an object having a
potential {x} which|is generaftd | rress]EYPBASE tlo a field {f} applied
thereto, the nethod|co ISINg the Stgperodees designing a geonetric
nodel of said objec{MIZ|El-2|reni%atiing
d _ado

. gQIdut eri zed mat hemati cal nodel

of said object by discretizi-Hg—sa ge retri-e—model of said object into a
plurality of finitelel-enenisland gpéci|fyi ng vallues of the field {f} and

potential {x} relative tp thg finjte g enents; calculating a
mat eri al property METTT X [ K] [pased on ftae rglat onship {f}=[k]{x};
ngs Trom

extracting material {pyjoREFL-¥ |edaf [PGi.8 sai d material property
matrix [k] for eachlfinite H j arameters
h

\
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!

el ement in said conputerized mathenatical nodel; conmparing the
extracted nmaterial property coefficients to material property_coeficient

for kaoown ,materials to match the extracted material property coefficients
to the material property coefficients for known materials;

determ ni ng manuf acturi ng paraneters corresponding to the matched erial
property coNO92SIWNts; and /rﬁnuf acturing said obj JEEY or dance
wi th the determ ned manuact uring pa? ters. 2. The net hod

according to claim1l1l, wherein the step of generating a conputerized

mat hemati cal nodel of s4 er includes determning the snmall est
vol une increment w@odh |can be manufac}ured using a computer assisted

manuf act uri ng net hod. N cAB The.nment hod according to claim1,
wherein the field {f} i94 a mechani cal rce freld gand the potential {x} is
a di spl acenent . 4Modulidre met hpd accordinglto claim1l, wherein the
field {f} is an electrid curréent fieldjand the potential {x} is a voltage.
- 35 - 5. The net hod accofding to clagm1l, wherein the field
{f} is a magnetic fieldjand the potential {x} is g nagnetic vector

potential . 6. , cording to'cfaim1, wherein the field
{f} is athermal flux field and the
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potential {x} is atamaauj

re. 7.

The net hod according to claim

1, wherein the field {f} is a f|UId velocity field and the potential {x}

is afluid _potential.

The net

hod according to claim1,

wherein nodes are defined at boundarles of said finite elenents and the
values of the field {f} and potential {x} are specified atg%ﬁégﬁ%§g§s.

9. An ar Wwae9Rss% nanuf acture nade in accordance with th f claim
1, wherein the article is selected fronltﬁg{g£oup consi sting of an
part, a prost inplant, a golf club
shaft, a tennis racket, a bicycle frame, and a fishing pole, and wherein
different portions of the article have differzﬁ naterial properties

aut onobil e part, an aircraft

corresponding to the matched extracted materi

known materi al s. 10.

conpri ses a non-uni form nmechani ca

property coefficients for

A human prost hesés manufactured in
accordance with the nethod of claim11, wherein the human prosthesis

stiffness throughout causing a difrent

di spl acenent under di ng. 11. A gol f club manufactured in
accordance wi.th th thod of caim1l1, wherein the golf club conprises a
shaft having a plurgN,ty of cen regﬁuﬂs each having a diffent

nmechani cal stiffne
under | oadi ng.
characteri stics whi
i n accordance @
portions of the art

12.

=z z%?

thlbh provi des a different displacenent

s

t he matched \ T1SUAL il
— DISPLAY T
DEVICE
——-—‘-—’_

T L S .
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]
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q°9,

| e of manufacture having response

are optimzed for a particular application and nmade

met hod -of any one of clainms 1.7, wherein different

| e have different nmaterial properties corresponding to
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36 material property coefficients for known nmaterial s. 13. The

article of manufacture rding to i erein the_different
material: Rroperties are mechanical stiffness properties. 14. The
article of manufacture according to claim 12, wherein the different

material properties are thermal conducti vi t| es. !Pﬁ rticle
of manuf actWi@86/28¥or di ng to claim 12, wherein the di ffererﬁa

properties are magnetic reluctivitiesy1/14 16. The article of

manuf acture according to claim 12, wherein the different materi al
properties are electrical conductivities. 17. A

conput er -i npl ement ed nethod for determ ning manufarcturing paggdepters for

manuf acturi ng an obj ect having a potential {x} which is genepated in

responsF to-afiecld Lf) _applied thereto, the nethod conprifing the steps

of : cr eat| n erretrl o rmdel
mgd :

sal d obj n a cofputer,
gener at thHU O\Cg&.ﬁﬁtﬂ)lﬁect by }di screti zi ng
sai d gepnetric k;uoa‘l Ptt;n’EJ‘Rfl nije el ements
o sre Ty v SRR (s v 10 the
Fnite Je : X ase
on the jelationship {f edle] 5 Phegdc-alf pyoperty
coefficients fromsaid Mproper tr|x “- ®esagafLh linite
L oyTpy
qu_\ 0161
L/CW
MANUFACTURING

INSTRUCT I0NS
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el enment in mat hemat i cal nodel ; ﬂrr ng the

ext ract ed rrayﬂ gm“mﬁm. oefficients to materi al proper-@ 1Jvadags
for known ercl aks ec the extr3dcted materi al properti/ coef fi | cients -
to the maferial property coefficients for known materials

- 37- et er T Heftiod ToFMhhMithctasi jj@Aatihg awmsnomeweﬂs eﬁémedm

mat ched mat eri al property coefficrents; generati ng machr ne

' acoor HRvER I ae b b ﬂ%'ﬁgﬁﬁfnﬁ'ﬁﬁ“ﬁ'&“%@“” ® " "The et ho

according to ¢laim17 wherer n S, are defined at boundaries of said
finite el emn@@%?ﬁ@'ﬂﬁf‘ﬁ&"dgfo ®hd {f) and potential {x} are
specified at said nodes. A conmput er-i npl enent ed et hod for,
det er mi ni ng tummcampueupdmmacahmédﬂeudmwgma eametric
which is generated in response to field {f} applled thereto t he rrethod

conpr i si fdehef sdid Pbjesf into a plurality of Ginite eRmenGan esaff thefield
in a conputer, generatl ng a conputerized rrat hemat i cal nodel of sal d

object b ' | nodel of said object into a
pIuraIir'ggg‘ | rdiift 5 édtgfyrng val ues of thefleld{f} and

potential {x} reI atlgve to Ut gro];JIerrt])ll}ne el[ﬁfﬁasegbn!herelanonshxp (O=IK}{x);

extracting material property coefficients from said material property matrix [k] fér each finite
-element in said computerized mathematical model;

comparing the extracted material property coefficients to material property coefficients for
kn'own materials to match' the extracted material property coefficients to the material property
coefficients for known mateﬁa!s; |

determining manufacturing parameters qorreséonding to the matched material property
coefficients; and

- mamufacturing said object in sccordance with the determined manufacturing parameters. -

2. The method according to claim 1, wherein the step of generating 3 computerized
mathematical model of said object further includes determining the smallest volume increment which
can be manufactured using 2 computer assisted manufacturing method.

3. The method according to claim 1, wherein the field {f} is a mechanical force field and
the potential {x} is a displacement. |

4. Themethod scconding to laim 1, wherein the field {f}is an electric current field and
the potential {x} is a voltage.
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talcul at i ' ' perty matrix [k] based on the repatiqnship
" {f}=[K] {x?ﬂlmmﬂﬂ m"m ﬂ)u ting material property coeffici ehEéM%EMEN&ﬂH[E]'
frateri el propérty natrsix*[k] for ea8h-finite elenent in sqi_g é& ' rized
mat hemat i cal nodel ; and ' conparing the extracted materi Werty

coefficients tg mat qhedhetRSd Botding fSElRINF 1 SWhereinAhe fiddd (fYisrPrhagrietic fieldand the
mat ch the extracted material property coefficients to the material property

coefficie - Qr {d : 20. The net hod according to
claim 19, B&%&ﬁx@i(#f%%@g%\)agﬁﬁgtgn% “boundaries of said finite elenents
and the val ues _of t fiel fl.an atenti.al . clfied |
nodes. 1. " Tha el seoyig to B8 fuiere e SEHED FEE Rl 40 S50 e
of an object having a -38- potential {x} which is generated in
response potentiali{x} ds § tempgpAreed t hereto, conpri sing: desi gni ng
means for designing a geonetric nodel of said object; generati ng
means for genefati ngha medisdaterding b dlaiin/1cwhireinahe fiskd ¢} io b flard vkloxitydeld dnd the
di scretizing said geonetric nodel of said object into a plurality of finite

el ement s ?gﬁi{lﬁge{??wiﬁadp\ﬁm of the field {f} and the potential {x}

rel ative nite elfements,; cal cul ating nmeans for cal cul ating

I al ' k] b . l.at | hi . .
extracti ng heada f oiREmetiad freorag to Pl b whErAnodgids Rsfont a bppadares pfseid
mterial Brrugg slre:%nts apd the values of the field {f} and potential {x} are specified at said nodes.

5. Anarticle of manufacture made in sccordance with the method of claim 1, wherein
the article is selected from the group consisting of an automobile part, an aircraft part, 3 prosthetic
implant, a golf club shaft, a tennis racket, a bicycle frame, and a fishing pole, and whereix_x dxﬂ'etent
portions of the article have different material properties comresponding to the matched ‘extracted
material propeny coefficients for known materials.

10.  Ahuman prosthesis manufactured in accordance with the method of claim 1, wherein
the human prosthesis comprises a non-uniform mechanical stiffness throughout causing a different ...
displacement under loading. |

11. A golf club manufactured in accordance with the method of claim 1, wherein the golf
club comprises a shaft having a plurality of adjacent regions each having a different mechanical
stiffness property which provides a different displacement under lbading.

12.  Anarticle of manufacture having response characteristics which are optimized for a
particular application and made in accordance with the method of any one of claims 1-7, wherein

different portions of the article have different material properties corresponding to .the matched
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matrix [gl!m‘]ﬂmm““““umr el ement in said conputerized mat hemati cal nodel;
conparin ing the extracted material proper ' l.ciLents
‘to materi cpr opertys coef ficients foggknown materials to r@lﬁ{fﬁé\h SHEET
extracted material property coefficients to the material p _oréert '

coef fi ci emdteridl propertyoneffinieatsifat knovwanmiaterials. det er mi ni ng aﬂﬂ;‘ 1998
determ ni ng manuf acturing paraneters corresponding to the nmatched nateri al

property coef f§3¢i erflfe article of mamifacture eeordinghiondlainr £2)rwihergintthe different Idaterial
wherei n nodes™are defined at boundaries of said finite elenents and the

val ues of %ﬁ"{' sﬂﬁfe?ﬁ% Lx} are specified at said nodes.

23. A Igg [ n%ﬁ(%g:%%ﬂg@é% ni ng rhgérﬁ%%eri al properties of an object having
a potential { .ch is.generat i N _response .0 fl { ' .

t heret o, conpﬁ}ﬁsi %‘ article °tg'@§‘? ; mﬁ@l&‘&“ﬂ&f’gn‘i"%gﬂ L‘é‘%&%‘?ﬁ‘?‘r‘rﬁ%l

of said object; generating neans for generating a conputerized

mat hermat ipeepertiescase thermalgonduaivities. by  di screti zi ng said geonetric nodel of
said object into a plurality of finite elenments and specifying values of
the field {f} 1snd [THecatick! of manufsditavei aceordingt toeclitm12,ewhéreinethe different material
- 39- calcul ating means for calculating a material property matrix

[ K] base%,&ybrﬁaqué ﬁhﬂﬁéﬂé‘l@ﬁbﬂvméf Y-kl {x}; extracting neans for
extracting material property coefficients fromsaid material property
16.  The article of manufacture according to claim 12, wherein the different material
properties are electrical conductivities.

17. A computer-implemented method for determining manufacturing parameters for

manufacturing an object having a potential {x) which is generated in response to a field {f) applied
thereto, the method comprising the steps of:
_Creating a gegmeuic model of said object in a computer;
generating a computerized mathematical model of said object by discretizing said geqmetric .

model of said object into a plurality of finite elements and specifying values of the field {f} and

*_potential {x} relative to the finite elements;

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

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

comparing the extracted materiaf property coefficients to material property coefficients for
known materials to match the extracted material p.ropen.y coefficients to the material property

coefficients for known materials;
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matri x [K] el enment in said conputerized mat hemati cal nodel;

and ”Immnﬂmmm for conparing the extracted nﬁtefﬂﬁ?LA[fEMﬁi\ﬁ*SHgg]‘

coefficients to rat8ri&l *property coefglments for known naterial s
mat ch the extracted material property Sdefficients to the nafe |AUG

roperty coef ”&‘l&?
gCCgl’dl %g to- EF%% Bv%erel n gg'fas %ﬁ%g“fﬁpﬁggfngttaﬁgﬁn ari es e?rgpeuy

finite elengnts and the values of the field {f} and potential {x} are

speci f i efOAPERS,; des. 25. A method for manufacturing an obj ect
for which a defined fleld {f} qenerates a potential {x} in response
thereto, the_genemiiagmaching spatrol insrustions forgontrolling a machine to masufactirs thg object

conput eri zed mat hemati cal- nodel of the object by discretizing a geonetric

nmodel of in dveorfanerivith theomanufictiiritlp gayamidterki ni t e el enent s; (2)

speci fyi-ng val ues of the treld { and the potential {x} relative to the
finite el enenyg; et d rjg?b‘i:!b!nﬂtlﬂnﬂ eﬁﬁ{?ﬁ YudBh

based on the Terati | on |![1)°{ mﬂ X} wherein t eEé'ntheerl a Srrbo?)ert%* 5rrt;aita?‘% X

rt or ] rﬁég?ﬁ}% W il e 530 (7 S ST PR e Wl faig it ©
pIurallty of |l ues in the teria poerty matrix [ K] a kpown
material pro y m&%@ o é! %ﬁd’é?ﬂ%tﬁicﬂfﬂﬁblw

manuf act uri ng pr ocess araneter, and ( 5) controlling a
manuf act xﬁwhmhmngmmtednm Iresponsestel feld o} npplied-thereto, ithe method

process par arret ers.
comprising the steps of*

creating a geometric model of said object in a computer;

- generatinga computerized mathematical model of said object by discretizing said geometric

mode] of said object into a plurality of finite eiements and specifying values of the field {f} and

potential {x} relative to the finite elements;

calculating a material property matnx [k] based on the relationship {f}=[k]{x};

extracting matenal property coefficients from said material property matrix [k] for each finits
element in said computerized mathematical model; and

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

20. The method according to claim 19, wherein nodes are defined at boundaries of said

finite elements and the values of the field {f} and potential {x} are specified at said nodes:

2l. A machine for determining the manufacturing parameters of an object having a
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?- 40- H“I“Emlll Hn BMLQOd of claim 25, wherein step (5) MG SHEET.
A5tep of ¢ nufacturlﬁg machine to control the stiffness
epropertles of® t He obj ect along an axis “of manufacture.

oL fave! omnc

article manut ¢,i.n accordance wt

article ‘?gé “'i“cé'l‘ﬁlgﬁ’ﬁ' tod Gy "?@d’%ﬂ’s Eﬁg Kﬁh@%ﬁ‘g{“&ﬂﬁﬁw
sti ffness al ong . the axis of panufacture, _38 . An art [ cI e of

manuf act ur e cOPSiSNIAR Mgans Bfﬁmwwnbﬁﬂ%@ﬂlﬁw PbES'ﬁrpom te braided
regions each having a different mechanical stiffness property which causes
a differet regemeraing dieapd farcgenetating aocomiputerized anathemasical madelpofasaistiobjact: biat
regi on when the material article is used, wherein each different stiffness

mechani afis¢refaRg 'siid ﬁ&oﬂﬂ&ﬂf ﬁb&ﬁ%fw%bwm‘:@ﬁ ém:hm) of fi2fit® efenviiits"dhd b%pgtfmg_

cal cul ates each stiftness based on a specifie otential at nodes

georre [ | B AL 8L A conput et

. ~ ' - X _A“ d . ng a
manuf act uri ng hi.ne to nuf actyre an article in agc nc
plurality of FAlRting orﬁakalmﬁ@atmimpenmm&l%ﬁ% erréﬁeev#w
I nstructions are generat ed on the basis of a process which optimzes the

manuf act {f#fk){xJar amet ers for a particular application in response to a
plurality of desired diplacnent values for different regions of the

article, and whedcting rdifis FS1CEArifgOMhteRill property coefficients from said material property

rrechanl cal

matrix [k] for each finite element in said computerized mathematical model;
comparing means for comparing the extracted material property coefficients to material
property coefficients for known materials to match the extraciad material property coefficients to the
material property coefficients for known materials; and
determining means for determining manufacturing parameters corresponding to the matched
material property coefficients. |
22, The machine according to claim 21, wherein nodes are defined at boundaries of said
Sinite elements and the values of the field {f} .and potential {x} are specified at said nodes.
_23. A machine for determmmg the material properties of an object having a fotential {x}
which is generated in response 10 a field {f} applied thereto, comprising:
designing means for designing a geometric model of said object;
generating means for gencrating 8 computerized mathematical model of said object by
discretizing said geometric model of said object into a plurality of finite elements and specifying _

values of the field {f} and potential {x} relative to the finite elements;
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|nstruct|o gs of the manufacturing machine on the basis of
sensor datHiﬂﬂHﬁMjh the machine and the plurality of nmanREPIACEMENT SHEET
parameters he article with a plurality of dlfferent

regi ons each having a drfferent mechardidcal strffness property

provides a different dis ace r]t unde oad ﬁ%@gﬁa
for manufact GHF “ﬁgmeé@%%é BFS Pé‘ﬂﬂ‘%&a& mmbasg%paﬂberg

- 41 - having a displacenent {x} which is generat ed in response to a force
{f} app(f}efk]{xkreto, the nethod conprising the steps of:

designing a geonetric nodel of said prosthesis based on the geonetry of the

body part toeRRactingth@®8%or extracting mafkpideprapey coeiciemy fiom said mariiabprpety
nodel of sai™d prosthnesis by dlscret|2|ng sai geonetric nodel of said

Pha: " { ofiaie| ) Toflyll iy kel %ﬁ' S s e o P
(T 2Tk . Compafg Beabh B Soriastie the AP RROBPPREY EREECFRD b Do

material property matrix [k] for each finite elenment in said copputerized
mat heaprapanty pesfasients for known manerizls tormatchhthe exwradied matenal reperty greSisints to the

coefficients to materlal property coefficients for known materials to
mat ch t hfatdial prpeft§ coEfitieh fol kit mtesislef fi cients to the material property

.24, The machine according to claim 23, wherein nodes are defined at boundaries of said
finite elements and the values of the field {f} and potential {x} are specified at said nodes.
_2_§._ A method for manufacturing an object for whxch a defined field {f} generates a
‘potential {x} in response thereto, the method comprising the steps of:
(1)  generating a computerized mathematical model of the object by discretizing a
geometric model of the object into a plurality of finite c!eme.nts;
(2 spegi_fying values of the field {f} and the potential {x} relative to the finite elements;
(3)  calculating a material property matrix [k] based on the relationship _{t}=[k]{x},
wherein the material property matrix [k] comprises a plurality of values each corresponding to one
or more material property coefficients;
(49 comparing each of the plurality of values in the material property matrix [k] to 2
known material property and, responsive to a match, selecting a corresponding manufacturing process
parameter; and

(5)  controlling a manufacturing machine in accordance with the selected manufacturing

process parameters.
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coef.fici enll ri- al s; det er m ni ng nmanuf act uri ng
paraneters ﬂ Iw" mmmmiuﬁ the matched material property mﬁfficients;
and *mapufactiurisngs sai d prosthgsi s in accordance \/B AAGEMENT SHEET
determ ned manuf acturing par.aneters. 31.. The net h %Mg to
clai m 30, wherein e st 0 ener.ati.ng.a ¢ | Eq hie!
of said pros i sﬁ‘ﬁr‘l‘ﬁs& Pﬁ '-E&M?Ky%ﬁebéﬁglt est vol ume

i ncrement  which can be manufactured using a c uter assisted

manuf act manfactugng wachine to control the stiffnesp properics egﬁﬁ&m ﬁgn& #p P, phmanpfacture.
wherein the values of the force {f} and displacenent {xim_are_ speci fi ed
based on the R@. vi \An énictemanyfidtured ih actdrdanice akithpthe methodrof claimt 26; svhegern the
the in vivo displacenents generated in the body part to be repl aced when

t he forcggicRBmpHIs sSlurality of regions each haviy a diffefeat fiRtianitabtiffnessi alingithe axisofh
30, V\/nergli%n nolc'@s asragﬂdef“i:yned %t bounda‘f%ieges of said finite elenents and

t he val ues RIE c&lpg foree {f} '‘and di spl acenent {x} are specified at said
nodes. ™ 4. A prosthesis having response characteristics which
are optimzed for a particylar _ applicati.on apd Jmade i.n acgordance .w,t h,the
met hod of any.28ne &¥0 #Heepgm are, REPESIAS 8 mﬂf"&ﬁfﬁﬂ%ﬁ?ﬁmgﬁih&m‘i
prosthesis have different material properties 'corresgﬁﬂdi ng to_the matched
nat er i al reghomgeachyhaving & idiffareritsméchanikal stiffnesatpropextyswhich causes a different regional
prosthesis nmade in accordance with the nmethod of claim 30, wherein said

pr ost hesyisplacement according to a stress load placed on that region when the material article is used,

wherein each different stiffness mechanical property is determined by a manufacturing process which
calculates each stiffness based on a specified potential at nodes of a geometric model of the article
of manufacture. |
29. A computer programmed with machine control instructions for controlling a
manufacturing machine to manufacture an article in accordance with a plurality of manufacturing
parameters, |
wherein the machine control instructions are generated on the basis of a process which B
optimizé the manufacturing parameters for a particular application in response to a plurality of
desired dispfacement values for different regions of the article,. and wherein the machine control
instructions control settings of the manufacturing machine on the basis of sensor data reccived from
the machine and the pluralty of manufacturing parameters to manufacture the article with a plurality
of different regions each having a different mechanical stiffness property which provides a different
displacement under loading. |

30. A method for manufacturing a prosthesis for replacing a body part, said prosthesis
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rat eri al p*ropcerty coefficients for krnodh -material s. ‘86, '
prost hesi s manufactured in accordance with the nethod of cl ai ﬁ]%CAUMI n

sai d pr dwavingaidisplaesmant {kswhich isrgeneratediimraspense to a force {f)applied;therete, thh@athod
causing a different displacenent under | oading. 37. A

conput er -compirisingtheestepsesfhod for det ermi ni ng nanufacturing paraneters for
manuf acturing a prosthesis for replacing a body part, said prosthesis

having a di spl fsgmRgh gedmetiithiollel of $aid fri3Ha4iS Based oh FdSEhitalyOfthd BidyPartith be

e U o o, e

applied thereto, the method conprising the steps of creatinNg a
geonebi c Faggeld of said prosthesis in a conputer based on a geonetry of the
body patr 0 be repl aced; generating a conputerized mat hemati cal

nodel of said prosthesis by discretizin aid,  geongtric mdel of said |
prosthesis i nt%"&raﬁf'a r& CPMputsrized matheﬂ@geaiemiel &%&%wSM'ﬁ&Y seretzing suide
force {f} and_ displacenent {x} relative to the finite el enments;

cal cul at igegmgtniemodelbof ssidgrosthesivinta a plufality offinitd elemeantscandespetifyingsvalyes for the
{f}=[Kkl{x}; | - 43 -

extract i foresfeanddisplicepint fx)orRRiive & @8 BRité Elememsi d material property

matrix [k] for each finite el enent in said conmputerized nmat henati cal

oSl o PEREAER e iy PR SEDTRAGH BRSRHbap SRR 1
. extracting material property éocﬁciet_xts from said material property matrix [k] for each finite
~ element in said computerized mathematical model;
comparing the exu'acted material property coefficients to material property coefficients for
known materials to match the extracted material property coefficients to the material property
coefficients for known materials;
determining manufacturing parameters corresponding to the matched material property
coefficients; and "
manufacturing said prosthesis in accordance with the determined manufacturing parameters.
31.  The method according to claim 30, wherein the step of genérating a computerized
mathematical model of said prosthesis further includes determining the smallest volume increment
- which can be manufactured using a computer assisted manufacturing method.
32 The method according to claim 30, wherein the values of the force {f} and
displacement {x} are specified based on the i vivo forces applied to the'body part to be replaced and

the in vivo displacements generated in the body part to be replaced when the forces are applied
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known materials t cted material property coeffigignis.to
the materi al projpﬁl “mclmﬂlmiﬂglrs for known materi al s; ff,&(fs 1998
det ermi ni ng manufacturing parameters corresponding to the mREPPACEMENTESHERT
propertythee&taf fi ci ents; and - denerating machi ne control

I nstructions for controlling a machine to manufacture said prosthesis in

accordance W 88, t hghegRethedadebtdidg RANAMEF0S wherein nodes are défined at boGndieiel 6flsaid
according to"claim37, wherein the values of the force {f} and

di spl ace} [ Wil | i ' he
body. par Pk lgthencd B BASAMes S8 p0REA B wid el A€ GReBl ol B34 ey
body part to he repl aced when fhe forces are applied theretp. . 39.
The et hod acéf di dyPIOSthsiSi havisg resnoBse.f cpwBichdre qREmized for H particular
of said finite elenents and the values of the-force {f} and displ acenent
{x} are spplicatioreandmadeindicoarndence with the methtidl of anp one eficlaies-30/33, i

met hod for determning the material properties of a prosthesis for

repl aci ngortioRnsfsaidprostbedischapeé diffelés infatdnial/ propertieslesrpdspordimg fo thi Inatdhed hatetial

generated in response to-a force {f} applied thereto, the nethod
conpri singg, é&ﬁﬁﬁnﬁfforknownmﬁﬁﬂ?.“ ng a geonetric nodel of said object
uter

in a co based on a geonetry of the body part to be replaced;
(i ocr ot 21 ng 4510 AFEBABEH oAk hstcorasce ih the BedAdef QA it Whein 4 pogthess
finite eilsearrﬁlr; tresplgcrgtjnei{) ea?xl’l f113111':;]51]11 Xl%le:%gts poor];iortlshoef s];icc)!rhcig replacement have different material
properties corresponding to the matched extracted material property coefficients for known materials.
_36.  Aprosthesis manufactured in accordance with the method of claim 30, wherein said
prosthesis comprises a non-uniform mechanical stiffness throughout causing a different displacement
under loading. |
_37. A computer-implemented method for determining manufacturing parameters for
manuficturing  prosthesis for replacing 8 body part, seid prosthesis having a displacement {x} which
is generated in response to a force {f} applied thereto, the method comprising the steps of
| creaung a geoﬁxetric model of said prosthesis in 2 computer based on a geometry of the body
~ part to be replaced; |
generating a computerized mathematical m;del of said prosthesis by discretizing said
geometric model of said prosthesis into a plurality of finite elements and specifying values of the force
{f} and displacement {x} relative to the finite elements;
calculating a material property matrix [k] based on the relationship {f}={k]{x};
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-44- nt {x} relative to the finite el enent
cal cul.d Ilmﬁmrnlﬂﬂmlﬁ H!:Eopeiti/ matrix [k] based on the relati SEPJ-IApBMENT SHEET

{f=[kI{x}; exactracting mater#3l- property coeff|C|entq

mat eri al prope %&gg%

mat hemat i cal %W%P"Ry"@%‘a’&%‘J‘?ﬂ%mﬁwg‘{%ﬁé@er.@‘3 proper y
coeff-iciegts tqQ materi al |ents for known materials to

mat ch - t heXSBFLIR UM CRmPULS é%@ﬂ"i)'& f]fICI ents to the nmaterial property
coefficients for known mat erl al s. The net hod accordi ng to
clai m 40, wher ¢Qmpanng the pxzactest mmealfnspmmuFﬁ&ms t9imyerial pronerty epefficients for
specified based on the in vivo forces applied to the body part to be
replaced kafsivn iriaterials to xnatchi thel extracted insatériah prapertst doaﬁdmti)mmenﬁiténil(prbp‘eny
repl aced when the forces are applied thereto. : The net hod

accor di NgedefHiGents forkfo t&idis;nodes are defined at boundar| es-of said
finite el enments and the val ues of the force {f} and di spl acenent {x} are

specified at s d A machi ne..f or term,nin

manuf act uri ng @%? i qgr@aﬁﬁﬁuﬁ%gfrﬁ&?’? F?fF“P%‘b#"é& ?18&3 3"%&9 "Sﬁﬁﬁ PLORSEY
prosthesis haying a displacenent {x} which is generated in response to a
force {f}°°°£ﬁ!ﬁq‘g hereto, conpri sing: desi gni ng neans for
designing a geonetric nodel of said prosthesis based on a geonetry of . the
body part to hgeneegtingcmagchine control instructions for controlling a machine to manufacture said

prosthesis in accordance with the manufacturing parameters.

_38.  The method according to claim 37, wherein the values of the force {f} and
dis_placement {x} are specified based on the in vivo forces applied to the body part to be replaced and
the in vivo displacements generated in the body part to be replaced when the forces are applied
thereto.

39. The fnéthod according to claim 38, whérein nodes are defined at boundaries of said
finite elements and the'values of the force {f} and displacement {x} are specified at said nodes. .

4. A computer-unplemented method for determining the material properties of a

| prosthesis for replacing a body part, said prosthesns having 2 dlsplacemcnt {x} which is generated in
response to a force {f} applied thereto, the method comprising the steps of:
creating a geometric model of said object in a computer based on a geometry of the body part
to be replaced;
generating a computerized mathematical model of said prosthesis by discretizing said

geometric model of said prosthesis into a plurality of finite elements and specifying values of the force

REPLACEMENT SHEET

14 AUG 1998




generat ’Hl“mﬂ “mﬂ"lﬂﬂlleratl ng a conputerized mathemati cal rmdel of said
pr ost he ng said geonetric nodel of said pr rce MFI;. rgﬂgm

plurality of ff nite %l éments and speci f§ing val ues of t he

the displ acenent {x} relative to the finite el enents; cal cul ating
means f or{f}and displarement (whrelativaito theffniteiclements; i x [ k] based ob 4 UG
rel ati onship {f}=[K]{x}; extracting neans for extracting

mat eri al pr opecaloplating fafthateddl ipogery fﬁlﬁﬁ*ﬂc]lﬁf@oﬂhewmp {fpmikH(y; [ K] for
each finite element in said conputerized mat hemati cal nod

conparing MeanGirhRingTRiRM qy‘&% afPi8telial pr é?@%iﬁ'ix i-bfdh@ﬁ}iié
property coef?l%g nts for B salPnler h

to materi al known materralsto mat ch

extracte coeffici ent othe mat eri al property

coeffi ci gen%mén?or d%{ﬁﬁﬁ%ﬂ eié gdt] determ ni ng neans for

det erm ni ng manuf acturl ng paraneters corresponding to the nmatched materl al
property coef fSORRBANG the extracted material propegty saefrianss 50 putemalproperty: casfisients for
wherein the values of the force {f} and displacenent {x} are specified
based on kmewn materials tbomatel thy ektracted matetial progerty aoefficients do the materidl property
the in vivo displacenents generated in the body part to be replaced when

t he for cesefficientsTot kfvbm MafialsO- 45, The machi ne according to
claim 26,” wherein nodes are defined at boundaries of said
4l.  The method according to claim 40, wherein the values of the force {f} and
displacement {x} are specified based on the in vivo forces applied to the body part to be replaced and
the in vivo displacements generated in the body part to be replaced when the forces are applied
thereto.
- 42. The mgthod according to claim 40, wherein nodes are defined at boundaries of said
finite clements and the values of the force {£} and displpcement {x} are specified at said nodes.
_43.  Amachine for determining the manufacturing parameters of 2 prosthesis for replacing
8 body part, said prosthesis baving a displacement {x) which is generated in response to a force {f}
applied thereto, comprising:
designing means for designing a geometric model of said prosthesis based on a geometry of
the body part to be replaced;
generating means for generating a computerized mathematical model of said prosthesis by
discretizing said geometric model of said prosthesis into a plurality of finite elements and specifying
values pf the force {f} and the displacement {x} relative to the finite elements:

calculating means for calculating a material property matrix [k] based on the relationship
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f|n|te el mmjﬂu | ues of the force (f} and di spl acene re
speci fi edf Emu)lmtl”m A machi ne for deternini ﬁg”%MENT SHEET
mat eri al propertles of® a*prost he5| s foi5 replacing a body part, said

prost hesi s having a di spl acenment {x} which is generated in reiﬁofse to a

force {fXfl=fk]{xpd thereto, conprising: desi gni ng nea
desi gning a geonetric nodel of said prostheS|s ‘based on a geonetry of the

body part bei Weﬁﬂﬂfﬁeﬂ]‘ for ﬁM?QW ?R@t he%&ﬁéx@ﬁﬂ%&?iﬂdkﬂm property

conput eri zed mat he sis by discretizing sald
geonetri the.5| S.,into te el enents and
speci fyi (r;mga%gg%]ues o?ﬁ%'tgf’@ déﬁﬁ'pa%&a@g{#%n#%ifl ative to the
finite el enents; calcul atin ns, f. rcalcula'n a_material
property matr |°Q“W“5msg‘?f ¢qmparigg he S’Hg?‘ﬁr%a [WPP?TY coefficients t0 material
extracting nmeans for extracting material property coefficients fromsaid

mat er i al papepy cosflicients for kngua materialsteomateh the extracted materipl property easisiants tobe

mat hemat i cal nodel ; and conparing neans for conparing the

extract emptwme&ﬁm(f@.eﬁmma&ﬁm @ondaterial property coefficients
for known naterials to mat ch the extacted material property coefficients to

th t I
maghi ﬁ Zglcgrga;lg to al m 4E&E€ﬂ}“ﬁ§ ‘t‘%gﬂvﬁggs%ﬁg e?%ioerrelggorrédén%tfo} aﬁ‘gmhwe

material property coefficients.

4.  The ma_chine according to ciaim 26, wherein the values of the force {f} and
displacement (x} are specified based on the in vivo forces applied to the body part to be replaced and.
the in vivo displaceménts generated in the body part to be replaced wiien the forces are applied
thereto.

_45.  The machine according to claim 26, ‘wherein nodes are defined at boundaries of said
finite elements and the values of the force (f} and displacement {x} are spectﬁed at saxd nodes.

_46. A machine for determining the material properties of a prosthesis for replacmg a body
part,.said prosthesis having a displacement (x} which is generated in response to a force {f} apphed
thereto, comprising; |

designing means for designing a geometric model of said prosthesis based on a geometry of

the body pari Eeing replaced;
. generating means for generating a computerized mathematical modd of said prosthesis by
dlscrehzmg said geometric model of said prosthesis into a plurality of ﬁnite. elements and specifying

values of the force {f} and displacement {x} relative to the finite elements;
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dis E’ j ﬂ Lspemfled based on the in vivo forces app!
boddlﬂ nm I%ﬁ" ;IJ“ ced and the in.vaga displacenents lﬁwm
body part to be replaced when the forces are applied thereto.

Th hi
“sard i aeﬂ%ﬁhﬂgd&n;dﬁﬂ% va %ﬁmPﬂﬁafmce { lm&kaﬁtwaﬁﬂﬁﬁ

of said finite elenents ues of } and di spl acnent
{x} are zgg_@k * d at said nodes. A nethod for manufacturi ng
a prosth ll{ * which a defined force {f} generat es a displacenent {x} in

response thereto, Ihe nmet od conprising the ste f,: . 1),
generating a ?Faﬁ’%@ggﬂ gatenalprepert g‘%‘ﬁﬂ"ﬁ? fom i g’&ﬁé“l property

discretizing a geonetrlc nodel of said prosthesis into a plurality of
finite emotronfig for each finite ¢lgtnent is paid computgrized mashberdticalmodelyand {f} and t he
di spl acenment {x} relative to the finite elenents; (3)

cal cul ati ng acompafingmedfi9fuz doynpatiag the bitfacted Instesil progertyctoeflicied) tg) material
{f}=[kl{x}, wherein the material property nmatrix [k] conprises a plurality

gge:‘/?! glegrr??y - 47 - ﬂl?ﬁa% conpari ng eacﬂm lﬂegfsltto;heof
;ﬁg?efe;po%w&%%%fﬁ %ﬁggo mat r I or £ Ce)s(:)londikggwnmam1E :(r:![ 3|r i géog(ra(r)::gss
paramet er; arlg7_._ The machine according to claim 46, wherein the values of the force {f} and
displacement (x} are specified ba.;ed on the in vivo forces applied to the body part to be replaced and
- the in vivo displacements generated in the body part to be replaced whea the forces are applied
thereto.
_48.  The machine according to claim 46, wherein nodes are defined at boundaries of said
finite elements and the values of the force {f} and dt:placement {x} are specified at said nodes,
_49. A method for manuﬁctunng a prosthesw for which a defined force (f} generatesa .,
dxsplacement {x} in resPonse thereto, the method compnsmg the steps of.
(.l) genetatmg a computerized matbemucd model of said prostlmis'by discretizing a
geometric model of said prosthesis into a plurality of finite elements;
(@)  specifying vﬂues of the force {f} and the displacement {x} relative to the finite
elements;
(3)  calculating 2 material property matrix [k] based on the relationship {£)=lk}{x},
wherein the material property matrix [k] comprises a plurality of values each corresponding to one

or more material property coefficients;
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(5) i facturing machine in accordance with t eds c9s
manuf ajmgﬂluﬂl'guﬂ!! par anet er s. 13 50. The net hod accorAgieng to
¢l ai m 49 erei i the Values of the fdrte {f} and di spl ac cF
specified based on the in vivo forces applied to the body ngFPltﬁg’EyeEﬂTeSHEﬁf
repl aced and (4} he comparing eailsof the plarality cf valsesinctheimatedial poapesty raatrix k] toea
repl aced when the forces are applied thereto. - 51. The et hod
accor di nkndven ﬂwfﬂﬂmﬂﬁk@oﬁﬁﬂ% ahatch Sdldctifla adrrdaporditiy mafufitturing plocess
finite elenents and the values of the force {f} and displacenent {x} are
speci fi eﬁaﬁhe&i‘i ghdghodes. 52. A prosthesis for replacing a body
part, sald prosthesis conprising a plurality of adjacent fiber conposite

brai ded regio each having a different grechani cgl sti.ffnes roperty which
causes a di ff LPent PEEINES mamutacearing Bachine BFERRnce Jith e selefed mamiheninng,
on t hat re%i on when said prosthesis is used, wherein each different
mechani cBfOCEYS BB’y operty is deteinmined by a manufacturing process
whi ch cal cul ates each stiffness based on a specified potential at nodes of
a geonetric_fiBdel The methdd ucesidingstc claim 49, whevéin the AvalisesTof! the forced {fMagd]
wi th machine control instructions for controlling-a manfacturing nmachine

to manuf digpladethedt ?i)%?é %@ﬁg&i Beskd oifthe Wmfow%@ 3 fheibﬁﬁgﬁﬁ gﬂﬁg&é% %ﬂa

plurality of manufactu par anet er s, ereint

I nst t4 t ed t he, basi f ich fim t
manut act PR T SRRREERRE apiecuialin B2 194 pas F bR ER T HAPUlg BHiSES 65 agpled
pl uralitMJm. .

51, The method according to claim 49, wherein nodes are defined at boundaries of said

finite elements and the values of the force {f} and displacement {x} are specified at said nodes.
52. A prosthesis for replacing s body part, said prosthesis comprising a plurality of
adjacent fiber composite braided regions each having a different mechanical stiffness property which

causes a different regional displacement according to a stress Joad placed on that region wfwn said .

. prosthesis-is'usetg ‘wherein each different mechanical stiffness - property is determined by a .

- . manufacturing process which calculates each stiffness based on a specified potentiél at nodes of a
Beometric model of said prosthesis.

53. A computer programmed with machine control instructions for controlling a
manufacturing machine to manufacture a prosthesis for replacing a body part in accordance with a
plurality of manufacturing parameters,

wherein the machine control instructions are generated on the basis of a process which

optimizes the manufacturing parameters for a particular application in response to a plurality of
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desired d s for different regions of said prosthesis, and
wher ei n t”m“ﬂﬂﬂmmulmuml instructions control settings OREPIAGEMENT SHEET
manuf act ur T ng® mechi®™ne®on*the basis of sesser data received from the .

machi ne and the plurality of manufacturing parameters to nmanuf & #&uRtGs1938

pr ost hes desinei displacemeint/valites for differetit régiomsdf saidprosthesispaii whereinghematlifieconto]

mechani cal stiffness property which provides a- different displacement

under _| O idtra@tions control settings of the manufacturing machine on the basis of sensor data received from
the machine and the plurality of manufacturing parameters to manufacture said prosthesis with a
plurality of different regions each having a different mechanical sﬁﬁ\e_ss property which provides a

different displacement under loading.
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Ameﬁodformnufacmringmobjecthavingapom—
tial {x} generated in response to a fiekd {f} applicd thereto is
provided. The method includes the step ofdesigning (801)
a geometric model of the object. A computerized mathemat-
|calmodeloftl|eob,|ect|s (802) by discretizing
the geometric model of the object into a plurality of finite
clements and defining nodes at boundaries of the elements,
wherein values of the ficld {f} and potential {x) arc spec-
ified at the nodes. A material property matrix [k} is then
calculated base on the relationship {f} = {k] {x}. Mate-
rial property coefficients are then extracted from the material
property matrix [K] for each finite element in the computer-
ized mathematical model and the extracted material property
coefficients are compared (804) to material property coeffi-
cients for known materials to match the extracted material
property coefficients to the material property coefficients for
known materials. Manufacturing parameters corresponding
to the matched material property coefficients are then deter-
mined (80S5).
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