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"‘GRADED STI FFNESS FI ELD OF THE I NVENTION s The present invention i[lsﬁrkwﬁatlﬂﬂz
to the fiber-reinforced conposite nmaterials. In particular) the present
invention is related to a functionally graded fiber reinforced conposite

mat eri al and processes for naking the same. Mre pafi m m“m““ hi s
invention is related to a dental post and inet hod of “‘W m anme. o
BACKGROUND OF THE | NVENTION Dental posts are used in reggg&truction of
endodontically treated teeth. The function of the dental post is to provide
retention and | KIBER-REINMFORCED ocCOMPOSITE RRODUCTe WERH o GRADED

material is used to build the core and the crown at the coronal end of the
tooth. In order to provide effective SRIERFNESSability, the 15 dental post
shoul d have high stiffness in the coronal region. Stiffness refers to
Young's nodul us) which is the resistance of a material to deformation.
Anot her inportant function of the dental post is to disperse occl usal
forces fromthe coronal region to the remaining tooth structure. In
addition, a good dental post should have a long fatigue Iife and high

corrosion resﬁ %P'T@INVFWT%NO‘C t he above-stated requirenents)

state-of -the-art dental posts are either nade of stainless steel) titanium
or other nmetal alloys, or fiber 0 S auc zooZ 2 reinforced conposites,
whi ch have st.bféqf]ness

ch higher .than that.of dentine. Al thqugh,  .th i gh
ti {fness 5 5 TomBreser ivepba 15 tnedd o hd giRicablpgd icomrcraednatarifs, on
support of the restorative material in the coronal region of the tooth in
order to preveaiticulansthe pressmt doventiond isriglatedi to & §ungjionally 1 graded; Gber-
reinforced composite material and processes for making the same. More
particularly, this invention is related to a dental post and method of making the

same.
10 BACKGROUND OF THE INVENTION

Dental posts are used in reconstruction of endodontically treated teeth.

The function of the dental post is to provide retention and lateral stability to the
restoration. The restorative material is used to build the core and the crown at

the coronal end of the tooth. In order to provide effective lateral stability, the

15  dental post should have high stiffness in the coronal region. Stiffness refers to
Young's modulus, which is the resistance of a material to deformation.
Another important function of the dental post is to disperse occlusal forces
from the coronal region to the remaining tooth structure. In addition, a good

dental post should have a long fatigue life and high corrosion resistance.

20 In view of the above-stated requirements, state-of-the-art dental posts

are either made of stainless steel, titanium or other metal alloys, or fiber
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s drawback of causing stress concentration at the apical end of the tooth.
‘The rigid post stiffens the coronal posted section and shifts thg Img.lzgﬂz
point apically. The effect of this stiffening is to cause the non-poste
.apical portion of the tooth to deformat the post apex, resulting in a
stress increase in that portion of the canal wall. Furthernore, the cyclic
| oadi ng and unl oading during 1 o nasticatign requires consideration of
fatigue failure. Since the maxi mum bendi ng stresses occur in the vicinity

of the apex oteihfofcétP8dmpabites, Witk havs stiffngss enich Mighbi thar thatadfl deritinehe
dentine near the apical end of the post would create stress concentration

that | nor easeahifofh 1o Sufiidusidall FolddRides BBHBGHaRB8ty for the

m crofractures In duri ng ontic treatment an

preparation coyl d.becone aregas contributing.t,0 stress cpncentration. AS a
ottt ract Aeciver SitRar Pl Babraiva atetidiih e SaBnabHeRh pline ot
the high stress exgri enced at the post-dentine interface of a high
stiffness posPrdsrt éh praveidslqasesing f eeret iaady ssewrle d ialRo  gives f thee major
Vari ous designs have been suggested in the art to address some 20 probl ens

st at ed abowe. didwelsack ofcauking stress copoentralian at tieaapical Bndoof, tha1topth. afle
flexible posts (U S. Patent 5,518,399). For tapered posts, the change in

the shape of tijRy P@éﬁ sBffées ite tdtRoRaN PoBbdS Isebiicre SdhdVi shitl thé Ndidiré IpbiRe
Young's nodul us of the post. Since Young's nodolus is a critical paraneter

in 0 6 AUG LA A | - i

I nterface, a g‘@%l‘@dﬁﬁ%gﬁg@%@ﬂ%@ﬁ@’ﬁﬁhdeB%‘?éoEBﬁ‘éﬁq}‘%’ﬁ'ﬁ’gwéP fg:ggi)o?t?on

resulting fromthe high stiffness of the post. [Furthernpre, ,wedgi ng effect

occurs at t heOt P 190t ke delat atitheneostans resling, i sitess incradsa iagthak

fl exi bl e post has a reduced Young' s nodul us, s which reduces the probl em of
t

root stress, partiomsyf thetcamal walluFtithermores dipe oyelictloading arsh unloadingduring
resulting in | oosening and early failure of the restoration. OBJECT OF THE

| NVENTI ONid t fastibatiori aequires cdireiderafiol hef fatfenfailurge'Sincs the Piaximuen a
material for 1 o a dental post to overcone the shortcom ngs as stated

ﬁgf"e’fi a: tW: fhseﬁ‘t;"bﬁf?g%??.sﬁ’ﬁ%@'smﬂg ithnify &f th8"apeX! dtthé pBst, @yPRglusfons or
defects within the wall of the dentine near the apical end of the post would

create stress concentration that increases the risk of a fatigue crack formation.

Defects and microfractures introduced during endodontic treatment and post

15  access preparation could become areas contributing to stress concentration.

As a result, fractures frequently occur at the root of the tooth. Furthermore, the

high stress experienced at the post-dentine interface of a high stiffness post

often causes loosening at the post-dentine interface.

Various designs have been suggested in the art to address some

20 problems stated above. These include tapered posts (U.S. Patent 5,104,321),
and flexible posts (U.S. Patent 5,518,399). For tapered posts, the change in

the shape of the post affects the bending stiffness without changing the

Young's modulus of the post. Since Young's modulus is a critical parameter in



0 6 AUG 2002 4 SUMVARY OF THE | NVENTI ON The present invention p:@ Il“ﬂié
'fiber-reinforced conposite material with graded stiffness, and E 02002
maki ng the sane. The degree of stiffness variation my be controlled via
nodi fications to the fabrication processes. s Products with varying
stiffness along their lengths are described. In one exanple, a dental post
is fabricated frommaterial according to t3he present invention whi ch has
one end with w st i ffness adapt for jnsertion. into t e root of

Coot b and » dRgATEINg AR ayesRdostngapt & BostaRiE fieffed g tabrmd Bosy ¢
AUG 2002 5 BRI EF DESCRI PTI ON OF THE DRAW NGS Figure 1A is a schemat i ¢

di agram to siiaesonet selvedae grobles ot res séreggsresuwngc%@mdmcblgm stifinass of
present invention. Figure 1 Bis a diagramto show a preform produced
accor di ng to thbepostt Farthermbm@mwedyifg gffeet besursFaptheetig fofi theataperedasnd,

di agramto show a second net hod of producing a post in accordance with the

present i nve'}’e‘sﬁlﬂng iy %Hﬁ:a? ?rabﬁ.lrés mﬂbﬁiﬁreaﬁbstoﬁasia%%@édnwm@@ fvodUus he

met hod shown in Figure 2A o Figure 3 1s a schematic |agramto showa
third net hod e
Figure 4 ?s a‘ﬁ'g'Sﬁéﬁg#ﬁ%c%eiyg’ﬁfﬁt’P8P£‘ﬂ&%W§gg tﬁﬁh&r@to Lgfye%ﬁfg u0| post
in accordance with the resent i.nyention. ure.5 i1 s flnlte Jerrent

anal ysi s shovﬂ‘ﬁdeﬁwm +HTeRYiing "%X QseRINg: g arly failyrg of the testpry E’inf ace.

OBJECT OF THE INVENTION

It is therefore an object of the present invention to provide a material for

10  a dental post to overcome the shortcomings as stated above.

It is another object to provide a fiber-reinforced composite material with

varying stiffness.



Figure 6 is a finite elenent anal ysis showng normal tensile strgegs,lev
Calong dentine interface. 06 AUG 2002 s DESCRIPTION OF THE | NERTAUK A7

i nportant paraneter for excellent performance of the dental post is its
stiffness. Since stress sharing within a system depends upon the materi al
stiffness of each conmponent) a key to the present invention is the
recognition s that the ideal dental post #s one which gives graded materi al
stiffness along its I ength. The post should reinforce the coronal region so
as to reduce stress i n the restoration and associated interfaces. In

addi ti on the SUMMARS ORI ThE INVENBIQN r ess concentration at the apical end.
This requires the post to take away the stresses fromthe coronal region
and gradually unload themto the o dentine. Therefore the segnent of the
post at the core ITgi presentinvbatisn ptdvites fib&erainfaycddheomposite naterialt with
core, while stiffness along the dentine region of the tooth should

gradual ly be grﬁdé@%ﬁﬁhesé,h&d’%étﬁoﬂfoftr'ﬁﬁkﬁ@ﬁﬂd"%anié?"ﬁfb Pod Wit stitfieas di ng

to the prese I nvention conprises segnents of varying stiffness along its

I th. As fi I i ite i . t i
o et VAORHDS ST SoREBIA IS Ol ERlans 1T, ieichlof Phophghte "
et er st 05 Vo BIeCRoN Iy ingy RRSSS AIoth abe BNGIFS 2ue | JeThaRy 18 onei one
along the length of a single post for ease of description of graded

stiffness, amkampl@oandentakpestsisrfabyicateshfram matesal acsarding tes dmpsesant of
the post into different sections. Braiding angle refers to the angle

bet ween a br ghgtiflioni Whichahds bhe érh dithudivnstiffrdsssaddptéd lfemimsprtionuinto thse
material may be any conventional conposite material such as a conbination

of ceramc, RELYERhelboliEBALS high%tifness end suitable to support the restoration.



0 6 AUG 2002 materials may al so be a conbi nation of different polyner or
‘different nmetals or different ceramc. The follow ng are exanpl esuo

nmet hods of fabricating a post with graded stiffness. For a dental péSAUG 2002
preferred stiffness at the apical end is s approximately the sane as the
stiffness of the dentine i.e. 20GPa. The stiffness at the coronal end is
preferably nmuch higher than the dentine stiiffness, such as 100GPa. The
stiffness which can actually be achi eved woul d depend on the material used.
For exanple) a carbon fiber conposite dental post may have a stiffness of
150- 80 GPa atBRHF @E%PT@H,SEHMQQWW%&% at the apical end. O her
stiffness ranges depends on the application, and nay be obtai ned using the
nmet hods descri bed bel ow. Referring to Figure 1A, spools 20 of netallic,
ceram ¢ or pdfigurer 1A is$ atsshemticadiagiam tar shew dnenmethog of produchsg vd postoin

wi thout a mandrel or core. 15 After braiding in the braiding nmachi ne 28,

t he preform igccorddifdeewith dhé présdrfsnvbritiehh 30 containing unreacted resin
32. Once the unreacted resin has inpregnated the fibers in the preform it
is transferred to a curing die 34 of the required dianeter wherewith the

resin is cur Qﬂggfé 1B'id"aldiggrah XG%BEW &Wﬁﬁ%roﬁbc@&tﬁc&&iﬁg ttBth% method .

fiber-reinforc conposite”post. The p neric 20 conponent™may be any

of thernosett] Sy u as epoxy, polyester) or nolten or solvent

di ssol vedgt hé%%ﬁ‘stt:@&'?? ggr n. 0 6 AUG 2002 s According to the
conventional nethod, the take-up speed N1 (shown by arrow 24) and spindle
speed N2 (sh by arrow 36) has a fixed rati o and hence, the angl e, of
braiding is 19'%{%8@&2 dg & aehematic dirgrametocshow @, 88¢¢ ,mchBdr%ftPrQ%Hﬁﬂﬂeén
the take-up speed N1 (24) and spindle speed N2 (36) is s changed

cont i nuousl y past in decordancamwith the pregért invemtiari.di ng. Figure 1 Bis a

Figure 2B is a photograph of a preform produced by the method shown in

Figure 2A.

10  Figure 3 is a schematic diagram to show a third method of producing a post in

accordance with the present invention.

Figure 4 is a schematic diagram to show a fourth method of producing a post

in accordance with the present invention.

Figure 5 is a finite element analysis showing normal tensile stress levels

15  along post interface.

Figure 6 is a finite element analysis showing normal tensile stress levels

along dentine interface.



schematic draw ng of a preform nmade according to the present invention.
"This corresponds to section 38 in Figure 1 A The angle of braiding in
segnent 4 0 with reference to the |ongitudinal axis of the post ius Z‘Wﬁlﬂﬁz
than the angle of braiding in segnent 42. Since it is well known t‘il I’r
stiffness of the fiber 1 o reinforced material is higher when the braiding
angle is smaller, varying the take-up and &pindle speed ratio would result
in a product with varying stiffness. A dental post 46 in accordance wth

t he present invention may then be obtained, for exanple) by cutting the
material at sPESCRIPTIONE THSINVENTION d have one segnent 40 which is of
hi gher stiffness than segnent 42. It 1 s should be understood that using
this method, a continuous gradient of stiffness is obtained, and that
descri bi ng t he mat Aniimposantpaiameter forexcallent getotreanse of the dental post is
facilitate understanding of the inventive concepts. EXAMPLE 2 Figure 2A

shows a vari ajpd efiffidsst [Bindd 8tres8harhd adthih ' apklbini depdriist B oﬂQh@%é’th'tbﬁ’
e

polymeric or ceramc reinforcenment fibers 48, at |east another set of

fibers is ap i ' ' L+Chi G | O
(Ders 52 PRUNERSI oI ihiborilin Rt hBrBAGHCVERAR RER rdchonit ©
06 AUG 2002 % fleh deab APl Peat BoTsNaIBooir By SEistas Betaifl SHENEF BloRg 5
required tenperature at which specific set of Folyneric fibers nelt and

i npr egnat e t hiength.nfhsr pesteahould teinforcerthe eoronal pegign o 83 to sedins dlessin
varying stiffness along its length. Section 56 of the preformwould have

brai ded fi berthesrastoration and tdssociatsd sihterfaces. i qdditidn Bhe epastpshduidsnot
addi tional polyneric fibers are also intertwi ned. Figure 2B shows a

phot ograph of caydy sfresdcocErtatibASat e Bprtaf Gid TS rd ih'-st D gbgt id'faKy ai d

angl es. Therefore, the stiffness in segment 58 is generally higher than the
segment in Seg\%ﬁ? th %tre'éééwoﬁ\ ﬁw coronal region and gradually unload them to the

10 dentine. Therefore the segment of the post at the core region must be stiff to
take away the stress from the core, while stiffness along the dentine region of
the tooth should gradually be reduced to the value of the dentine. Hence, the
post according to the present invention comprises segments of varying
stiffness along its length. As fiber reinforced composite is used to make the

15 dental post in the present invention, good fatigue and corrosion resistance is

also achieved.

For the purpose of understanding the present invention, stiffness refers
to Young's modulus. Segments of a post refers to imaginary divisions along
the length of a single post for ease of description of graded stiffness, and do

20 not necessarily mean an actual physical separation of the post into different
sections. Braiding angle refers to the angle between a braided fiber and the
longitudinal axis of a long product. The material may be any conventional

composite material such as a combination of ceramic, polymer or metals. The



1 o1ln a conventional filament wi nding nmethod, a fiber or filanent or tape
62 i's wound around a core or mandrel 64. The filanment nmay be made of netal,
pol yner or ceramic. The mandrel may be netal, ceranic or polyner.[ f\cAlsg 08D
to the present invention, the filament is wound at varying orientation with
reference to the longitudinal axis of the core. A thernosetting 1 s matrix
may al so be provided according to conventi®dnal nethods. The resultant
product again has snaller angle and higher stiffness in segnment 66, and

| ar ger angl e materiatsweraysalso heea sombiratipnesft diigrenkEgolymer or ot imetatsser of
a conposite fiber-reinforced post or |ong product may 20 al so be varied

based on the differsnt\cetramiz. Mhadollowingrarelsarples ofnethods ot febirizatihg e pos TO
and plunger 72 for injection nolding. In the conventional injection nolding

met hod, shor tyih bfidedElifiBesed Wth a matrix 0 6 AUG 2002 10 material in
a desired ratio and cured in the casing. In an enbodi nent of the present
i nvention, mxtures with varying fiber volune fraction (i.e. varying

proportions of 11 66> AnGeril [hdt™h" pRbbrREC SRS U Bk | SplcBP &RE1 10

consecutively, and Curing t o oCcur toget In the €

ins Figure 4, four mxtyres (74, 76, 78,..80) of ,varyi fi,ber_ volu
fractions 2ar @RWQKE’F@PTVJB?OS%H@ esotsti"‘ﬁg.smfiﬁ%r oﬁdiﬂ? n%ﬁnqg’esi"ﬁgl%p o%FE'i-'Ee
produced with four segnents (74, 76, 78, 80) of varying proportions of

fi bers. Sincestifiness alethe lcosonal iend ishpreferably eswichf hig?ier pthaouthe digidings on
the fiber volune fraction, the resulting product contains correspondi ng

segment s of vgtifiness, stich faxe990GPallTFhd istifhessrewhible ca@tlcactliallyetbd achidvert,
pol ymer or ceramic. The matrix nmaterial is again nade from conventi onal

mat eri al suchwagqut 455 &S Tn! tHdmafetidl d%%g? @g%?gh@gé,'cé dafon -fibBF%Bn@%ﬂi‘"e-er

Dental posts w graded stiffness of a were conpar ~

w th conventi gnal ts _usin i el LS na i e_resylts
of 1 mite ol ciaal BRS) Gl e, eliihfes oF EPGian: bERR PG Ca(BhAL gPiabf"25-
restored tooth 82 is shown above the results to indicate the correspandi ng
posi ti onsl%f 15GPa at the apical end. Other stiffness ranges depends on the application,

and may be obtained using the methods described below.

EXAMPLE 1

Referring to Figure 1A, spools 20 of metallic, ceramic or polymeric

fibers 22 are interlaced into a preform 26 with or without a mandrel or core.

15  After braiding in the braiding machine 28, the preform is transferred to a resin
bath 30 containing unreacted resin 32. Once the unreacted resin has
impregnated the fibers in the preform, it is transferred to a curing die 34 of the
required diameter wherewith the resin is cured to form the polymeric
component or matrix of the fiber-reinforced composite post. The polymeric

20 component may be any kind of thermosetting resin such as epoxy, polyester,

or molten or solvent dissolved thermoplastic resin.



the each test data at the horizontal axis. The restored core 84 and crown
*86) 'the dental post 88, the dentine, 90, the root 91, and the aggglﬂ@agﬁmf
92 are 20 shown. The vertical axis shows the normal tensile str

in MPa. Figure 5 and 6 shows the tensile stress along the post and dentine
respectively at the longitudinal interface. Curves 94 and 95 represents the
stress levels for a conventional stainlessgssteel or unidirectionally drawn
0 6 AUG 2002 11 carbon fiber post having high fiber volune fraction and

200GPa stiffness. Beturiingfo thel cOnveritiomml rmsthots tetale-upi $ped 80Gshaat bon
post. Curves 98 and 99 are results for a post with graded stiffness of 20

Lo 80 CPa N By GRIIARAP ail'dbindIE spEBAYE (41N by itrowaB) ba MRS rétidhnd o

dentine, the 5 highest stress |levels are detected for the conventiona

stiffness pos t kL u t 1T f S .
reduced to a hﬁ?;%ﬁr%%@gdfﬁg#d}oft&%%ﬂ 'ﬁ?‘%&gﬁggﬂ tﬁ? n@%%ﬁgﬁiﬁo\{e&ﬁﬁé, tt%est he
present inventipn oduc subst anti al Ly, .| o stress lLevels th | t.her of
the uniform pfR%s b%@eﬁﬁgae@aﬁw spReHsN @i A %‘?"@% ﬁpﬁegtagséié)e\i%l s
at the interface, 1 o which is only 7% of the 382 MPa peak stress .
experi encedd bghamged continuausly i Srdgiots vank thenanglenel beidinge RigurentB is a

i nterface, the peak stress |evel of 32 MPa detected using the graded post

is only 61 % schegratic drawingiof@ preforst madecaccosdinglto s present devertionl, (Thigir e
further sunmarized in Table 1 bel ow. Hi ghestResidual stressHi ghest

st essResi duabofib§RATROR sdtRATSE ff FRERS1AC Thel Sl Wiidlaidhie i Gegirenels o

onwith referenceon Post atto a dentine atto a

e T st N R ey
o eon senhrabonR vegtee 43, e W i koo 4w i
enphasis on a dental post) it should be
10  reinforced material is higher when the braiding angle is smaller, varying the
take-up and spindle speed ratio would result in a product with varying
stiffness. A dental.post 46 in accordance with the present invention may then
be obtained, for example, by cutting the material at sites 44. Hence post 46
would have one segment 40 which is of higher stiffness than segment 42. it
15 should be understood that using this method, a continuous gradient of

stiffness is obtained, and that describing the material as having different

segments is merely to facilitate understanding of the inventive concepts.

EXAMPLE 2

Figure 2A shows a variation to the braiding method. In addition to the

20 metallic, polymeric or ceramic reinforcement fibers 48, at least another set of
the fibers is a polymeric material 50. During the braiding process, the ratio
between the take-up speed N1 24 and spindle speed N2 36 is changed

continuously in order to vary the braiding angle. The braided preform 51 is



understood that the figures and the nunerical values indicated are for
“illustration only and should not be taken as limtation on the i nvpnﬁ iA%’ 2002
In s addition it is clear that the graded fiber reinforced conposi

material and the nmethods of the present invention has utility in many
applications, shapes and sizes where graded stiffness and function are

requi red, such as sports equi pnent, struct@ral elenents, bionedical

i npl ants and devices etc. ft is contenplated that other nethods and

nunmer ous chanthes transfenddfto caoldd for compressionmoaldingy ab mequifed teinparatuski | |
in the art without departing fromthe sprit and the scope of the invention

described. L at -whicAUgptfié 1sbtClofl Molyndric AfibbrzermeRi il CREpIGYRARS! tife

product with a plurality of segnents, the 2 first segnent having a

stiffness hig o%erﬁ@ﬁ@?lbé@”rﬁé‘?ina rbAsciS5 4 isore '}ﬁ}%o\iérm\g%ﬁﬁ%% %

2. Afiber-reirntorce osite accordlngto

product is a i duct cordi.ng to
claim1l where Rnbﬂté ‘E"EF'bo%%‘Eq"%"ség @e‘ﬁ?aﬁ e{? 'dt ﬁaﬁe ?)r%@ a@?erﬁ&'@g
conposite product according to_claiml or furt her 2 conprising _interlaced
fibers and a lodhgnenes shawhiin, F'gﬁied@oﬁ&ﬁntttbo%e ﬁQQtt'OE‘ﬁhPQMB?"C‘zéIBBTSnaMat

t he interIaC| ng angles of the fiber in the first segnent is greater or

smal | er than alse intertwihed. Figuren@B shoWst & phoiogeaph of a préferme idgnkairposy with
segnent. 1 5. A fiber-reinforced conposite product according to claim4

wherein the 2afdopfihuaBvanéatord P thdBiaid angl-'dsy MHeréforé, Sihd s tifinessin §egment
fi ber-reinforced conposite product according to claim4 wherein the

Al [ x conponggis banpis iR RANIE sedtilin Wecfip 8. - 1 7 A

fiber-reinforced €onpos pro uct ng to iml1l wherein the 2 fiber
is ayaminpregnated with matrix wound around a mandrel, said 3 conposite

post charact e&g@t{g@} hat the w nding angle of said yarn in 0 6 AUG 2002
14 4 the firs is higher or Iower than the winding angle of a s

nei ghboring segment. 1 8. A fiber-reinforced conposite product accor di ng to
claim7 wherein the 2 yamis a net r or a ceramc fiber. A
fi ber-reit¥¥orced cM@@menmraﬁM&@maabw@%ng m@th@ﬂaﬁrﬁ'mrvxﬂéfllﬁmﬁﬂth@f gape
mandrel is nade frommetal, ceramc or polymer. 1 10. A fiber-reinforced
conposi te pr oB&cis \&oundoﬁmgndoadom? ror Iméndreh &4 . ZThe fifarmenth mayh bet miaidiee of
distributed within a matrix, said conposite s product characterized in that

the fiber V0|M6!h|0f)otyhfbrf¢|’f§éraﬁﬁt§lnﬁﬁ‘é méndteh hidyebe Ahetad\esrahiie ort pslyfmdrer
vol une of a nelgh ouring segnent
According to the present invention, the filament is wound at varying
orientation with reference to the longitudinal axis of the core. A thermosetting
15 matrix may also be provided according to conventional methods. The

resultant product again has smaller angle and higher stiffness in segment 66,

and larger angle and lower stiffness in segment 68.

XAMPLE

The stiffness of a composite fiber-reinforced post or long product may
20 also be varied based on the fiber volume fraction. Figure 4 shows a
conventional casing 70 and plunger 72 for injection molding. In the

conventional injection molding method, short fibers are mixed with a matrix



~ 11. A fiber-reinforced conposite product according to claim?7 or ﬁg ﬁ 2002
‘wherein the matrix is nmade of thernosetting resin, or thernnplastig AUG
resin. 1 12. A fiber-reinforced conposite product according to claim10
wherein the 2 short fibers are nade of netal, polymer or ceramc. 1 13. A
met hod of making a fiber-reinforced conposite product) said product 2
having a plurality of segments) said prodd@t further including a plurality
of interlaced reinforcement fibers within a matrix, said nethod 4

conpri si ng t aatarigldn & desiteds ratigaand epirad i thy casiDgimgnsembogdingntsofathe
varying braiding angles to forma preforms with a first segnment having a
hi gher or | oweresbnhiinvverdioanghixturasrwith nairgingofibém yolengrdraction {i)e. cvarying
said preformto forma conposite product. 1 14. A nethod of naking a

fi ber-rei nf orsRBoRIHR Df L ibds 0SNG t O Matfial)0 afe CtrahsStehddVHE hien céBing
addi tonal step of inpregnating the preformwi th s unreacted resinis

i o i
i i i
conposi t e Spr o%'gyfe B%I ufep (2711!]7% nfqg&é% \éqrwng‘aﬁbqrg\@p@e fg Flangarg

| east one relnforcenent fiber s and one polyneric fiber) and said curing
step i s a coripansferred teothai easing.sAlier curing, assinglenp@sbis pirdugpd with four
fiber-reinforced conposite product according to 2 any one of clains 13, 14
or 16 wher ei nsexanentsr (J14di 78 780!80) of vayingrplopostiorss wf fibetdieSines i ibidataleen
the take-up speed and the spindle speed in the braiding step. 1 18. A

et hod of ek thitohe difingsORF AT BRSNS depoR oRES i inen iy Joriehd radrih m

16 wherein said reinforcement s net al olymeric or 3 ceramc.
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product, -sai dgr %B&ﬁ@tndé‘p@#ﬁ%oﬁ‘aﬁ%kca’r‘%s@obh*ﬁ‘@eaﬁ@“ﬁ\?@%“ §§(¢aﬁ8{f§d§k¢ﬁss
further mclu_E at | east so%jevgz rrent thin a matri sai d
met hod cdifpri Ehedibere Bakbemade, dPﬁIf'vsﬁi iga¢ PPYMAT: OF CIAMICa Fha@ dPalrixsuch
that the winding angle of s the filament in a first segnent is bigger or
smal | er than material nidi agaio mageefrom chavemtIMrmatanah sushglasothermgsstingent .
1 20. A method of making a fiber-reinforced conposite product according to
2 claim19 whegsti or tidrmhopiasticebsins metal lic, polymeric or ceramc. 1 21. A
met hod of making a fiber-reinforced conposite product according to 2 claim
19 wherein said wound filament is further inpregnated with a unreacted

resin, foIIovEE%{y_mgﬁﬂmitgug step. 1 22. A nethod of making a
fi ber-reinforced conposite product according to 2 any one of clains 19-21
wherein said fiber is netallic, polynmeric or s ceramc. 1 23. A rrethod of

making a fiber-rei I?Eﬂfa? gs@%ﬁgﬁgd%d%'tﬂﬂ%é orfzbqu&w B GPa Herb! arexf! d

met hod conpri si ng m Xl ng a pre erm ne roport| on
of fibers and rix terial .and.tr ferrin acasm ing a
second pri&- de‘f’gﬁrﬁ‘?'ﬂé@ ?’E‘ﬂop‘??tﬁd‘%ﬁg %@Qr%le 'Eetst @al)é?e h&l r%‘\'ﬁs of
transferring to the casing, said second pre

finite element anaIySIS are shown in Figure 5 and 6. A diagram of a restored

tooth 82 is shown above the results to indicate the corresponding positions of

the each test data at the horizontal axis. The restored core 84 and crown 86,

the dental post 88, the dentine 90, the root 91, and the aveolar bone 92 are

20 shown. The vertical axis shows the normal tensile stress levels in MPa.

Figure 5 and 6 shows the tensile stress along the post and dentine
respectively at the longitudinal interface. Curves 94 and 95 represents the

stress levels for a conventional stainless steel or unidirectionally drawn
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m xture (a) and m xture (b) as one integral conposite 1 o product such that
the fiber volume fraction of the first prell determ ned proportion and the

second pre-determ ned 12 proportion are substantially maintained.

1 24.

met hod of making a fiber-reinforced conposute product with varying 2
stiffness according to claim23 wherein additional m xtures of varying s

fiber volume ¢arbonifisr post lsldegl H
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segnent of SaCdnﬂsodﬁ'ﬁ?d
iy

according to claim3

segnent and
a stiffness

stiffness of bet

f.ASE. Al L. A

(0)

zupkfa\Wca] ca] ca] c

] ca] cal cafcal highest &

oA A

nd 15
e presan

post

{"$\ b+sT}xsnid_Z]c]ca]ca] ca]ca]ca]ca]c

a] ca] ca] ca] caflhabirebs fveld ard ridabed WHriBqz]

has a

irst s

it

ment

A

fiber ivdllmet foadtion aadi 200@PE stiffrisssas
that each m xture corresponds s to a

§7%show? fdumsfb hﬂjrﬁfo?ﬁdsﬁGH?cb%rB&

| AR el AR

AU
nvgw éor both post and dentme the

]ﬁca] ca] ca] ca] c0a] c<al] c<a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
pes lguels jaca |dstegted fonthe :copventional high stiffness post.

?U@urveﬁ ast

staliffadswisaetioedd 3 ealmidrfip] cal

cal] ca! TBOQ0GhJd>/ b} xsni d_Z] c] ca] ca] ca] ca] ca] ca]ca]ca]ca]c"a]c"a]ca]ca]ca]c

a] cal ca] ca] caé
'Y'x'{""'}xs
cal] c"a] ca] ca] c

# r

(i80S WBRlaHtbhfhsiAer 3hresd 180618 A

r|1 Iellther of tRe

IRErI R Y IHROLAP SeariRee) 1Y) Ppeny en, oo

#e####

unlform posts

$EIBH$n$q$$$$$%/G/<zupke ZUnmhc] X] caU] ca] cal ca]écak};a%gﬁag?]dg?%lgaﬂl{]dgg]lgtae]rfca%]ec alc

"a] ca] ca] ca] cB']%SU}QQQ
% YOARRAVE] &n&&&?' X' [

et

(#(&(p(())W)))))){qufa[VﬂhC]X]]CaU] ca] ca] cal] ca

] ca] ca] c/Ma) ca]lbmhda]mﬂw&a]dtahq Gs}zdﬂPaa}&aiumee]s:a](peljm'aqedab]/dh]acst]aumgs:a] ca

U]C8.] Ca] Ca] ca )** *0* kkhkkkkikkk*%x! +O.|_R+r++++ ] ,,,,,,

-1-a-}-{uoj d%ahﬁbétcwtﬂtﬁa]m&@aéueala el iﬁ@drferéél qné Cpﬂakah@@détwe?@*caﬁ cal]

ca] ca] ca] caU] ca] ca] ca] c"a] cal]

Ve Sefeloh il i 0ol o B ol o FbRCIE

D o6 Rlgssy stes masisThase caill B fudher SummaERed N TaRIS 1 DSy ca o

\ .o %
ca] caU] cal ca]

a) ca] ca] ca]
334h44445A5

ca] ca] cal] ca] cal]

ca ca

2] ca]
cal] c

"a] ca] cal] ca] cal] ca] ca] ca] ca] caU] ca] caU] ca] cal] ca] caU] ca] cal] ca]caUl ca] ca]c
aU] ca] ca] ca] calcalc”a )7,70737i 7l 7p7s777H888 9v99: W :

a] ca] ca] ca] dcalcallca
, <<=h::>P>>>I?a?c?f 24 ?v?+@oD Highegt airass Y] Besidvalstrasc ] c" a

] ca] ca] ca] cfPe=h]rve ¢ Stitieslsca ]stres]sdw]sb with] refafened ch] cleedlonal] ¢ with reference
a] ca] ca] ca] ¢a] ca] caj ca] ca] cd] ereivdst akKLL \E\AONAREPPPPREMINEST TEV YR BGHEFA O}l | wr
mhc”Y] ca] cajca] ca] cla] ca] ca]|cghdabeal cal grise” al chl lislian] cal ca] padical c
a] ca] ca] ca] ﬁgbm&é’d carc4a] a] cafcarcpfta =G TE - I0%T&()
Sy10%m& () - )- & $9F 10%#& () - FDXi.K- %
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Carbon

Graded 20-80 25 MPa 7% 32 MPa 61%

stiffness  |GPa
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i K-HO' 10%m& ()-9 10%r& ()-F"10%m&' ()-9! 10%8& ()-9 10%m& ()-9 o8 ()~
i K 10%m& () 10%m& () - F" 10%m& ()- 9! 10%m& ()-9 10%m& () Yg&]d)ém&é)Zl]ﬂZ

9, 10%& ()- N ;,w K-HO$ 10%m& ()- 9" 10%m& ()-9S 10%& ()-

e

10%m& () - @10%r& ()- 9 10%& ()-9 10%r& ()- w i i K- He4
10%0& () - 2SH#10%r& () - 0: 10%r& () - 9s- 10%m& ()- 93+ 10%m& ()- &) ! 10%m& () -
&@10%r& ()- {"$\iJ&4 10%& ()-!10%& ()- 10%g& ()-%0%& ()-310mLOnlOm&L9
10%m& ()-& 7 10%& ()-\bdEi J&4 10%r& L! 109¢& ()- &10%g& ()- ' 10%g& () -
10%& ()-"109%g& ()-Y"10%& ()- +sbC& 10%M0%E& () - _ _
109%&' () -9t 10% &' (YWhiteotiss' presentl daverdipnidwye beehs depcdbexiapmticutagly with
10bF10%& ()- 10%& ()- 10%& ()- "10%& ()-
reference to Figures 1 to 6 with emphasis on a dental post, it should be
understood that the figures and the numerical values indicated are for
illustration only and should not be taken as limitation on the invention. In
5 addition it is clear that the graded fiber reinforced composite material and the
methods of the present invention has utility in many applications, shapes and
sizes where graded stiffness and function are required, such as sports
equipment, structural elements, biomedical implants and devices etc. It is
contemplated that other methods and numerous changes and modifications
10 may be made by one of ordinary skill in the art without departing from the sprit

and the scope of the invention described.
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10b109%T& () - & 1094T& () - Ys1094& ()- & 109%& ()-3 10z 10z 10z 3
109% & ()->/ dEbC 10b 10947& ()- 10947& ()- &130947& ()-3"1090& ()- &Y 1094& () -
& 1099& ()-bQJELC 10b@ 1094& ()-$ 1004& ()- ! 109d& ()-
10967& () - @#10%’&&;‘ L 10967& ()- 7F*{dEbC 10bFA@109%& ()- 2 1094& ()- /

1099& ()- - 1006RINIS- *&109%& () -1 (, #10%d& ()- {~_ " anobC
10bYle%I'& ()-&109F& ()-4
i 1, A fiber-reinforced composite product with a plurality of segments, the
2 first segment having a stiffness higher or lower than the stiffness of a
3 neighboring segment.
1 2. A fiber-reinforced composite product according to claim 1 wherein the
2 product is a post.

1 3. A fiber-reinforced composite product according to claim 1 wherein the

2 product is a dental post.

1 4, A fiber-reinforced composite product according to claim 1 or 2 further

2 comprising interlaced fibers and a polymeric matrix, said composite
3 post characterized in that the interlacing angles of the fiber in the first
4 segment is greater or smaller than the interlacing angle of the fiber in
5 the neighboring segment.

1 b A fiber-reinforced composite product according to claim 4 wherein the

2 fiber is made from metal, polymer or ceramic.
1 6. A fiber-reinforced composite product according to claim 4 wherein the
2 matrix component is made from polymer, metal or ceramic.

1 7. A fiber-reinforced composite product according to claim 1 wherein the
2 fiber is a yam impregnated with matrix wound around a mandrel, said

3 composite post characterized in that the winding angle of said yarn in
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10b$' 109%&' () -s1090& () - @109T& ()-S! 1090& ()- & 10%& () -

1 10997& ()-!!7?2"""#e#dEbC 10b2! 1090& ()-/ 109%& ()- - 109G& ()- +

1090& ()-S) THI09T& ()-' ! 109F& () - e#u######, $bC 10b&10%EE () -

| & 10%@&' ()- % 10%@& ()-3 10T 10T 10Ts6109d& ()- 34T#109%& ()- ; $3$% YRJIEDC
10b&! 10%@&' ()- & 10%@& ()- F'10%@& ()- 9 10%@& ()- 9 10%&& ()-&3

1 10%@& () 4 &V&&&?'thedfiist segment is higher or lower than the winding angle of a

5 neighboring segment.

1 8. A fiber-reinforced composite product according to claim 7 wherein the
2 yam is a metal, polymer or a ceramic fiber.

1 9. A fiber-reinforced composite product according to claim 7 wherein the
2 mandrel is made from metal, ceramic or polymer.

1 10. A fiber-reinforced composite product according to claim 1 further

2 comprising short fibers distributed within a matrix, said composite
3 product characterized in that the fiber volume of the first segment is
4 higher or lower than the fiber volume of a neighbouring segment.

1 11. A fiber-reinforced composite product according to claim 7 or 10
2 wherein the matrix is made of thermosetting resin, or thermoplastic

3 resin.

1 12. A fiber-reinforced composite product according to claim 10 wherein the

2 short fibers are made of metal, polymer or ceramic.

1 13. A method of making a fiber-reinforced composite product, said product
2 having a plurality of segments, said product further including a plurality
3 of interlaced reinforcement fibers within a matrix, said method

4 comprising the steps of :
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F10%@ () - & : 10%@&' ()- &( 10%@& () - &SH10%@&' () - &s$! 109%@&' ()-W)):
xxxxkxxhC 10b' S1090& ()-F 10@ 10@ 10@ ! 10%@& () - &7 10%@& () -
5! 1090 () - S3SH109%@& ()- ***' +r++, dEnbC 10b3" 1094& ()-y! 1099& () -
“110%0& ()-3 11099& ()-& 1099& () - Y&s10%&8 ()-,],,,,8-}-dEnbC 10b! 109F&" () -
S#109G7& () - ff1090& ()-S109& ()-& 1099& ()-!109%I& ()- }--.\,..% dEnbC
10b, 1097&5() - * 109@¢& ( )brajding sagidibers gk vansna: braiding aagkes( to. form a preform
10907°& ()-%//v// OMDNOCOPOdYNC 10b 10T 10T 10Ts9! 109%F& ()- F7!109F& () -
5T#1090&' 6) - 2: 10997&' () -with adatssdgmertt] leavirig aX{ighieroidone brdidivipeaigle than
1 1090& ()- 1"1090& () -

7 a neighbouring segment;

8 b) curing said preform to form a composite product.

1 14. A method of making a fiber-reinforced composite product according to
2 claim 13 wherein an additonal step of impregnating the preform with

3 unreacted resin is performed before curing.

1 15. A method of making a fiber-reinforced composite product according to

2 claim 13 or 14 wherein said fiber is metallic, polymeric or ceramic.

1 16. A method of making a fiber-reinforced composite product according to

2 claim 13 wherein the fibers contains at least one reinforcement fiber
3 and one polymeric fiber, and said curing step is a compression molding
4 step.

1 17. A method of making a fiber-reinforced composite product according to

2 any one of claims 13, 14 or 16 wherein said braiding angle is varied by
3 varying the ratio between the take-up speed and the spindle speed in
4 the braiding step.

1 18. A method of making a fiber-reinforced composite product according to
2 claim 16 wherein said reinforcement fiber is metallic, polymeric or

3 ceramic.
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- & e05); 4 X’ﬁ%ﬁﬁ?n a plurality of se ments said product further including at least
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) -4 AL YeZi [\ s\Gifdwound filament within a matrix, said method comprising the step of
4 winding said filament around a mandre! such that the winding angle of
5 the filament in a first segment is bigger or smaller than the winding
6 angle of the filament in a neighbouring segment.

1 20. A method of making a fiber-reinforced composite product according to

2 claim 19 wherein said mandrel is metallic, polymeric or ceramic,

1 21. A method of making a fiber-reinforced composite product according to
2 claim 19 wherein said wound filament is further impregnated with a

3 unreacted resin, followed by a curing step.

1 22. A method of making a fiber-reinforced composite product according to
2 any one of claims 19-21 wherein said fiber is metallic, polymeric or

3 ceramic.

1 28. A method of making a fiber-reinforced composite product with varying

2 stiffness, said method comprising the step of :

3 a) mixing a first pre-determined proportion of fibers and matrix
4 material and transferring to a casing;

5 b) mixing a second pre-determined proportion of fibers and matrix

6 material and transferring to the casing, said second pre-
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