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POROUS-BASED BONE REPLACEMENT MATERIALS FORMED BY TRIPLY
PERIODIC MINIMAL SURFACE STRUCTURE

Figid of the Invention

The present mvention discloeure relates to the feld of orthopedic implanis, and mure
specifivally to the design procedare of porons wrchitectures, which can mimic natural bone sruchies,
Ag a resalt, superior bone replacorent structures which consider hoth mechanics and hiomechanica
aspects can be achipved,
§.§é§§*"a round of the Invention

tovernding 1 the world population projection reported v “The World Popudation Frospents

0T by the Popdation Diviston of the Departinent of Beonomic and Sociad Affairs of the United

Nations Secretariat, the world population with age over 8§ is anticipated to accomt or 16 %6 ofthe

global population by 2058, which s the Incrosse of § %6 from 2019 Therefore, advanced medical
sofations have recetved significant attention, which tncludes the ntegrstion of nuftidsoiplinay
research works fram other related flolds such as englasering and computer scisnee.

In addition, thanks 0 the emergenve of addfitive manufacturing (AN ov 3d-printing teehnology,
the techniques have been adopied to manudhcture varions medizalrelated spplications. The AM
technologies sllow the Sbrivation of highly consplex parts, which ars not baildable v eonventional
mamdhcuring technologies. For this renson, patisat-spenific personalized prosthetics, cutting madey,
aral fvaplants can be designed and made with high precision. Furthermore, AM technology is applivable
o make with various matenials inchuding polvimer, cerande, and metal. However, most medical-related

devices gre mostly wade of metals, fo which ontum alovs ave used widely owing to ia

Blocompatibility, desirable mechanical properties, and high corrosion resistanee

s,

NMonetheluss, although personalized niedival devices from AM ‘I&,&?L‘it“?(;gu are sperifically
designed, thers sl exdsts some drawhacks. For an fustancy, go the stif¥uess of metals is much i wher
than nataral bone, the use of bulk metals as the foplants may lead 1o bone resorption over time, maialy

o

due o the stitfhess mizatch. Such phencmenan iz rofured o

*;‘,)
m

& “stress-sluelding effeqts”. For

5’:;‘

(47

this reason, porme acchitectures ave gabing more fvterest as they

V

can be integrated into the devices
during the design process. Consequently, povons-based medical devices resemble slosely the physical
characteristivs of natural hones,

Presently, alihough porows structures have boen integrated with the implats, the design of
porpas architechwes nesds fo comider ifs effect of mechardon! propectize and Momechanies. Agavesaly,
the fmplands with superior performancs can be acldoved. Nonetheless, the current design of povouse

based implants has not considered all the mentionsd eriteria. For example, most porons-based {mplant
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are designed with wniform perous struchires, However, the naters! bone sften exhibits gradiont foatures

from cortical to wabecelar regions. Thus, the umiform porons may comtradiet the physical
charscteristios of nutueal bones.
There are two primary porous struchures, witch ars sinst-based and serface-based, Triply

Ferfodic Minimal Serface or TPMS structhure is among the awtive-hassd wpe. Additionally, the

physical foatures of both porous svciures such as pore

> s stiffhess can be controlled by adjnsting

>, will thivkness, and relative demity. In addition, the permsability and mechaniost properties
are among the key fhctors that s%‘}{m\d%“,s\:;m?emi i the design of porous wplamts. The pennesiility
indicates the capabality of the suteent v transpon tvough the porous structres, And mechsnicdd
proprriies ary mmportant factors i load-bearing consideration. Roth pormeability and mechangsd
properties sre affected by several parametors incloding wall thicksess, pore size, relative density, and
exctarior shape. However, most designs at the prosont ofen foous on 3 siogle aspect. A design oritorion
which deternrines both permenhility and mechanics! properties s sl Iacking.

I addiion to the physical agreoment with natural bones, the porons stractures osed in the
cwvent tuplants we wiform. I other words, pors sive, wall thickness, and local densily remain
whentical theoughont the same. This charaoteristic s largely in contrast with the naturs! hones, which
can be divided fnto dense snd spougy raglons. Thas, the ntegration of natursl bove mimisy in implan
designs iz oritically important.

For the reasons mentioned above, the {vventoes notived the Hmitation of the metab-based

ungdants, of which the stiffuess s much gr@a&a&‘ thaw the natural bones siage it could lead to bone

resorpion due o the uet”. Therefore, we proposed TPMB-based metal implants, in
which the pore size, wall thivkness, and relative donsity van be previsely controlled through the

alteration of the mathematical squations. Consenuently, the desien approach would provide the metal

implants with so-uniform pore size, geadient local density, and overall relative density close 1o that

of the naturad bone showing the provise transition fom trabecuder to cortical bone regions.

Summary of the nvention

The present mnvention diselosre aims to design TPMS-based porous tmgdams. The THRMS-

ieg

based porons siructures are tavgeted 1o oxldbit the physical charactoristics, which are sultable for the

growih of bone tissne, bone marrows, and blood vessels within the internal atruohures. The tndicaer
for @ mutable bic-enviromaent is fidd peemeability. The fad permeabitity shondd be at least sqanl 1o
that of the natwral bonss. Qs o rosell, the TPMS-bussd porcus structares will exhibit better

osseotiegration than tet of the exdsting conmeercisd producta,

.

s, shapas, and numbers of pores should be

in addition to the Saeid pormenhility, the
cornprehunsively designed 1o meot the dosired mechaniond eriterion. The elastic modulus of the bones

amd mplants will be benchmarked. The compatible stiffhess could provent long-torm sffect sach as

bone reaprpion of tnpland degradation,
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Lastly, the TPMS-based porows boplasts will be desigried with the mimicry o the
chavacteristics of the nataral bones. For example, the pore size, local rlative donsiyy, and overall
vedative density will be designed to imitate the sdiscent nataral bone rogions. The implants, which are
within the cortieal bone regions, will by thicker and domser fian those adiacent o the rabsonks bove,

Briel deseription of the drawing

Figure | Hhatration of 8 stngle onit coll of TPMS, wohading Primitive, Gyrold, Dismond,
Meovigs, JWP, and F The pore size, vt col! size, and wall thickuess sve desoribed ML 2y and

Figore T ustration TPMS sinsetires seith constent wnit cell size, relative density, JEEGE RS
and wall thickuess

Figure 3 [flnsiration TPMS stroctures with constant unit cell sive while relative density, pore
size, and wall thickness are vavied.

Figare 4 THustration TPMS structores with constant relative density, while anit ot size, pore
size, and wall thickness are varied.

Figure 5 Hustration TPMS structores with now-constant w onfl size, relative ¢ STSHY, pore
size, and wall thickness

Figure & Hastration TPME struchwres with heterogenos stracture, showing the frasition
from one base structure o another. The uadt cell stze, relative density, pore size, snd wall thickness
ave constsad throughot the sample.
Figare 7 Husteation for the tvegyation TPMS structures with medical devices such s dental
inplants

Deotatled doscrintion of the Invontion

The parformance of TPMS-bused huplante is evalusted based on their pevoesbility and
machanical properties, in which these physies! featwres pan be provisely controlled ssing a
mathematical sgquation of 'i"f'i;}i}f Periadic Minimal Sirfoe (TPME) avchitectares, TPME structurss ave

Ay

interconnected porows architectures. The Intorvonucctivity prosotes 8 bigher fuid fransgort when

compared with ather povows aveliiechwres, Fasthermore, wany physical charsoteristivs such as sorfice

tovvolume ratio, pore size, slastie properties, and fhdd behaviors become controliable parameters. As

a reanlt, their physical characteristios can be adiusted to Imitate nelghboring bone reglons fn the humas
body, reselting i the impdants with physical characteristic variations, As @ resnlt, local mechanical
properties, permsability, and Mologioal responsss can e designed to be within the suitalde ranges. To

design TEMS architectures, the relative density will be vavied between ©.81 ~ 1. The pore

morphniogiss, it cell stees, wall thivknesses, and relative density can be designed and controlied

asing the fellowing oqnstions.
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a
TPMS - Primitive

cos{X} +eos{¥) + cos{@) = N
TEMS - Gyroid

sin (Xjeas (Y} + sin {¥)eos (2} + sin {Heos () = € 2

TEMN ~ Dlamond

cos {Xves {Yicos £} —~ sh IS (3
TPMS - Neoviag
HHeos(X ) 4+ cos {V) + cos {E)) + 4{vos {Njoos {¥)oes {21} = O {4

TPMS - FRI

Where X=Jmax

- s undt ool slze, ), v, and 2 ave desived savnple stze in

3

partioular axay, o, B and v constanis relstod o the anit el

sarg inecthe ¥ v, aud 2 respectively, There
ave § dosign strategies asing TPMWN squation as follow

b Constant antt coll size, rolative density, pove stee, sad wall thickneny

Thas design strategy, Fig 2, can be schivved by sclecting the base TPMS squations 8s shown
i eguations {11 - (5 Then, the wait cel sire, L, i sot o fhe dovired valuo which resulss in the desirable
pore size. , B, and vy are set 1o the waity. In addition, two surfices will be created at m:gmiva and

postiive ¢ values. The solid TEMS can be achioved by merging surfaces that raunges in

together. The ¢ is the fso-vahie and is selecied based on the targeted relative devsity, Difforent TPMS
stvuctures will exhibit difforent required © values to schieve the desived relative density.
2. Constant unit coll sive with varied relstive density, pore size, and wall thicknsss

This design strategy is shows i B, 3. To vary local velative density, the wall ihickness will

be varted slong the z-wds. To achivve the TPMES structures with variad relative density, pore size, and
wall thickness, the selvetsd TPMS base structure fom eguation (1) - 6‘} st be solved with the
constant unit ool size, L. Agais, the ondt cell dze will be set based on the desirable pore size. And u,
B, and v are set to the unity. However, to form solid TPMS with gradiem features, the mierging surfsce
will be formulated based on the son-constant fovel st valuses tn the TRMS equation, The level-sat

values oould be calowdated by ~fasthy

owhers g and b are constants nsed o speaify
ranges of varisd Tocal deasity. Av the Toowd density ¢ %;(zg\ atong the samples, the pove size and wall

thickness are also changed. The vohane enclosed within the positive and negative surfsces will form
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the solid TPMS The determivation of 2 and b will be based on the choless of $ifferent TP
structures
3. Constant relative dunsity winh valed andt coll size, pove size, and wall thickness

3

This design steategy fs shows fn Fig 4. The tavget of this design strategy is o malntain constant

fooal density while varving the wall thickness along the wands. To fornmlate such structures, the
sutected TRMS base structore from equations {1) 1o (6) must be sobved by setting o, §, and v as shown

i egquation (7 - (&),

s,
w3
e

{8

Whare X b= (n-U(E max- £ min \s’“

Fomm N Prland C 0= H2K T8 min™2,
when L initiaboml._fingl In which L_fivad and L_Snal is stanting and endhing anit coll size.

4, Mop~-unitorm Untt ool size, relafive density, pore iz, and wall thickness

Thas design strstegy, Fig 5, b containing nowusifhon features for all physical paramsters. It
1 schieved by applying the varied unit cell size, L, along with the peevieus design strategy, as s fally
desurtbed (31 By chavging the wit osll sive, the relative density will beooms non~constans. The full
desuription o controd the oeal relative density was previously shown in {2}

. Heterogonous TEMS stractares with constant wat ool sivs, relative donsity, pore size, and

went structures will be achisved using oination
{91 whare s {{x

e

I addition, g {(xy.2) controls the sharpness of the tansition gradient, ln addifion {o heteragenous

Lyl 3y yand Rare the poofficient for ramitiondng regime.

TPMS stracture, the grading strategy Fom &gz‘;:esis’m {5 cam be oenbined with other grading steategies.

o

T Y e YR )
Foompined ™ Slawrraceiisyey T {1 ’-~}}s:$;~;'51 e

i)

The host methed of the Invention

As reforred in the detatled desoription of the invention
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. Forons-based bone implanes, which were designed using Tripdy Pertodic Mintmal Sarfsce, TFMS,
The TPMS structures may include Primitive, Gyredd, Diamend, Neovius, FRD, IWP, and otfery, in
which their vedative density varded o 8 1o L

~

2. According 1o Clatm (1), Triply Periodic Mintma! Surfice-based or TPMS-based bone fplants have

constant {1} pors size, (i) undt celt stes, (38) wall thickness, and (v} relgtive de oty throughout the
é’xae*\g&m o Clasm {1}, Triply Pariodic Minima! Swihcs-based or TPMA-based Tome fnpdants have

(1) powe slze, (1) wall thickaess, and (v relative density, which e varied along the sample, while (i)

i oell size is Rept constant.

4. Accarding o Claim (1), Triply Perfodic Minimal Surfeo-hased or TPMS-hased bone implants have

{1} pove size, {ié;‘.} wall ‘;}ﬁ{:?knasg, and {31} went coll sive, which mve varied slong the sample, while (v

3

relative density is kept constant,

5. According to Cladm (1), Triply Fe

N

i Mindmal Burfhes-based or TPMS-based bone insplants have
{8} pove shee, (i) unit cell slze, (1) wall thickness, sud (1) relative donsity, which ave varied aloug the
sample.

& According o Clatm (1), Triply Periodie Minional Surface-bassd o TPMB-based bone fmplants have

the combination of two difforent TPMY structiwes i the single sample. The cambination of the samples

conld giso inchude the desoripion of Cladn (23~ Claim (5),



