1 METHOD FOR DESI GNI NG AND FABRI CATI NG 3- DI MENSI ONAL PORQUS Tl SSUE

ENG NEERI NG SCAFFOLD W TH ENHANCED RESOLUTI ON USI NG " GROW AND- REDUCE

Pl XELI ZATI ON' TECHNI QUE Field of the Invention [0001] The present invention
generally relates to nethods of designing and fabricating

t hr ee-di nensi onal scaffolds, and nore particularly to nmethods of designing

and fabricating a three-di nensional porous tissue engineering scaffold
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ti ssue engi neeri NGGROW-ANIPREBUCE PIXNELIEA FION? JIECNIQUESess a  porous
m cro-structure and internal channels connecting each pores, so that the

seeded cells can mgrate into the pores and channels and grow t herein,
resulting in better conpatibilyt e scaffolds for tissue
regeneration. [0003] There haveﬁlﬁieae??tg%?%vrsp '8 0 manual | y nodel the porous
mcro-structure wthin a scaffold using traditional CAD nodeling

techni ques before conmmitting the nodels for Rapid Prototyping fabrication.
However , [%0%dr e ar eltfaifeseriinventionsseaerallynislargs g metharls ioorigsienms and
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engi neer 15 Ang RSP ol AERARS do Rt WihhRs dekigBERd . and

| engt hy; fabeionthnd at tloaeldimesddonal epirotie ndkve engindering Wcatforntwith eskddceéd CAD
personnel because the process is not automated. [0004] The inventors of

t he pres@ﬁ?mﬁﬁbP$@%?HHﬁWﬁﬁ9ée‘H@ﬂﬁﬁ&zﬂgﬁbﬁggn§Wﬁgapore pat ent application
with a serial nunber 200407332-6, disclosing nmethods of designing and
fabricating a three-dinensional porous scaffold using bitmap tenpl ates.

Si ngapore patent applicati oBabkgronfid4dfi3hventien i ncor porated herein in its
entirety. However, the snallest pore size that can be achieved using the
di scl osed nethod is directly dependent upon the resolution of the original

medi cal ftoﬁﬁijes avaipalfing hild ThhiedatinR tHRe-diMBniGh# thEERLs e EARntigicREf ol d
are constrained by the resolution of "original inages.
tissue engineering. For tissue engineering, it 1s desirable for the scaffold to possess a

porous micro-structure and internal channels connecting each pores, so that the seeded
cells can migrate into the pores and channels and grow therein, resulting in better
compatibility of the scaffolds for tissue regeneration.

[0003] There have been attempts to manually model the porous micro-structure
within a scaffold using traditional CAD modeling techniques before committing the
models for Rapid Prototyping fabrication. However, there are many limitations of
employing traditional CAD techniques for modeling the geometry and micro-structure of
tissue engineering scaffolds. The limitations include: highly labor intensive and lengthy;
computational resource intensive; and requirement of skilled CAD personnel because the
process is not automated.

[0004] The inventors of the present application have another pending Singapore
patent application with a serial number 200407332-6, disclosing methods of designing and
fabricating a three-dimensional porous scaffold using bitmap templates. Singapore patent
application No. 200407332-6 is incorporated herein in its entirety. However, the smallest
pore size that can be achieved using the disclosed method is directly dependent upon the
resolution of the original medical images available. In other words, the pore sizes of the

scaffold are constrained by the resolution of original images.




2 Summary of the Invention [0005] Therefore, one objective of the present
invention is to provide nethods of designing and fabricating 3-dinensional
ti ssue engineering scaffold that has pore sizes snaller than ones that are
afforded by the resolutions of original inages used for the scaffold

desi gn. Anot her object of the present fnvention is to artificially increase
the resolution of an inage, so that the enhanced resol ution nmakes the
designed/fabricated scaffold nore fine-tuned according to anatomc
structures. [0006] The presen% i nvent i ?l? rov*'jdes a nmet hod for designing

t hree-di nensional scaffold s ?'H&Wé)g Hateare anat oni cal | y accurate and
possess the necessary internal porous mcro-structure design, wherein the
porous mcro-architecture is necessary for the proliferation and
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desi red shapes and_di nensigns of the pores and channels within the
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structure in each image; Increasing the resolution of the” processed
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depends @andfhc@uedmy!Fpid Prototyping fabrication techniques.
[0007] In one aspect, there is provided a method for designing a three-dimensional
porous scaffold with a uniform array of internal pores and internal channels connecting the
internal pores. The method comprises generating bitmap templates according to the
desired shapes and dimensions of the pores and channels within the scaffold; the bitmap
templates having grids and spacings between the grids; pre-processing two-dimensional
images to obtain the required structure in each image; increasing the resolution of the
processed images; duplicating the processed images, wherein the duplicated images are
used to fill the slice thicknesses between two consecutive images; performing Boolean
operation between the bitmap templates and the images including the pre-processed and
duplicated, thereby the grid pattern of the bitmap templates will be transferred onto the
images and will appear as two-dimensional array of pores and channels; and converting the
series of two-dimensional images into STL format; thereby the three-dimensional porous
scaffold is designed. The number of different bitmap templates depends on the complexity
of the pores and channels, and the width of the grids and spacings are determined by the

shape and dimension of the pores and channels. In certain embodiment, the resolution of




of the pores and channels, and the width of the grids and spacings are
determ ned by the shape and di nension of the pores and channels. In
certain enbodi nent, the resolution of 3 the processed images i s increased
by grow h of each pixel of the processgd image into a desired nunber of

pi xel s resulting in an expanded i mage,“and reduction of the dinensional
size of the expanded inage into the sane size of the processed inage
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accor di ngl t@oﬁlpgtﬁaa;eg‘ﬁfmmtth@fmdglae scaffold design. [0009] In yet another
aspect, there is provided a three-di nensional porous scaffold manufactured
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better cHafiol designinSId Hrmet. andofabrcatingthe thegprdimensionplePorany et
t he pres?&;){déﬂgé@)%é QTPf&fﬁm}“tﬁe%ﬁ@"l&g@%@ﬂ- the pores and internal channel S
re no longer t

of a scaffo restrai ne he fixed resolution of the
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i nvention co fferent es of pores. and internal channels.
[0012] THE" Bfté’f?fl%ég EebuicRnee B e Rare HiUB RS0l oo appar ent
from thgoeig! | ow nenéi 84 @inkRd FYRCHERhE AReMorPs %ﬁa@ hethrenadhas spoisdagr eof
in connection with the acconpanying draw ngs. Brief Description of the
Dr awi ngstifs0e kdpireeshg scaftold rdvadiatehiromadiscordinugus owo-dempnserehtimagey éeisi on
wi nowretgembles the anatomical structures and provides extensive internal channels within the

scaffold so that the scaffold stands much better chance to survive after implantation.

[0011] Another advantage of the present invention is that the sizes of the pores and

internal channels of a scaffold are no longer restrained by the fixed resolution of the

original image sets. The scaffold fabricated by the methods of the present invention could

have different sizes of pores and internal channels.

[0012] The objectives and advantages of the invention will become apparent from

the following detailed description of preferred embodiments thereof in connection with the

accompanying drawings.
Brief Description of the Drawings

[0013] Preferred embodiments according to the present invention will now be
described with reference to the Figures, in which like reference numerals denote like
elements.

[0014] FIG 1 is a flowchart showing the main steps of the designing and fabricating

method of a three-dimensional porous scaffold.



described with reference to the Figures, in which |like reference nunerals
denote like elenents. [0014] FIG 1l is a flowhart show ng the main steps
of the designing and fabricating nethod of a three-di nensional porous
scaffold. 4 [0015] FIG 2 shows a sanple of the DI COM nedi cal inmages. [0016]
FIG 3 shows a sanple of the pre-pr ocesded nedi cal i mge after having
renoved the unwanted data fromthe DI COM nedi cal image as shown in FIG 2.
[0017] Ho@s} il | uskFi(al esovesrn exgripbdbihy DJCOM medicabimaegks by 2x2 factors.

0018] FIG5 illus es the resaqlution enhancenent of an image with its
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7a shows one bitmap tenplate. [0021] FIG 7b shows the negative of the
bi t map tE6PMat e shioiind ilhisEates FaexdnQag |gréiB of pixetsdyys2x fdetagr ammat i ¢ vi ew of

form ng re por y..overlaying .the bitmap tenplates of. FL.G 7a.and FI G
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3 with tdighendibh BBP afi@ BlodtRndReABQWixbIzatibe 7a. [0024] FIGS 8a and 8b show
an enlarged part of the inmage of FIG 7d before and after the norphol ogical

oper at i d01990025] HFG® & sdagremtshewingribe rafmemgnt ofrtheslivetbinkiessesl structure

of the i of K bn STL file. [0026] FIG 10 shows a scaffold around
the jaw @E@g fabri%xa&z%s%ysgnﬁhg'%p t%?@?t&ypi ng machi ne. Detail ed
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nore readi |¥ by reference to the follow ng detailed description of certain
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publ i Cai‘tﬁh@'ﬂﬁm%%né@&tgg EpgRdy, ﬁr{ﬁléjj/bsc' osures of these publications are
a

her eby incorpo y reference, 1n'their entireties,

[0023] FIG 7d shows the result of intersecting the Medical Image of FIG 3 with the
bitmap template as shown in FIG 7a.

[0024] FIGS 8a and 8b show an enlarged part of the image of FIG 7d before and
after the morphological operation.

[0025] FIG 9 shows the constructed three-dimensional structure of the image of
FIG 3 in STL file.

[0026] FIG 10 shows a scaffold around the jaw area fabricated by a Rapid

Prototyping machine.

Detailed Description of the Invention

[0027] The present invention may be understood more readily by reference to the
following detailed description of certain embodiments of the invention.

[0028] Throughout this application, where publications are referenced, the
disclosures of these publications are hereby incorporated by reference, in their entireties,
into this application in order to more fully describe the state of art to which this invention
pertains.

[0029] The present invention provides methods for designing and fabricating a
three-dimensional porous scaffold with enhanced resolution. The methods utilize two-
dimensional medical images. For example, computer-based medical imaging systems

(e.g., CT, MRI) have been broadly used in diagnosis of patients. The output of such




into this application in order to nore fully describe the state of art to
which this invention pertains. [0029] The present invention provides

met hods for designing and fabricating a three-dinmensional porous scaffold
wi th enhanced resolution. The nethods utilize two- dinensional nedical

i mges. For exanple, conputer-based nedical imging systens (e.g., CT,
MRl ) have been broadly used in diagnosis of patients. The output of such 5
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t echni quenhafiteddetdoyytionhe net hods start with generation of bitnmap tenpl ates
that are used to create the internal mcro-architecture of the intended

m
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of the nmethods for designing and fabricating a three-dimensional _fpor ous
scaf f ol dinchidgoemdsziod wivtahtediregionsyisobidneementodt thieesphuion o thewmageifdes, FI G 1
Is afl OMd" u%iigatlsorr]loo\%‘.irrlllggetsl}ﬁe I%c?ri iplse%ttigxp STl(l)efn éorz)?ean operation is performed between
the bitmaps and the processed DICOM image files. The processed image files are
converted into STL format for rapid prototyping to produce three-dimensional porous
scaffold design.
[0031] Now there is provided a more detailed description of the methods for
designing and fabricating a three-dimensional porous scaffold in accordance with one
embodiment of the present invention. FIG 1 is a flow chart showing the main steps of the
methods. It is to be appreciated that while the following description will use specific
computer terms and programs for the convenience of explanation, other computer
programs may be used if they are applicable for the method of the present invention. In
addition, the order of steps in the flow chart is designated only for the convenience of
narration. The present invention can be practiced without following the order of steps
depicted in FIG 1. For example, the step 1 of creating bitmap files can be performed
anytime before the Boolean operation.
[0032] Referring to FIG 1, the method may start by creating bitmap templates
offline 10. The three-dimensional porous scaffold generated by the methods of the present

invention comprises internal pores and internal channels connecting the internal pores.




methods. It is to be appreciated that while the follow ng description will
use specific conputer terns and prograns for the conveni ence of

expl anati on, other conputer prograns nay be used if they are applicable
for the nethod of the present inventiopn. In addition, the order of steps
in the flow chart is designated only for the convenience of narration. The
present invention can be practiced without follow ng the order of steps
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templates can be employed to create pores and channels within a scaffold with any shapes
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and complexity. However, creating pore shapes with more complex geometries demands
more different bitmap templates and more complex arrangements of the different bitmap
templates.

[0033] The creation of bitmap templates can be manual drawing of the template
design by using any computer graphic software that supports a bitmap file format. A short
algorithm can also be used to automatically generate the required bitmap templates. The
methods and algorithms for generating and manipulating the bitmap templates are well
known to those skilled in the art, so that no further detéils will be provided herein.

[0034] As aforementioned, the present invention utilizes two-dimensional image
files to create the three-dimensional porous scaffold. The two-dimensional images are
prepared 20. While medical images from CT or MRI are used to illustrate the application
of the principles of the present invention, it is to be appreciated that the present invention is
not so limited. The two-dimensional medical imaging slice data can be generated either by

CT, MRI or other types of computer-based medical imaging systems. The generated image




and conpl exity. However, creating pore shapes with nore conplex geonetries
demands nore different bitmap tenpl ates and nore conpl ex arrangenents of
the different bitnmap tenplates. [0033] The creation of bitmap tenpl ates
can be manual draw ng of the tenplate _design by using any conputer graphic
software that supports a bitmap file fébrmat. A short al gorithm can al so be
used to automatically generate the required bitmap tenplates. The nethods
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3 shows mo3e) The pre-process for categorizing of required and unwanted data from a

DICOM file can be carried out in any possible ways. For example, using a thresholding

process for filtering unwanted data, pixels with intensity value less than the threshold value

as determined by a user are removed as shown below. As such, the threshold value should

be set smaller than the intensity value of the pixels representing the required data.

[0037] flx)y=] 0 for f(x) <€, where € is the Threshold value

{f(x) Otherwise

[0038] The removal of unwanted data can also be carried out manually using a
specially written algorithm or any image editing software that supports DICOM file
format.

[0039] In order to improve the pore sizes and internal channels within the
designed/fabricated tissue engineering scaffold, higher resolutions of the images are
required. As aforementioned, however, each DICOM file format has a fixed pixel/inchk
value set (fixed resolution) determined by the imaging system. In one embodiment, there

is provided a “Grow-and-Reduce Pixelization” technique to artificially enhance the




sanpl e of the pre-processed nedical inmge after having renoved the unwanted
data from the DI COM nedical inmage as shown in FIG 2. [0036] The
pre-process for categorizing of required and unwanted data froma DI COM
file can be carried out in any possible ways. For exanple, using a

threshol ding process for filtering urfant ed dat a, pixels with intensity
val ue less than the threshold value as determ ned by a user are renoved as
shown bealesmintidss sificthe PReOivhridshol The &l e ws mlsRddudre Poatlizatied’ echitihaer t he

intensity value of the pixels representing the required data. [0037],f(x) =
0"F or 1 (SMRISES TR aERE” PES il SHPLERD) BehPhEn oFi GRes iitad FOBEY  The
removal Qfimien WRpPiER s6 M t1EAdtidha dmRee B ahsBHnQHntd B gahdedUsilaB8 wath the
specially witten algorithmor any Tnage editing software that supports

DI COM f i dJame regnintian as Do d8ipinahimagte and thei atirdo ecdue theodimessiord simedfithe er nal

channels withi.n the, desi ned/tf ab ica,[t ed ti iieue.enaqi.neer_hﬁ% $Cﬁ%fol

hi gher ré¥8 i'BY38° BY 9P 3 CREgES" e?réfloroé]ﬁg?lf BT AP mERE Yo Rowever
each Dl GBAtéd Ingagk bsBlordisield tHanXdRds eXRilglialifageyRbMAngS & highdrre@lutRaol ut i on)
determ ned by the i mging system In one enbodinent, there 1is provided a

"G ow anl@04@%duce Pibedioxt sep ehthemeathedsléhe present invprticn) i jo giemapises phen 8
resolutig f il The "G ow and- Reduce. Pixel.] ion”

t echni quoer{ﬁ%eg n]%lﬁag\gs?}ng%ﬂa{ﬁ?gg@% t © Brnegeﬁ%m “833?%%5 g‘gtﬁesﬁflu% g™ éﬁtggﬁg%drefi'gi nal
i mage i NDICEM @ghge) eDepénidifipesn e ebolelicn that ishatuitdde eadt gixvladf theweiginab
transforned into an expanded_ inage with the sanme resolution as the

ori gi nalimagadecorigdd times wiwiseragd calymuewisp éo greate a8 oyerall not 1 fackr gropth.

ded. i : . ; il | ;
Chor oby. h oS fithaf BoRRRAE ML e RILEET b G fR R HelWRcBlL R inh TBET,
i mage, reasdll poregsizer woulh eierefoso reguirenhigh [fAOM0 inctéesedeXThis tpepees$ nidyeberet hods

of the present .inveption.is to grow pixels of an original D COM| e
accor di nigPease R iER dft Thes GG edperies L PYGOY ot abheEsepaRie dn R com

i mage. DeReRALNeheOhst %{59;&{ phéepgﬂhmaﬁeemnaﬁ War 6o gachmel xqf i0f bhe

original 1nmage Is copie mes roww se an éi{) um-w se to create an
over al | appreciatéddbatot isgrossible.to haxe differeat/mmt-waske apdcelusinzeisaindrechsee directly
proport i[%lﬂl] tot h[?nlgglse’crh%llIlixélar(c:ego {lti(i)l’? ?sr caasneg’ed, the image dimension size would
have increased by n x n times after the growth of pixel numbers. The next step of the
methods of the present invention is to reduce the image dimension size of the Expanded-
DICOM image to its original size, resulting in a new image with higher resolution 50. The
accomplishment of this second phase involves opening and reading the DICOM header to
modify the DICOM tag that stores the original pixel resolution information, p. In order to

maintain the image dimension, the new resolution, ppew for n x n factor has to be modified

to:
[0042] Prew = £ (D
n
[0043] where prew is the Intended pixel resolution; p the Original pixel resolution;

and n the Factor increase in row-wise or column-wise.
[0044] In the event that the row and column increase (r and c, respectively) differs,

then the corresponding prew (i.€. p_Xnewand p_yrnew) have to be computed.
[0045] P_Xnew = @

T
P
C

[0046] P_Ynew ™ (3)




smal| pore size would therefore require high factor increased. This proces
may be repeated for each slice in the extended series of DICOM set. The

S

exanple in FIG4 illustrates the case where the pixels have been increased

by 2 x 2 times. It is to be appreciated that it is possible to have
different row wise and col um-w se inc eases. [ 0041] Unl ess the pixel
resolution is changed, the imge dinension size would have increased by n
x n tinmkG04Tlt er t hehge pus theddriginaglixahwesobrtion; [k h«aewrtm(hltmdeqbpbdel tehadutioret hods

of the present I nvent i s tore |on Si

Bpande om BEVTIFGE GBelits ToyiegHaReoiSLb RSP TE %o EOPPHRYE wi ¢

hi gher r&gelioh;irGhe Pibtor ihGeas®G6Riké; BRARMhe F’zict&rhh&ea%@%@mﬂnpﬁ?sée i nvol ves

openi ng and readi n 1ghthe DI COM header to nodify the DICOMtag that stores
1

the ori gpesl pi xel Thiestapuwonld notf ior amst o, reéucel theofilgeyize of theaEnpanidedt he

| mage di eso ut i Ane n

o 11 e IOV Pogofot ARG, I @ia en O8O ydp sl SomiRtioh et

pi xel resedlufibr0bhangetthe: 166 ingivniahagRi vigl hefv%saﬁi cteaped mahberioft pieelkaal gt
increase in roww se or_ colunn-w se. [0044] In the event that the row and

col urm iTReiptadred the obgimakimage shmensiqresiy anfl thissprocess hpsip bawepeded &3aelti ng

pnew (i . S?ICC Bﬁﬁ‘%}w 43 ¥n?}’& sQﬁX&s ngmﬁl?tﬂp(% &%aniu? 415]L&e1)§ g %rilg%naf 2) 1

p [0046]p
DICOM image with unchanged image dimension size, resulting in resolution enhancement.

[0049] As mentioned above, there is a slice thickness between two consecutive
image slices. In order to use the pre-processed image slices to generate the three-
dimensional structure, the slice thickness has to be refined. The refinement may be
accomplished in many different ways. One exemplary refinement is shown in FIG 6. The
refinement is done by duplicating the sets of the pre-processed DICOM image slice files
and filling the slice thicknesses by inserting the duplicated DICOM image slices into the
slice thickness 60. The number of duplicates to be made for each slice is determined by the
thickness of the pre-processed DICOM image slice and the slice thickness. After
duplication, the image header data of all the slices has to be re-designated by the user. This
modification is necessary to ensure that the inserted slices would be deemed as being a
continuous set of 2D images.

[0050] Referring still to FIG 1, after the bitmap templates are created and the image
slices are pre-processed, a Boolean intersection operation is then performed between the
bitmap templates and the image slices 70. Using this operation, the grid pattern of the
bitmap templates will be transferred onto the image slices and will appear as two-
dimensional array of pores and channels. For example, as shown in FIGS 7a and 7b, two
sets of bitmap templates being exact negatives of one another are used to generate the
squared pores and channels as illustrated in FIG 7c. FIG 7d shows the result of
intersecting the Medical Image of FIG 3 and the Bitmap Template 1 of FIG 7a. Different
bitmap templates for intersection with the image slices will be required for different
geometrical shape and size of the pores generated in the scaffold structure.

[0051] For cases where the pore size is represented by n X n (n>1) pixels,

intersection of the image slices with the bitmap templates may result in the generation of




9 [0047] where p is the Oiginal pixel resolution; p_xnew the Intended

pi xel resolution along x or roww se direction; pjnew the |Intended pixel
resolution along y or colum-wi se direction; r the Factor increase

rowv-w se; and c the Factor increase cqglumm-w se. [0048] This step woul d not
in any way reduce the file size of théOExpanded- DI COM i mage but only the

i mge di nension. Only upon successful conpletion of the resolution change
t hat t heingempletedyéormer pohes\aé theredgas ofths eegionabiaterest. B sueh sncamglegepores

T Rl DA PR B A5 8380 8
expansi omaRtiaRi stiekmgOdut o thakadiold BrEMd dBas metfabﬁmﬂaﬂg?sggémgeh

di mensi on size, resulting in resolution enhancenent. [004 ment i oned
above, tleepeends af si4teréals lare Rake desitgblenese theyverncbh satiln bxokenjofhgdhgbi ges. In

order to - Pk Oces [ e i i rat erfhree- .

ai mensi omdgloRfef b i BB PR e o HERELRNE bicphi pation

r ef i nemectecksy yddnéifieaaabroploves aldl incompbsny policé féth@nthe Wayge. 1028 igooRidétalyy
refinement is showm in FIG 6. The refinenment is done bﬁ duplicating. the

sets of IH@cHPEIHIScldeded thy drtgnsitiesgel Yeinizels rensgsening the pedshal material i ce

sets € proce: ! S . ; . _ c
{hi cknes s ydipE € ihodoiblpdinict S8 et (EhpIRAECR haERy PGy dne ! ! o€
det er ni niadorhpletelyre.t RiGKSeasl 81 stohearpertarpebpesstile BhGENIRIGIR tfsreandnd t he

slice thiaﬁek- ess. flter dupl jcation, the inmage header data of all the
slices nafferihy marphalogical pFEAtaR- by the user. This nodification is necessary

to ensur at thery | d . : ay: S LrUOUS
s B S L e e

t enpl at eisnage slicasaéntogtireantimehgonalegmputst repesseantonpyr «f-the seéfobboipdes.BEbt ean

i ntersection..operation is then perf.orned hetween the i tmap tenpl ates and
the | naglreriBELs genl SDimplist P REBUPANRACS PO el e bREHOB R o8] ¢
t enpl at ege Wedffol REF S SAMPRY, HRACHMIIA dbdiEn LAPEEstSet $6:8nR Bt VAl be ARBREI bRS T Wo-
di nrensi onal array of pores and channel's. For exanple, as shown in FI'GS 7a

and 7b, theRapisldirstotifping maeline emfabricats thegionquseaffald nEgathisstep, dfe modifiadhot her
2 U0 BB S e TSR A TR S B e,
t he Bi t nBICORMEil&ferndatOfor Fofevdi@ionDIFIGe9 @Rbws the constructed three-dimensional

structure of the image of FIG 3 that is represented by using the exemplary STL as the

output file format for the three-dimensional reconstruction process.

[0053] Upon having obtained the STL file, the scaffold can be fabricated 100.

There are many available fabricating techniques that can be used for fabricating the

designed scaffold. The exemplary fabricating techniques include Inkjet printing described

by Sanders Jr. et al. in U.S. Pat. No 5,506,607; Stereolithography described by Hull et al. in

U.S. Pat. No 4,575,330; and Laser Sintering described by Deckard et al. in U.S. Pat.

4,863,538.

[0054] FIG 10 shows a scaffold around the jaw area fabricated by a Rapid

Prototyping machine.

[0055] The materials that are applicable for the present invention are not limited to

any specific type. It could be biodegradable if the scaffold is to be used in providing a

support for tissue growth in vivo. It could be ceramic, plastic, polymers, metals, and alloys

if the scaffold is to be used as implant. The selection of a specific material or materials for

making a scaffold depends upon the characteristics of the desired scaffold.




bitmap tenplates for intersection with the inmage slices will be required
for different geonetrical shape and size of the pores generated in the
scaffold structure. [0051] For cases where the pore size is represented by
n x n (n>1) pixels, intersection of tqe i mage slices with the bitmp
tenplates may result in the generatioﬂ of 10 inconpl etely-formed pores at
the edges of the region of interest. If such inconplete pores are not
renoved PP t he i Vélgke the poesent inveyionibh$ beensighdritied witherefevemosttd partichlat oose
ends of terials.sticking,out fromthe scaffold structure durin he
Fabri cat ORGP Rssl ufin g oot R giermibunfut ofe MRHfi%e 80 BB, h5

t hey caninbentRasicbye Rk e liddifed. TAkSmatdve FHBIINALRYLE Ble RBSMAIIVRAtidSwWaRS 'l ed
out to renove the inconplete pores 80. This operation checks, identifies
and r enotksemg|dpppisabipptheseehayong srdinarkiskilk inethe peige whith ghe presentpventos -
formed pore.is the intensities.of .the pixels repr L ng .t he
body. of "Rl S Eh &Rt Rt PR Rl osiSicBied" D e B ubestf PRGN, Sl oty
space), dndesoeby of elipicBent titentioAC OAFYoRdiBIFOEIfR. scob&Sof B preer in Ediion A5

enl arged_ part of the image of FIG 7d before and after the norphol ogi cal
oper at | o¥scribeb Py theeanpnended claipisgandyfis sHRDPQIES Brithg foresosrg descripsiodonver t
the two-dinensional 1image slices into three-di nensional conputer
representations of the scaffold nodels. The three-di nensional conputer
representation depends on the selected fabrication nethod for the
scaffold. For exanple, the scaffold design can be stored format that can be
accepted by the Rapid Prototyping machine to fabricate the porous
scaffold. For this step, the nodified set of DICOMfiles can be input into
a three-di nensional nodeling software that supports DICOMfile format for
conversion. FIG 9 shows the constructed three-di nensional structure of the
image of FIG 3 that is represented by using the exenplary STL as the

output file format for the three-dinensional reconstruction process. [0053]
Upon havi ng obtained the STL file, the scaffold can be fabricated 100.
There are many avail able fabricating techniques that can be used for
fabricating the designed scaffold. The exenplary fabricating techniques

i nclude Inkjet printing described by Sanders Jr. et al. in US. Pat. No
5,506, 607; Stereolithography described by Hull et al. in US. Pat. No
4,575, 330; and Laser Sintering described by Deckard et al. in U S. Pat.




4,863,538. [0054] FIG 10 shows a scaffold around the jaw area fabricated by
a Rapid Prototyping nmachine. [0055] The materials that are applicable for
the present invention are not linted to any specific type. It could be

bi odegradable if the scaffold is to be_used in providing a support for
tissue growh in vivo. It could be cer c, plastic, polymers, netals, and
alloys if the scaffold is to be used as anlant. The selection of a
specific material or materials for nmking a scaffold depends upon the
characteristics of the desired scaféigﬁgﬁil [ 0056] While the present

i nvention has been described with r e to particular enbodinents, it

wi |l be understood that the enbodinents are illustrative and that the
invention scope is not so limted. Alternative enbodi nents of the present
i nvent i oWht Isiclaied isie apparent to those having ordinary skill in the art

to which the present invention pertains. Such alternate enbodi nents are
consi dered to be enconpassed within the spirit and scope of the present
invention. AcAandhedfoy dedifiting 6 dipee-dfmdnipnpl RE6N schffidMitlointersal peesand bed by
t he appended clalns and is supported by the foregoing descrlptlon 12

CLAI VB ViRkrnal shamglspegneciing fhe interal pewesssgid la@tépg RPTRBFIENE hr ee- di nensi onal
porous scaffo I r t r I C t he

i nt ernal pore%gw%%%gbggéﬁt %ﬁ%?ﬁ%?%%gt%gﬁgﬁﬁ éﬁ%@?ﬂﬁhﬁg@ﬁﬁ@gﬁggﬁg

accor di ngpreoand ehabasisreihiathp esaffuidt e mmupouaﬁqutest Ievingogridssaahspacthgnnel s

W t hin tQﬁ sc%;folg_ the bitmap tenpl ates having grids and spaci ngs

bet ween PHECHY g Eridy, o. processi ng two- di mensi onal inages to obtain the
required str L&S‘r’é-ﬂfr@césﬁn@%% d1ﬂﬁ9ﬁondlrlﬁ{ §@§H"9btrahlethree1% iWd QPucPlre 1@
processed ineges; duplrcating the procéssed I mages ereln t |cated
I mages amsgeased to fill the slice thicknesses between two consecutlve

i mages;

increasing the resolution of the processed images;

duplicating the processed images, wherein the duplicated images are used to fill the
slice thicknesses between two consecutive images;

performing Boolean operation between the bitmap templates and the images
including the pre-processed and duplicated, thereby the grid pattern of the bitmap
templates will be transferred onto the images and will appear as two-dimensional array of
pores and channels ; and

converting the series of two-dimensional images into STL format; thereby the

three-dimensional porous scaffold is designed.

2. The method of claim 1, wherein, in the step of generating the bitmap templates, the

number of different bitmap templates depends on the complexity of the pores and channels.

3. The method of claim 1, wherein, in the step of generating the bitmap templates, the
width of the grids and spacings are determined by the shape and dimension of the pores

and channels.

4, The method of claim 1, wherein, in the step of pre-processing the two-dimensional

images, the pre-processing uses a thresholding process for filtering unwanted data.




perform ng Bool ean operation between the bitmap tenplates and the inages

i ncludi ng the pre-processed and duplicated, thereby the grid pattern of the
bitmap tenplates will be transferred onto the images and will appear as

t wo- di nensi onal array of pores and channels ; and converting the series of
t wo- di nensi onal inmages into STL f or mat!? t hereby the three-dinensional
porous scaffold is designed. 2. The nethod of claiml, wherein, in the step
of generat i ngThdemethadrap ctaempl awbstein hige stepndfeincrfasiogf therresalution whphe

t | ates d d t he . | exity of t.h d gh Ls. 3, Th

mot hod JFOERRFTMAESREMBTIFSS PRVERA! SHbPIge! e PHters I ReSs T IsERE) at es,
the W didin®r of BeBrreéltidFh fSPAEPAGSR ita8e, dRHEIICABH oPihcl diReSNGRE s df _
di rension of the pores and channels. 4. The nethod of claim11, wherein, in

t he st epthofexpprdedr weagssinty thehsameusizgi ofethsi mnegssed imees resulimgpinea meptessi ng
uses a thrrceessgﬁo#idi ngvﬁﬁgﬁeﬁss fo¥ t.filteri ng unwanted data. 13 5. The net hod
of clai 1S erer g eéﬁes8ulloﬂbreasi ng the resolution of the processed
i mges conprises growh of each pixel of the processed inmage into a desired
nunber of pixels resulting in an eﬁggnded i mge, and reduction of the

di nensi dhal sTheamethod phelabn §ayyhergin the fierase of ieplukdemeensndseonthedpiorfppcessed
i mage re leﬁﬂgﬂhéﬂix\%}%new y processed inage wth higher resolution. 6. The
m o,

met hod of "cl ai erein the increase of resolution depends on the factor
for growth of the pixels. 7. The nethod of claim1, wherein, in the step
of duplicating the pre-processed inages, the nunber of duplicates for each
slice dez)endslglaﬁpawth%@f glagn ki wherem, dm dhesiepnt ‘ihl?ilﬁét,mg e P@‘qPﬁOF%iﬁe‘gor e

size, or; Skhes . 8. : ein, in
t he st epmjz)agg?o’teﬂ}rﬂ:':c orm néf %%}%Eﬁ%%ﬂp%?gf %l%ndeggﬁs\r/@gﬁ%hlgg%%ﬁ{ag t?.l eerrp gg\/gs and
t he i magemge}therdqoired paetsizenodtht edmesdief the dlivag t enpl ates and the i mages

is determned by the pixel intensity of the bitmap. 9. The nethod of claim
1, wherein the two-di mensional images may be nedical image slices taken by

CT, MR, g Ut ragouehRr oObRgh 1CAMRYERS irpﬁfeeQeﬁr%@ip%?f‘orﬂlH%gB{?&eﬁ h&aBen
between the bitmap templates and the images, the intersection between the bitmap

templates and the images is determined by the pixel intensity of the bitmap.

0. The method of claim 1, wherein the two-dimensional images may be medical image

slices taken by CT, MRI, Ultrasound or other computer-based medical imaging systems.

10.  The method of claim 1, optionally further comprising:
performing a morphological modification to check, identify and remove all

incomplete pores within the image.

11. A method for fabricating a three-dimensional porous scaffold with internal pores
and internal channels connecting the internal pores, comprising:

generating bitmap templates according to the desired shapes and dimensions of the
pores and channels within the scaffold; the bitmap templates having grids and spacings
between the grids;

pre-processing two-dimensional images to obtain the required structure in each
image;

increasing the resolution of the processed images;



10. The method of claim1, optionally further conprising: performng a
nor phol ogi cal nodification to check, identify and renove all inconplete
pores within the inage. 11. A nethod for fabricating a three-dinensional
porous scaffold with internal pores %nd i nternal channel s connecting the
i nternal pores, conprising: generating i t map tenpl ates according to the
desired shapes and di nensions of the pores and channels wthin the

scaf f ol d; t heduplicating the ppicassed ithagdasnghercindde dnpliefsddinagss arbesedde filk the

grids; pre-pr.ocessi t wo- di nensi gnal. i mages to obtain the required
structu_rsélcfe_ﬁmglét?ﬁsersﬁgﬁ‘ée;eni“ﬁ%?gggf “tWé8F%sol ution of the processed images;
14 duplicati nﬁbrfd}ﬁliﬂ%mdopdfﬁﬁ% beWhnein® bifBafs¥ahplarkesd fRIRSagREe used
to fill the slice thicknesses between two consecutive inages; performng

Bool ean inpkwding the pra-prosessedeandi dwplprateshpheneby the@ridhpatiteragefsthei bigmapli ng

Lo at SRR B O SREPRH AR e MR LU Eei o o Glfafprdidfia oF TP

t wo- di meggeoal chaniedy; of pores and channels ; converting the series of

t wo- di mensi onal inmages into STL format; thereby the three-dinensional
porous scaf f ofRVEEingeldie fgEas of hyofdimentandl igagreinto rdd- Hrmatistheredly her ous
scaf f ol o ' r . he scaffold design. 12. The
fabri cagﬁhﬁ% %@%%gn%ﬁo{ﬂt&gis%%%ﬁfgﬁglgi%ré?c%,an%ln the step of generating the

bi t map t enpl fabseatinghthe thrabdimafsiohial peroas scdiidldrageordinp i@ tiesS Te gexnts ofn t he
conpl exitéy of thg .pores and channels. 13. The fabricating nethod of claim
11, wher'8f scaffold designst ep of generating the bitmap tenplates, the width of
the grids and spacings are determ ned by the shape and di nension of the
pores and channels. 14. The fabricating nmethod of claim 11, wherein, in the
step of I e- plloctbsacatingthethbdvof claim 11, wherein, in the step of generating the bitmap

templates, the number of different bitmap templates depends on the complexity of the

pores and channels.

13.  The fabricating method of claim 11, wherein, in the step of generating the bitmap
templates, the width of the grids and spacings are determined by the shape and dimension

of the pores and channels.

14.  The fabricating method of claim 11, wherein, in the step of pre-processing the two-
dimensional images, the pre-processing uses a thresholding process for filtering unwanted

data.

15.  The fabricating method of claim 11, wherein the step of increasing the resolution of
the processed images comprises growth of each pixel of the processed image into a desired
number of pixels resulting in an expanded image, and reduction of the dimensional size of
the expanded image into the same size of the processed image resulting in a newly

processed image with higher resolution.

16.  The fabricating method of claim 15, wherein the increase of resolution depends on

the factor for growth of the pixels.



di mensi onal inmages, the pre-processing uses a threshol ding process for
filtering unwanted data. 15. The fabricating nethod of claim 11, wherein
the step of increasing the resolution of the processed i mages conprises
growt h of each pixel of the processed jmge into a desired nunber of

pi xel s resulting in an expanded i mage,'¥and reduction of the dinensional
size of the expanded inmage into the sane size of the processed i mage
resul tinl.i n BharEabrigating oetededf dlamnyél wwhérein, ghéhre stes of duplonating ghe fiige
fabricating nethod of . claim15, .wherein the increase, of resol utj an depends
on 1 he PACEH PotEgrBRERmBE ohubliesEr for caeh 1 GRESqumen iR reiofofbe B4 of
cl ai m 1lthe WIEOM Mnagd) tHehBqsite@podd siddi Rk teahicRaesk BEtHRIsHcesPr OCessed | mages,

t he nunber of duplicates ?or each slice depends upon the resolution of the
DI COM i mage, the required pore size, or the thickness of the slices. 18.

ool can | per s D bague el oh st b C P, koot hEBr iR bRRut

I Nt er secspepitidREbav@sn the bithiap n@mpladipiat e anget el ifRERStOS beeteehthoed by
the pixel intensity of the bitmap. 19. The fabricating nmethod of claim 11,
wher ei n piHBaR wBwiatesenditbnimage terminedihy therpigeliatensihefdhe bitwar t aken by
CT, MR, Utrasound or other conputer-based nedical imaging systens. 20.
The fabricating method of claim 11, optionally further conprising:
performiy a mefmhﬁbﬂgigcmbthmd{ffclaﬁmtlilomhﬁfeil;;ﬂ%th,o-diﬁeﬁﬁbﬁal ri]ﬁnggles][xﬁﬁjylo1;59 al |

i nconpl ete _pores within the i e. 21. The fabricating netho claim1l
wher ei n, Madicplhigmagsslices trksn WQ@?& MR, fftraspund Qrgthen epmpuier-based megiceal

i ncl udes; {18649k rototyping. 22. A three-di nensional porous scaffold
mamufact]'urggf%bgy F%Fn111.

20.  The fabricating method of claim 11, optionally further comprising:
performing a morphological modification to check, identify and remove all

incomplete pores within the image.

21.  The fabricating method of claim 11, wherein, during the step of fabricating the
scaffold, the technique includes free-form prototyping.

22. A three-dimensional porous scaffold manufactured by claim 11.




