(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization f 11”11

International Bureau ) /IO O O OO O OO

(10) International Publication Number

WO 2009/014718 Al

(43) International Publication Date
29 January 2009 (29.01.2009)

(51) International Patent Classification: (74) Agent: MCDONALD, John, K.; Kilpatrick Stockton
B29C 67/00 (2006.01) AGIF 2/28 (2006.01) LLP, Suite 2800, 1100 Peachtree Street, Atlanta, Georgia
B29C 67/20 (2006.01) 30309 (US).

(81) Designated States (unless otherwise indicated, for every

(21) International Application Number: kind of national protection available): AE, AG, AL, AM,

PCT/US2008/008955 AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,

(22) International Filing Date: 24 July 2008 (24.07.2008) CH, CN, €O, R, €U, CZ, DE, DK, DM, DO, DZ, EC, EF,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,

(25) Filing Language: English 1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, L.C, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,

(26) Publication Language: English MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,

(30) Priority Data: TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

60/961,749 24 July 2007 (24.07.2007)  US 7W.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,

(71) Applicants (for all designated States except US): POREX
CORPORATION [US/US]; 500 Bohannon Road, Fair-
burn, Georgia 30213 (US). NOBLE, Aaron, M. [US/US];
61 Kendall Street, Newnan, Georgia 30263 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): MAO, Guoqiang NO, PL, PT, RO, SE, S, SK, TR), OAPI (BE, BJ, CF;, CG,
[US/US]; 4951 Durley Walk, Smyrna, Georgia 30082 (US). CL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
HENRY, Sebastien, Paul [FR/US]; 707 Arlington Lane, Published:

Smyrna, Georgia 30080 (US). —  with international search report

[Continued on next page]

(54) Title: POROUS LASER SINTERED ARTICLES

FIGURE 1

009/014718 A1 |0 U000 0 00000 00 O 0O

o (57) Abstract: The present invention provides selectively laser sintered porous polymeric articles and methods of making and using
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POROUS LASER SINTERED ARTICLES

PRIOR RELATED APPLICATION DATA

This application hereby claims priority to United States Provisional Patent
Application Serial No. 60/961,749 filed July 24, 2007, which is incorporated herein by
reference.

FIELD OF THE INVENTION

The present invention relates to sintered polymeric materials and, in particular, to
laser sintered porous polymeric materials.
BACKGROUND OF THE INVENTION

Laser sintering is a process involving the construction of a three-dimensional article
by selectively projecting a laser beam having the desired energy onto a layer of particles.
When coupled with computer aided design apparatus, selective laser sintering is an effective
technique for producing prototype as well as mainstream production articles.

Sintered porous polymeric articles are currently constructed by traditional heat
sintering processes. Traditional heat sintering processes include fabricating a mold having
the desired shape of the article to be produced, filling the mold with powder, heating the mold
to sinter the powder particles therein, cooling the mold, and removing the formed article. The
requirement of a mold in traditional sintering processes can be a limiting factor in the
production of prototype articles as well as articles with complicated shapes. The need to
construct a mold can make prototype development expensive and time consuming.
Moreover, molds are limited to some extent by the structural complexity of the article to be
produced and often reqﬁire the use of release agents for effective removal of the article from
the mold. Release agents are generally undesirable for applications where purity or
cleanliness of the produced article is of importance.

With continuing advances in imaging and computer aided design, increasingly
complex articles are being developed for production. Reconstructive implants and prosthetic
devices, among other areas, have benefited from such advances leading to the design of
implants unique to the individual needs of patients. Computer imaging such computed
tomography (CT), for example, can permit the design of a custom reconstructive implant
operable to match the physical parameters of an individual patient. Nevertheless, due to the
limitations of traditional mold sintering processes discussed above, actual fabrication of a
porous sintered implant having a complicated or custom shape can be difficult or

impracticable.
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SUMMARY

The present invention provides laser sintered porous polymeric articles and methods
of making and using the same. In some embodiments, a laser sintered porous polymeric
article comprises an implant tailored to the physical parameters of an individual patient, such
as a craniofacial or maxillofacial implant. Moreover, in some embodiments, methods of the
present invention permit the design and fabrication of sintered porous polymeric articles
having custom and/or complicated shapes or structures, such as implants. Porous sintered
polymeric articles produced according to methods of the present invention, in some
embodiments, are free or substantially free from foreign materials such as those introduced in
traditional mold sintering processes.

In one embodiment, the present invention provides a laser sintered porous polymeric
article having an average pore size ranging from about 10 um to about 1 mm. In some
embodiments, a laser sintered porous polymeric article has an average pore size of at least
about 20 pm. A laser sintered porous polymeric article, in some embodiments, has a porosity
ranging from about 20 percent to about 60 percent. In some embodiments, a laser sintered
porous polymeric material comprises multidirectional and/or interconnected pores.
Additionally, in some embodiments, a laser sintered porous polymeric article comprises only
a single sintered polymeric layer.

The porous structure of laser sintered porous polymeric articles of the present
invention fundamentally differs from laser sintered articles in the prior art. Lasef sintered
polymeric articles of the prior art, such as those used in prototype applications, are fabricated
under conditions that eliminate or minimize porosity and pore structure. As understood by
one of skill in the art, pore structure and porosity are generally undesirable properties in a
laser sintered prototype article, which detract from the quality of the article. Laser sintered
polymeric articles, therefore, are often constructed using polymers having high melt flow
indices unsuitable for producing a porous structure. The high melt flow polymeric materials
simply melt to form a non-porous product during the sintering process.

In another embodiment, the present invention provides a laser sintered porous
polymeric article comprising a first layer and at least one additional layer. In some
embodiments, the first layer and the at least one additional layer comprise the same
polymeric material. In other embodiments, the first layer and the at least one additional layer
comprise different polymeric materials. Moreover, in one embodiment, the first layer has a
porosity greater than the at least one additional layer. Alternatively, in another embodiment,

the first layer has a porosity less than the at least one additional layer.
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In some embodiments, the first and/or any additional layer is non-porous or
substantially non-porous. In one embodiment, for example, a laser sintered porous polymeric
article comprises a porous surface layer and a non-porous or substantially non-porous second
layer. A non-porous or substantially non-porous second layer, in some embodiments, is the
core of the laser sintered article. In such embodiments, the porous surface layer envelopes
the non-porous core. In other embodiments, the porous surface layer partially covers the non-
porous core.

Laser sintered porous polymeric articles, in some embodiments of the present
invention, further comprise at least one inorganic material. In some embodiments, a laser
sintered porous polymeric article further comprises a plurality of particles of at least one
inorganic material dispersed throughout the article. In one embodiment, an inorganic
material comprises a metal including, but not limited to, a transition metal, such as titanium,
silver or mixtures thereof. In another embodiment, an inorganic material comprises surgical
grade stainless steel, steel coated with titanium, titanium nitride, or titanium alloyed with
other metals. In a further embodiment, an inorganic material comprises a calcium phosphate.
In one embodiment, an inorganic material comprises a glass. In some embodiments, a glass
has a composition comprising by weight 45% SiO,, 24.5% Na,0, 24.5% Ca0, and 6% P,0:s.
In some embodiments, a glass comprises BIOGLASS® commercially available from
NovaBone Products, LLC of Alachua Florida or a hydroxyapatite. In some embodiments, an
inorganic material comprises a mixture of any of the foregoing metals, alloys, calcium
phosphates, and/or glasses.

In some embodiments, a laser sintered porous polymeric article does not comprise an
inorganic material, including metals and/or ceramics, in any amount or substantially any
amount.

Additionally, laser sintered porous polymeric articles, in some embodiments of the
present invention, are implants including, but not limited to, non-load bearing implants and/or
load bearing implants. In one embodiment, a laser sintered porous polymeric article is a
craniofacial implant or a maxillofacial implant. Implants, according to some embodiments of
the present invention, may be used to repair any portion of the cranium, such as the frontal,
occipital, parietal, and temporal bones, portions thereof, or combinations thereof. Implants of
the present invention, may also be used to repair other bones of the face, such as the maxilla
and mandible. In another embodiment, implants of the present invention include hip

implants, spine implants as well as other implants for load bearing applications in the body.



WO 2009/014718 PCT/US2008/008955

In another aspect, the present invention provides methods of making a laser sintered
porous polymeric article. A method of making a laser sintered porous polymeric article, in
one embodiment, comprises providing a first layer of particles of a first polymeric material,
heating selected locations of the first layer with electromagnetic radiation to sinter particles
of the first polymeric material to form a three-dimensional article, the three-dimensional
article having an average pore size of at least 20 pm. In some embodiments, the three-
dimensional article has an average pore size ranging from about 10 um to about 1 mm. In
some embodiments, the sintered porous three-dimensional article has a porosity ranging from
about 20 percent to about 60 percent. In another embodiment, the sintered porous three-
dimensional article has a porosity of at least about 20 percent. In some embodiments, the
sintered porous three-dimensional article has a porosity of at least about 30 percent.

In some embodiments, the first layer of particles of a first polymeric material has a
thickness greater than about 10 um, greater than about 50 um, greater than about 75 um,
greater than about 100 um, greater than about 200 pm, or greater than 500 um.

In some embodiments of methods of making a laser sintered porous polymeric
material, electromagnetic radiation comprises visible electromagnetic radiation, infrared
electromagnetic radiation, or combinations thereof. Moreover, in embodiments of methods
of the present invention, electromagnetic radiation is supplied from a radiation source. In one
embodiment, a radiation source comprises a laser. Lasers suitable for use in some
embodiments of the present invention comprise gas lasers, such as a carbon dioxide (COy)
laser, solid state lasers, such as a Nd:YAG (neodymium-doped yttrium aluminium garnet;
Nd:Y3AlsO4,) laser, or semiconductor lasers, such as a laser diode.

A laser sintered porous three-dimensional article, in one embodiment, comprises an
implant as provided herein. An implant, in some embodiments, comprises a non-load bearing
implant, such as a craniofacial implant or maxillofacial implant. An implant, in other
embodiments, comprises a load bearing implant, such as a hip implant or a spinal implant.

A method of making a laser sintered porous polymeric article, in some embodiments,
further comprises providing at least one additional layer of particles of an additional
polymeric material adjacent to the first layer and heating selected locations of the at least one
additional layer with electromagnetic radiation to sinter particles of the additional polymeric
material. In some embodiments, the first polymeric material and the additional polymeric
material are the same. In other embodiments, the first polymeric material and the additional

polymeric material are different.
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Each additional layer comprising particles of an additional polymeric material,
according to some embodiments of the present invention, is stacked upon the preceding layer
in order increase the thickness of the laser sintered porous polymeric article. Sintered
locations of each additional layer, in some embodiments, are selected to correspond with
sintered locations of the preceding layer such that each additional layer and the preceding
layer are fused together. Any number of additional layers may be stacked to produce a laser
sintered porous polymeric article having any desired thickness. In some embodiments, each
additional layer has a thickness of greater than about 10 um, greater than about 50 um,
greater than about 75 um, greater than about 100 um, greater than about 200 um or greater
than about 500 pum.

Furthermore, in some embodiments of methods of making a sintered porous
polymeric article, the first layer has a porosity greater than the at least one additional layer.
Alternatively, in other embodiments, the at least one additional layer has a porosity greater
than the first layer.

In some embodiments, at least one the first and second layers is non-porous or
substantially non-porous. In one embodiment, for example, a laser sintered porous polymeric
article comprises a porous surface layer and a non-porous or substantially non-porous second
layer. A non-porous or substantially non-porous second layer, in some embodiments, is the
core of the laser sintered article. In such embodiments, the porous surface layer envelopes
the non-porous core. In other embodiments, the porous surface layer partially covers the non-
porous core.

In some embodiments of methods of the present invention, particles of a first
polymeric material are mixed with particles of at least one inorganic material prior to
sintering. In other embodiments, particles of the additional polymeric material are mixed
with particles of at least one inorganic material prior to sintering.

In some embodiments, a method of making a laser sintered porous polymeric article
further comprises heating the article subsequent to formation. In some embodiments, the
laser sintered porous article, once formed, is heated to a temperature near or above the
melting point of the first polymeric material and/or any additional polymeric material.
Moreover, the time period for heating is dependent on the size of the article and, in some
embodiments, ranges from about 30 second to about 60 minutes. A laser sintered porous
article, in some embodiments, is heated in an oven.

Additionally, in some embodiments, methods of making a laser sintered porous

polymeric article further comprises smoothing one or more surfaces of the article. Smoothing
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one or more surfaces of a laser sintered porous polymeric article can be accomplished by a
variety of processes, including tumbling, sanding, or combinations thereof.

In a further aspect, the present invention provides methods of treating patients in need
of an implant. In one embodiment, a method of treating a patient in need of an implant
comprises creating a three-dimensional image of an implant area in the patient, converting the
three-dimensional image into a format compatible with a selective laser sintering apparatus,
providing a first layer of particles of a first polymeric material, heating locations of the first
layer selected according to the three-dimensional image with electromagnetic radiation to
sinter particles of the first polymeric material to form a three-dimensional implant having an
average pore size of at least about 20 um, and inserting the three dimensional implant into the
implant area of the patient In some embodiments, the three-dimensional implant has an
average porosity ranging from about 20 percent to about 60 percent. In another embodiment,
the three-dimensional implant has an average porosity of at least about 20 percent. In some
embodiments, the three-dimensional article has an average porosity of at least about 30
percent. Moreover, three-dimensional implants of the present invention can be inserted into
the implant area of a patient according to techniques known to one of skill in the art.

Implants for use in methods of treating patients in need thereof, in some
embodiments, comprise at least one additional layer of sintered polymeric particles. Asa
result, a method of treating a patient in need of an implant, in some embodiments, further
comprises providing at least one additional layer of particles of an additional polymeric
material adjacent to the first layer and heating locations of the at least one additional layer
selected according to the three-dimensional image with electromagnetic radiation to sinter
particles of the additional polymeric material. In some embodiments, the first polymeric
material and the additional polymeric material are the same. In other embodiments, the first
polymeric material and the additional polymeric material are different.

Moreover, in some embodiments of methods of treating a patient in need of an
implant, the first layer of particles of a first polymeric material has a thickness greater than
about 10 um, greater than about 50 um, greater than about 75 um, greater than about 100 pm,
greater than about 200 um, or greater than 500 um. In some embodiments, each additional
layer of particles of an additional polymeric material has a thickness greater than about 10
um, greater than about 50 um, greater than about 75 um, greater than about 100 pm, or
greater than about 200 um or greater than about 500 pum.

In some embodiments, the three-dimensional implant is a non-load bearing implant.

In other embodiments, the three-dimensional implant is a load bearing implant. In one
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embodiment, for example, the three-dimensional implant is a maxillofacial implant or a
craniofacial implant. In some embodiments, the implant is a hip implant or a spinal implant.

These and other embodiments of the present invention are described in greater detail
in the detailed description which follows. These and other objects, features and advantages
of the present invention will become apparent after a review of the following detailed
descriptidn of the disclosed embodiments and claims.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a perspective view of a laser sintered porous polymeric article
according to one embodiment of the present invention.

Figure 2 illustrates a perspective view of a laser sintered porous polymeric article
according to one embodiment of the present invention.

Figure 3 illustrates a perspective view of a laser sintered porous polymeric article
according to one embodiment of the present invention.
DETAILED DESCRIPTION

The present invention provides laser sintered porous polymeric articles and methods
of making and using the same. Laser sintered porous polymeric articles of the present
invention can demonstrate structures or shapes too complicated or impracticable for
traditional heat sintering techniques requiring the fabrication and use of a mold. Moreover,
laser sintered porous polymeric articles of the present invention can demonstrate high purity
being free or substantially free of foreign substances such as agents used to release articles
from a mold. Furthermore, methods of the present invention, in some embodiments, permit
the design and fabrication of sintered porous polymeric articles having customized structures.
In one embodiment, methods of the present invention provide implants, such as craniofacial
and maxillofacial implants, tailored to the physical parameters of an implant site in a patient.

Laser Sintered Porous Polymeric Articles

In one embodiment, the present invention provides a laser sintered porous polymeric
article having an average pore size ranging from about 10 um to about 1 mm. In some
embodiments, a laser sintered porous polymeric article has an average pore size ranging from
about 100 pm to about 400 um, from about 150 um to about 300 pum, or from about 200 um
to about 250 pm. In another embodiment, a laser sintered porous polymeric article has an
average pore size ranging from about 300 pm to about 400 um or from about 400 um to about
600 pm. In some embodiments, a laser sintered porous article has an average pore size of at
least 20 um. In some embodiments, a laser sintered porous article has an average pore size of

at least 50 pm. In a further embodiment, a laser sintered porous polymeric article has an
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average pore size less than about 10 um or greater than about 1 mm. In some embodiments, a
laser sintered porous polymeric material comprises multidirectional and interconnected pores.

A laser sintered porous polymeric article, in some embodiments, has a porosity
ranging from about 20 percent to about 60 percent, from about 30 percent to about 50
percent, from about 35 percent to about 40 percent, or from about 50 percent to about 60
percent. In another embodiment, a laser sintered porous polymeric article has a porosity less
than about 20 percent or greater than about 60 percent. In one embodiment, a laser sintered
porous article has a porosity of at least 20 percent.

In some embodiments, a laser sintered porous polymeric article comprises a single
sintered polymeric layer. In other embodiments, a laser sintered porous polymeric article
comprises a plurality of sintered polymeric layers. In some embodiments, each of the
plurality of layers of a laser sintered porous polymeric article is constructed independently of
any other layer. As a result, layers of a laser sintered porous polymeric article, in some
embodiments, demonstrate different polymers, average pore sizes, and/or porosities.

In one embodiment, laser sintered porous polymeric articles of the present invention
comprise polyolefins, polyamides, polyesters, polyurethanes, polyimides, polyacrylonitriles,
polycarbonates, polymethylmethacrylate (PMMA), polytetrafluoroethylene (PTFE),
polyvinylidene fluoride (PVDF), polyketones, polysulfones, polyetherimides, or
combinations or copolymers thereof.

In some embodiments, a polyolefin comprises polyethylene, polypropylene, or
combinations or copolymers thereof. Polyethylene, in one embodiment, comprises high
density polyethylene (HDPE). High density polyethylene, as used herein, refers to
polyethylene having a density ranging from about 0.92 g/cm® to about 0.97 g/em’. In some
embodiments, high density polyethylene has a degree of crystallinity (% from density)
ranging from about 50 to about 90. In another embodiment, polyethylene comprises
ultrahigh molecular weight polyethylene (UHMWPE). Ultrahigh molecular weight
polyethylene, as used herein, refers to polyethylene having a molecular weight greater than
1,000,000.

In another embodiment, polyketones comprise polyetherketone (PEK),
polyetheretherketone (PEEK), or combinations thereof. Moreover, polysulfones, in some
embodiments, comprise polyether sulfone (PES), polyphenyl sulfone, or combinations
thereof.

In one embodiment, a laser sintered porous polymeric article comprises a

polyethylene having any of the melt flow index values provided in Table 1. The melt flow
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index values provided in Table 1 were determined at 10 minutes under a 2.16 kg load at

190°C as detailed in ASTM 1238-65.

Table 1 - Melt Flow Index (MFI) Values of Polyethylene
MFI Value
less than 100 g

less than 50 g
lessthan 30 g
lessthan 15 g
less than 10 g
lessthan 5 g
less than 2 g
lessthan1 g

In another embodiment, a laser sintered porous polymeric article comprises a
polypropylene having any of the melt flow index values provided in Table 2. The melt flow
index values provided in Table 2 were determined at 10 minutes under a 2.16 kg load at

230°C as detailed in ASTM 1238-65.

Table 2 - Melt Flow Index (MFI) Values of Polypropylene
MFI Value

less than 100 g
less than 50 g
less than 30 g
lessthan 15 g
less than 10 g
lessthan 5 g
lessthan2 g

In another embodiment, a laser sintered porous polymeric article comprises a
polyetheretherketone having any of the melt flow index values provided in Table 3. The melt
flow index values provided in Table 3 were determined at 10 minutes under a 5 kg load at

379°C as set forth in ISO 1133.
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Table 2 - Melt Flow Index (MFI) Values of PEEK
MFI Value

less than 100 cm’
3

less than 50 cm

less than 30 cm®

less than 15 cm’

less than 10 cm®
less than 5 cm®

less than 2 cm®

In another embodiment, a laser sintered porous polymeric article further comprises at
least one inorganic material. In some embodiments, a laser sintered porous polymeric article
further comprises a plurality of particles of at least one inorganic material. Particles of an
inorganic material can be dispersed throughout the polymeric matrix of a laser sintered
porous article. In one embodiment, an inorganic material comprises a metal including, but
not limited to, a transition metals such as titanium, silver, or mixtures thereof. In another
embodiment, an inorganic material comprises surgical grade stainless steel, steel coated with
titanium, titanium nitride, or titanium alloyed with other metals. In one embodiment, an
inorganic material comprises hydroxyapatite. In some embodiments, an inorganic material
comprises a glass. In some embodiments, a glass has a composition comprising by weight
45% Si0,, 24.5% Na,0, 24.5% CaO, and 6% P,0Os. In some embodiments, a glass comprises
BIOGLASS® commercially available from NovaBone Products, LLC of Alachua Florida.

In other embodiments, suitable inorganic materials comprise calcium phosphates.
Calcium phosphates, in some embodiments, have a calcium to phosphorus atomic ratio
ranging from 0.5 to 2.0. Non-limiting examples of calcium phosphates suitable for use in
laser sintered porous articles comprise amorphous calcium phosphate, monocalcium
phosphate monohydrate (MCPM), monocalcium phosphate anhydrous (MCPA), dicalcium
phosphate dihydrate (DCPD), dicalcium phosphate anhydrous (DCPA), octacalcium
phosphate (OCP), a-tricalcium phosphate, B-tricalcium phosphate, hydroxyapatite (OHAp),
poorly crystalline hydroxyapatite, tetracalcium phosphate (TTCP), heptacalcium
decaphosphate, calcium metaphosphate, calcium pyrophosphate dihydrate, calcium
pyrophosphate, carbonated calcium phosphate, or mixtures thereof. In another embodiment,

suitable inorganic material comprise barium sulfate and/or other imaging contrast agents. In

10
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some embodiments, an inorganic material comprises a mixture of any of the foregoing
metals, alloys, calcium phosphates, contrast agents and/or glasses.

A laser sintered porous polymeric article, in some embodiments, comprises at least
one inorganic material in an amount up to about 30 weight percent or from about 5 weight
percent to about 20 weight percent. In some embodiments, a laser sintered porous polymeric
article comprises at least one inorganic material in an amount ranging from about 10 weight
percent to about 15 weight percent. In some embodiments a laser sintered porous polymeric
article comprises at least one inorganic material in an amount less than about 1 weight
percent or in an amount greater than about 30 weight percent. In one embodiment, a laser
sintered porous polymeric article comprises at least one inorganic material in an amount less
than about 0.1 weight percent.

In another aspect, the present invention provides a laser sintered porous polymeric
article comprising a first layer and at least one additional layer, the first layer comprising a
first polymeric material and the at least one additional layer comprising an additional
polymeric material. In one embodiment, the first polymeric material and the additional
polymeric material are the same. In another embodiment, the first polymeric material and the
additional polymeric material are different. Polymers suitable for use as the first polymeric
material and the additional polymeric material are consistent with those provided
hereinabove.

In some embodiments, a laser sintered porous polymeric article comprising a first
layer and at least one additional layer has an average pore size ranging from about 10 pm to
about 1 mm. In other embodiments, the laser sintered porous article has an average pore size
ranging from about 100 um to about 400, from about 150 pm to about 300 um, or from about
200 pm to about 250 um. In another embodiment, a laser sintered porous polymeric article
has an average pore size ranging from about 300 um to about 400 um or from about 400 um
to about 600 um. In some embodiments, a laser sintered porous article has an average pore
size of at least 20 uym. In a further embodiment, a laser sintered porous polymeric article
comprising a first layer and at least one additional layer has an average pore size less than
about 10 pm or greater than about 1 mm.

A laser sintered porous polymeric article comprising a first layer and at least one
additional layer, in one embodiment, has a porosity ranging from about 20 percent to about
60 percent. In another embodiment, the laser sintered porous polymeric article has a porosity
ranging from about 30 percent to about 50 percent, from about 35 percent to about 40

percent, or from about 50 percent to about 60 percent. In some embodiments, a laser sintered

11
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porous polymeric article has porosity less than about 20 or greater than about 60 percent. In
one embodiments, a laser sintered porous article has porosity of at least 20 percent.

In another embodiment, a laser sintered porous polymeric article comprising a first
layer and at least one additional layer comprises a porosity gradient. A porosity gradient is
established, in some embodiments of the present invention, when the first layer of a laser
sintered porous polymeric article has a porosity different than the at least one additional layer
of the laser sintered porous polymeric article. In one embodiment, for example, the first layer
has a porosity greater than the at least one additional layer. In another embodiment, the at
least one additional layer has a porosity greater than the first layer. In some embodiments,
the first layer and the at least one additional layer can independently demonstrate any of the
porosities and pore sizes provided herein.

In some embodiments, the first and/or any additional layer is non-porous or
substantially non-porous. In one embodiment, for example, a laser sintered porous polymeric
article comprises a porous surface layer and a non-porous or substantially non-porous second
layer. A non-porous or substantially non-porous second layer, in some embodiments, is the
core of the laser sintered article. In such embodiments, the porous surface layer envelopes
the non-porous core. In other embodiments, the porous surface layer partially covers the non-
porous core.

A laser sintered porous polymeric article comprising a first layer and at least one
additional layer, in some embodiments, further comprises at least one inorganic material.
Inorganic materials suitable for use in embodiments of laser sintered porous polymeric
articles comprising a first layer and at least one additional layer are consistent with the
inorganic materials recited hereinabove. In one embodiment, a laser sintered porous
polymeric article comprising a first layer and at least one additional layer comprises an
inorganic material in an amount ranging from about 1 weight percent to about 30 weight
percent, from about 5 weight percent to about 20 weight percent, or from about 10 weight
percent to about 15 weight percent. In one embodiment, a laser sintered porous polymeric
articles comprises at least one inorganic material in an amount less than about 0.1 weight
percent.

In some embodiments, particles of an inorganic material are dispersed throughout the
first layer and at least one additional layer of a laser sintered porous polymeric article. In
another embodiment, a compositional gradient is established between the first layer and the at
least one additional layer with respect to the distribution of the inorganic material. In one

embodiment, for example, the first layer of the laser sintered porous polymeric article
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comprises a greater amount of an inorganic material than the at least one additional layer. In
another embodiment, the at least one additional layer of the laser sintered porous polymeric
article comprises a greater amount of the at least one inorganic material.

Laser sintered porous polymeric articles, in some embodiments of the present
invention, are implants. In one embodiment, a laser sintered porous polymeric article is a
non-load bearing implant. Non-load bearing implants, in some embodiments, comprise
craniofacial implants or maxillofacial implants. In another embodiment, an implant is a load
bearing implant. In some embodiments, a load bearing implant comprises hip implants or
spinal implants.

The porous nature of laser sintered polymeric articles of the present invention is
advantageous for implants as it can promote cellular in-growth. As provided herein, in some
embodiments, laser sintered porous polymeric articles demonstrate porosity gradients.
Porosity gradients within a laser sintered polymeric article can promote or assist cellular in-
growth in selected areas of the implant. An implant comprising a laser sintered porous
polymeric article, for example, may have a high porosity on surfaces where cellular in-
growth is desired and low or no porosity on surfaces where cellular in-growth is not desired.
As provided herein, a laser sintered porous polymeric article, in some embodiments,
comprises porous layers and non-porous or substantially non-porous layers. As a result, laser
sintered porous polymeric articles can be constructed to have porosity in regions of the article
where cellular in-growth is desired and low or no porosity in regions of the article wherein
cellular in-growth is not desired.

Moreover, as provided herein in some embodiments, laser sintered porous polymeric
articles comprise compositional gradients. Compositional gradients can be used to enhance
compatibility of implants comprising laser sintered porous polymeric articles of the present
invention with various tissues in a human or animal body. In one embodiment, for example,
an implant comprising a laser sintered porous polymeric article may have higher amounts of
titanium and/or calcium phosphate particles on surfaces proximal or adjacent to bone tissue
and lower amounts of titanium and/or calcium phosphate particles on surfaces distal from
bone tissue. In a further embodiment, porosity and compositional gradients are used in
conjunction to tailor the physical and chemical properties of an implant comprising a laser
sintered porous polymeric article of the present invention to the physical and biochemical

properties of an implant site in a patient.
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Methods of Making Laser Sintered Porous Polymeric Articles

In another aspect, the present invention provides methods of making a laser sintered
porous polymeric article. A method of making a laser sintered porous polymeric article, in
one embodiment, comprises providing a first layer of particles of a first polymeric material
and heating selected locations of the first layer with electromagnetic radiation to sinter
particles of the first polymeric material to form a three-dimensional article, the three-
dimensional article having a porosity of at least 20 percent. In another embodiment, the
three-dimensional article has an average pore size ranging from about 10 um to about 1 mm.
In some embodiments, the three-dimensional article has an average pore size ranging from
about 100 pm to about 400 um, from about 150 um to about 300 um, or from about 200 um
to about 250 pm. In another embodiment, the three-dimensional article has an average pore
size ranging from about 300 um to about 400 um or from about 400 pum to about 600 um. In
some embodiments, the three-dimensional article has an average pore size of at least 20 pm.
In a further embodiment, the three-dimensional article has an average pore size less than
about 10 um or greater than about 1 mm.

Moreover, in some embodiments, the first layer of particles of a first polymeric
material has a thickness greater than about 10 um, greater than about 50 um, greater than
about 75 pm, greater than about 100 pum, greater than about 200 um, or greater than about
500 um. In one embodiment, the first layer of polymeric particles is heated prior to sintering
with electromagnetic radiation.

A three-dimensional article produced according methods of the present invention, in
some embodiments, has a porosity ranging from about 20 percent to about 60 percent, from
about 30 percent to about 50 percent, from about 35 percent to about 40 percent, or from
about 50 percent to about 60 percent. In another embodiment, a three-dimensional article has
a porosity less than about 20 percent or greater than about 60 percent. In one embodiment, a
three-dimensional article has a porosity of at least about 20 percent. In another embodiment,
a three-dimensional article has a porosity of at least about 30 percent.

In some embodiments of methods of making a laser sintered porous polymeric
material, electromagnetic radiation comprises visible electromagnetic radiation, infrared
electromagnetic radiation, or combinations thereof. Moreover, in embodiments of methods
of the present invention, electromagnetic radiation is supplied from a radiation source. In one
embodiment, a radiation source comprises a laser. Lasers suitable for use in some
embodiments of the present invention comprise gas lasers, such as a carbon dioxide (CO,)

laser, solid state lasers, such as a Nd:YAG laser, or semiconductor lasers, such as a laser
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diode. In some embodiments, the power of a laser ranges from about 30 watts to about 100
watts.

In some embodiments, a three-dimensional article produced according to methods of
the present invention comprises a only a single sintered polymeric layer. In other
embodiments, a three-dimensional article comprises a plurality of sintered polymeric layers.

In another embodiment, a method of making a laser sintered porous polymeric article
comprises providing a first layer comprising particles of a first polymeric material mixed
with particles of at least one inorganic material and heating selected locations of the first
layer with electromagnetic radiation to sinter particles of the first polymeric material to form
a three-dimensional article having particles of the at least one inorganic material dispersed
therein. In some embodiments, the three-dimensional article having particles of at least one
inorganic material dispersed therein has an average pore size and/or porosity consistent with
the laser sintered porous polymeric articles provided hereinabove. Inorganic materials
suitable for use in methods of the present invention are consistent with those provided
hereinabove. A first layer comprising particles of a first polymeric material mixed with
particles of at least one inorganic material, in some embodiments, has a thickness greater than
about 50 um, greater than about 75 um, greater than about 100 um, greater than about 200
um, or greater than about 500 um.

Selected locations of layers comprising polymeric particles, in some embodiments,
are exposed to electromagnetic radiation for a time period ranging from less than about 1
second to about five minutes. Exposure time for individual layers of polymeric particles can
be dependent on the cross-sectional area of the layer and the power as well as the number of
scans provided by the source of the electromagnetic radiation, such as a laser. In some
embodiments, a laser has a power of 30 watts, 50 watts, or 100 watts. The polymeric
particles of selected locations of a layer exposed to electromagnetic radiation are heated to a
temperature sufficient to sinter the polymeric particles. In embodiments wherein a non-
porous layer is constructed, polymeric particles of selected locations of a layer exposed to
electromagnetic radiation are heated to melt the particles to form a non-porous structure. In
some embodiments, polymers having a high melt flow index are selected for layers having a
non-porous or substantially non-porous structure.

In some embodiments, a method of making a laser sintered porous polymeric article
further comprises providing at least one additional layer comprising particles of an additional
polymeric material adjacent to the first layer and heating selected locations of the at least one

additional layer with electromagnetic radiation to sinter particles of the additional polymeric
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material. The additional polymeric material, in some embodiments, is the same as the first
polymeric material. In other embodiments, the additional polymeric material is different than
the first polymeric material. In some embodiments, the at least one additional layer is heated
prior to sintering with electromagnetic radiation.

Each additional layer comprising particles of an additional polymeric material,
according to some embodiments of the present invention, is stacked upon the preceding layer
in order increase the thickness of the laser sintered porous polymeric article. Sintered
locations of each additional layer, in some embodiments, are selected to correspond with
sintered locations of the preceding layer such that each additional layer and the preceding
layer are fused together. Any number of additional layers may be stacked to produce a laser
sintered porous polymeric article having any desired thickness. In some embodiments, each
additional layer has a thickness of greater than about 10 pm, greater than about 50 um,
greater than about 75 um, greater than about 100 pm, greater than about 200 um or greater
than about 500 um.

Moreover, in some embodiments of methods of the present invention, the first layer
has porosity greater than the at least one additional layer. In other embodiments, the at least
one additional layer has a porosity greater than the first layer. A porosity gradient, in some
embodiments, can be induced between the first layer and at least one additional layer by
selecting polymeric particles of the first layer to be larger or smaller than the polymeric
particles of the at least one additional layer. In another embodiment, a porosity gradient can
be induced by heating one layer longer than the other layer. The at least one additional layer,
for example, can be heated for a longer time period than the first layer to induce a porosity
gradient wherein the first layer has a greater porosity than the at least one additional layer.

In some embodiments of methods of the present invention, the at least one additional
layer further comprises particles of at least one inorganic material. In some embodiments, the
first layer comprises a greater amount of an inorganic material than the at least one additional
layer. In other embodiments, the at least one additional layer comprises a greater amount an
inorganic material than the first layer.

Moreover, particles of a first polymeric material and particles of an additional
polymeric material can comprise any of the polymers recited hereinabove as being suitable
for use in laser sintered porous materials of the present invention. In some embodiments,
particles of a first polymeric material and particles of an additional polymeric material are
independently selected and have average sizes ranging from about 10 pm to about 5 mm,

from about 50 um to about 3 mm, from about 100 um to about 1 mm, from about 200 pm to
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about 750 um, from about 300 um to about 600 pum, or from about 400 pm to about 500 pm.
In some embodiments, particles of a first polymeric material and/or particles of an additional
polymeric material have an average size ranging from about 400 pm to about 1 mm, from
about 500 pm to about 800 um, or from about 600 pm to about 750 pm.

In some embodiments of a method of making a laser sintered porous polymeric
article, providing a layer of polymeric particles comprises disposing the polymeric particles
in a sintering chamber. A sintering chamber, in some embodiments, is heated to a
temperature near the melting point of the polymeric particles prior to heating selected
locations of the layer of polymeric particles with electromagnetic radiation. The temperature
to which the sintering chamber is heated prior to the selective application of electromagnetic
radiation is dependent on the identity of polymeric particles provided to the chamber.

Additionally, in some embodiments, a method of making a laser sintered porous
polymeric article further comprises heating the article subsequent to formation. In some
embodiments, the laser sintered porous article, once formed, is heated to a temperature near
or above the melting point of the first polymeric material and/or any additional polymeric
material. Moreover, the time period for heating is dependent on the size of the article and, in
some embodiments, ranges from about 30 second to about 60 minutes. A laser sintered
porous article, in some embodiments, is heated in an oven. In some embodiments, a laser
sintered porous article is covered or wrapped with a thermally conductive material during the
heating. In one embodiment, a thermally conductive material comprises a metal foil such as,
but not limited to, aluminum foil. In some embodiments, heating the laser sintered porous
polymeric article increases the mechanical strength of the article.

Additionally, in some embodiments, a methods of making a laser sintered porous
polymeric article further comprises smoothing one or more surfaces of the article. Smoothing
one or more surfaces of a laser sintered porous polymeric article can be accomplished by a
variety of processes, including tumbling, sanding, or combinations thereof.

In some embodiments, a laser sintered porous polymeric article produced by a method
of the present invention comprises an implant. Laser sintered porous polymeric articles of
the present invention, in some embodiments, are non-load bearing implants such as
craniofacial implants or maxillofacial implants. Implants according to some embodiments of
the present invention may be used to cover any portion of the cranium, such as the frontal,
occipital, parietal, and temporal bones, portions thereof, or combinations thereof. Implants of
the present invention, may also be used to repair or replace other bones of the face, such as

the maxilla and mandible.
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Methods of Treating Patients

In another aspect, the present invention provides methods of treating patients in need
of an implant. In one embodiment, a method of treating a patient in need of an implant
comprises creating a three-dimensional image of the implant area in the patient, converting
the three-dimensional image into a format compatible with a selective laser sintering
apparatus, providing a first layer of particles of a first polymeric material, heating locations of
the first layer selected according to the three-dimensional image with electromagnetic
radiation to sinter particles of the first polymeric material to form a three-dimensional
implant having an average pore size ranging from about 10 um to about 1 mm, and inserting
the three-dimensional implant in the implant area.

In some embodiments, the three-dimensional implant has an average pore size ranging
from about 100 um to about 400 um, from about 150 um to about 300 pum, or from about 200
um to about 250 pm. In another embodiment, a laser sintered porous polymeric article has an
average pore size ranging from about 300 um to about 400 um or from about 400 um to about
600 pm. In some embodiments, a laser sintered porous polymeric article has an average pore
size of at least about 20 pum. In another embodiment, the three-dimensional implant has an
average pore size less than about 10 um or greater than about 1 mm. Three-dimensional
implants of the present invention can be inserted into the implant area of a patient according
to techniques known to one of skill in the art.

A three-dimensional implant, in some embodiments of methods of the present
invention, has a porosity ranging from about 20 percent to about 60 percent, from about 30
percent to about 50 percent, from about 35 percent to about 40 percent, or from about 50
percent to about 60 percent. In another embodiment, a three-dimensional implant has a
porosity less than about 20 percent or greater than about 60 percent. In some embodiments, a
three-dimensional implant has a porosity of at least about 20 percent. In another
embodiment, a three-dimensional implant has a porosity of at least about 30 percent.

In some embodiments of methods of treating a patient, electromagnetic radiation
comprises visible electromagnetic radiation, infrared electromagnetic radiation, or
combinations thereof. Moreover, in embodiments of methods of the present invention,
electromagnetic radiation is supplied from a radiation source. In one embodiment, a radiation
source comprises a laser. Lasers suitable for use in some embodiments of the present
invention comprise gas lasers, such as a carbon dioxide (CO,) laser, solid state lasers, such as

a Nd:YAG laser, or semiconductor lasers, such as a laser diode.
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Creating a three-dimensional image of an implant site, in some embodiments,
cofnprises imaging the implant site with computed tomography and/or other imaging
techniques known to one of skill in the art. Moreover, converting the three-dimensional
image into a format compatible with a selective laser sintering apparatus, in some
embodiments, comprises converting the three-dimensional image into computer-readable
format operable to be read by a processing unit of a selective laser sintering apparatus.
Selective laser sintering apparatus suitable for use in methods of the present invention are
commercially available from EOS GmbH of Munich, Germany and 3D Systems, Inc. of Rock
Hill, South Carolina.

Implants for use in methods of treating patients in need thereof, in some
embodiments, comprise at least one additional layer of sintered polymeric particles. As a
result, a method of treating a patient in need of an implant, in some embodiments, further
comprises providing at least one additional layer of particles of an additional polymeric
material adjacent to the first layer and heating locations of the at least one additional layer
selected according to the three-dimensional image with electromagnetic radiation to sinter
particles of the additional polymeric material. In some embodiments, the first polymeric
material and the additional polymeric material are the same. In other embodiments, the first
polymeric material and the additional polymeric material are different. Moreover, in some
embodiments, particles of at least one inorganic material are mixed with particles of the first
polymeric material and/or particles of the additional polymeric material prior to sintering.

In some embodiments of a method of treating a patient, providing a layer of
polymeric particles comprises disposing the polymeric particles in a sintering chamber. A
sintering chamber, in some embodiments, is heated to a temperature near the melting point of
the polymeric particles prior to heating selected locations of the layer of polymeric particles
with electromagnetic radiation. The temperature to which the sintering chamber is heated
prior to the selective application of electromagnetic radiation is dependent on the identity of
polymeric particles provided to the chamber.

The first polymeric layer, in some embodiments of methods treating a patient in need
of an implant, has a thickness greater than about 10 pm, greater than about 50 um, greater
than about 75 pm, greater than about 100 um, greater than about 200 pm, or greater than
about 500 um. Moreover, each additional layer comprising an additional polymeric material,
in some embodiments, has a thickness greater than about 50 pm, greater than about 75 pm,

greater than about 100 pm, greater than about 200 pm, or greater than about 500 pum.
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Particles of a first polymeric material and particles of an additional polymeric
material, in some embodiments, are independently selected and can comprise any of the
polymers recited hereinabove as being suitable for use in laser sintered porous materials of
the present invention.

In some embodiments, particles of a first polymeric material and particles of an additional
polymeric material are independently selected and have average sizes ranging from about 10
pum to about 5 mm, from about 50 um to about 3 mm, from about 100 um to about 1 mm,
from about 200 pm to about 750 pum, from about 300 um to about 600 um, or from about 400
pum to about 500 um. In some embodiments, particles of a first polymeric material and/or
particles of an additional polymeric material have an average size ranging from about 400 pum
to about 1 mm, from about 500 pm to about 800 pm, or from about 600 pm to about 750 pm.

In some embodiments, a three-dimensional implant comprises a non-load bearing
implant such as a craniofacial implant or a maxillofacial implant. In some embodiments, a
three-dimensional implant comprises a non-load bearing implant such as a hip implant or a
spinal implant. Moreover, a patient, in some embodiments, comprises a human patient. In
other embodiment, a patient comprises an animal including, but not limited to, a domesticated
animal such as a cat, dog, or horse.

Embodiments of the present invention are further illustrated in the following non-
limiting examples.

EXAMPLE 1
Preparation of a Selectively Laser Sintered Porous Polymeric Implant

A laser sintering apparatus model number EOSINT P 385 from EOS GmbH was used
to fabricate the laser sintered porous polymeric implant. A computer file encoding an image
of a quarter of a human skull was transferred to the processing unit of the EOS selective laser
sintering apparatus. HDPE particles having an average size of about 500 um and a melt flow
index of 2 g per 10 minutes under a 21.6 kg load at 190°C were loaded into the sample
powder chamber of the laser sintering apparatus. The polyethylene particles were pre-heated
to about 70°C in the sample chamber in an argon atmosphere. The sintering chamber was
heated to a temperature of about 120°C and pre-loaded with a layer of polyethylene particles
having a thickness of about 1 cm. The sintering chamber was lowered down 600 pm. A first
layer of polyethylene particles from the sample chamber was applied to the sintering
chamber, the first layer of polyethylene particles having a thickness of about 600 um. The
first layer of polyethylene particles was heated under argon in the sintering chamber to about

120°C with an infrared source. After the first layer of polyethylene particles reached 120°C,
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locations of the layer selected according to the image of the quarter human skull were
sintered under argon by exposure to a 50 watt CO; laser. Exposure time to the CO; laser was
determined according to the cross-sectional area of the layer and the number of laser scans.

After selected locations of the first layer of polyethylene particles were sintered by the
laser, the sintering chamber was lowered down 600 um and an additional layer of
polyethylene particles from the sample chamber was disposed over the first layer. The
additional layer had a thickness of about 600 pm. The additional layer was heated under
argon to about 120°C with an infrared source. After the additional layer of polyethylene
particles reached 120°C, locations of the additional layer selected according to the image of
the quarter skull were sintered under argon by exposure to a 50 watt CO, laser. Exposure
time to the CO, laser was determined according to the cross-sectional area of the layer and
the number of laser scans.

The process of adding and selectively sintering additional layers of polyethylene
particles was repeated until the fabrication of the quarter skull was complete. After
completion of the laser sintered porous polymeric implant, the temperature of the sintering
chamber was lowered to room temperature and the implant was removed from the sintering
chamber. Figures 1-3 provide perspective views of the quarter skull implant produced in the
present example. The laser sintered porous polymeric implant had an average pore size of
about 153 um and a porosity of about 33%.

EXAMPLE 2
Preparation of a Selectively Laser Sintered Porous Polymeric Implant

A laser sintering apparatus model number EOSINT P 385 from EOS GmbH is used to
fabricate the laser sintered porous polymeric implant. A computer file encoding an image of
a quarter of a human skull is transferred to the processing unit of the EOS selective laser
sintering apparatus. A powder mixture comprising 90 weight percent HDPE particles having
an average size of about 500 um and a melt flow index of 2 g per 10 minutes under a 21.6 kg
load at 190°C and 10 weight percent hydroxyapatite particles (BABI-HAP-G10) is loaded
into the sample powder chamber of the laser sintering apparatus. The particulate mixture is
pre-heated to about 70°C in the sample chamber in an argon atmosphere. The sintering
chamber is heated to a temperature of about 120°C and pre-loaded with a layer of
polyethylene particles having a thickness of about 1 cm. The sintering chamber is lowered
down 600 pm. A first layer of the particulate mixture is applied to the sintering chamber, the
first layer of the particulate mixture having a thickness of about 600 um. The first layer of

the particulate mixture is heated under argon in the sintering chamber to about 120°C with an
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infrared source. After the first layer of the particulate mixture reaches 120°C, locations of the
layer selected according to the image of the quarter human skull are sintered under argon by
exposure to a 50 watt CO; laser. Exposure time to the CO; laser is determined according to
the cross-sectional area of the layer and the number of laser scans. '

After selected locations of the first layer of the particulate mixture are sintered by the
laser, the sintering chamber is lowered down 600 um and an additional layer of particulate
mixture from the sample chamber is disposed over the first layer. The additional layer has a
thickness of about 600 pm. The additional layer of the particulate mixture is heated under
argon to about 120°C with an infrared source. After the additional layer of the particulate
mixture reaches 120°C, locations of the additional layer selected according to the image of
the quarter skull are sintered under argon by exposure to a 50 watt CO, laser. Exposure time
to the CO; laser is determined according to the cross-sectional area of the layer and the
number of laser scans.

The process of adding and selectively sintering additional layers of the particulate
mixture is repeated until the fabrication of the quarter skull is complete. After completion of
the laser sintered porous polymeric implant, the temperature of the sintering chamber is
lowered to room temperature and the implant is removed from the sintering chamber. The
laser sintered porous polymeric implant has an average pore size of about 150 pm and a
porosity of about 35%.

EXAMPLE 3
Preparation of a Selectively Laser Sintered Porous Polymeric Implant Having a Porosity
Gradient

A laser sintering apparatus model number EOSINT P 385 from EOS GmbH is used to
fabricate the laser sintered porous polymeric implant. A computer file encoding an image of
a quarter of a human skull is transferred to the processing unit of the EOS selective laser
sintering apparatus. HDPE particles having an average size of about 500 um and a melt flow
index of 2 g per 10 minutes under a 21.6 kg load at 190°C are loaded into the sample powder
chamber of the laser sintering apparatus. The polyethylene particles are pre-heated to about
70°C in the sample chamber in an argon atmosphere. The sintering chamber is heated to a
temperature of about 120°C and is pre-loaded with a layer of polyethylene particles having a
thickness of about 1 cm. The sintering chamber is lowered down 600 um. A first layer of
polyethylene particles is applied to the sintering chamber, the first layer of polyethylene
particles having a thickness of about 600 um. The first layer of polyethylene particles is

heated under argon in the sintering chamber to about 120°C with an infrared source. After
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the first layer of polyethylene particles reaches 120°C, locations of the layer selected
according to the image of the quarter human skull are sintered under argon by exposure to a
50 watt CO; laser. Exposure time to the CO; laser is determined according to the cross-
sectional area of the layer and the number of laser scans.

After selected locations of the first layer of polyethylene particles are sintered by the
laser, the sintering chamber is lowered down 600 um and an additional layer of polyethylene
particles was disposed over the first layer. The additional layer has a thickness of about 600
pum. The additional layer is heated under argon to about 120°C with an infrared source. After
the additional layer of polyethylene parﬁcles reaches 120°C, locations of the additional layer
selected according to the image of the quarter skull are sintered under argon by exposure to a
50 watt CO, laser. Exposure time to the CO; laser is determined according to the cross-
sectional area of the layer and the number of laser scans.

The process of adding and selectively sintering additional layers of polyethylene
particles is repeated until the fabrication of the lower half of the quarter skull is complete.
After completion of the lower half of the skull implant, HDPE particles having an average
size of about 150 um and a melt flow index of 2 g per 10 minutes under a 21.6 kg load at
190°C are loaded into a second sample powder chamber of the laser sintering apparatus. The
sintering chamber is lowered down 200 um and a layer of polyethylene particles having an
average size of about 150 pm from the second sample chamber is applied to the sintering
chamber comprising the half completed quarter skull. The layer of polyethylene particles
from the second sample chamber has a thickness of about 200 um and is heated under argon
to 120°C. Once the layer of polyethylene particles from the second sample chamber reaches
120°C, locations of the layer selected according to the image of the quarter skull are sintered
under argon by exposure to a 50 watt CO; laser. Exposure time to the CO, laser is
determined according to the cross-sectional area of the layer and the number of laser scans.

After selected locations of the layer of polyethylene particles from the second sample
chamber are sintered, the sintering chamber is lowered 200 pm. An additional layer of
polyethylene particles from the second sample chamber is applied to the laser sintering
chamber. The additional layer has a thickness of about 200 um and is heated under argon to
120°C. Once the additional layer of polyethylene particles reaches 120°C, locations of the
additional layer selected according to the image of the quarter skull are sintered under argon
by exposure to a 50 watt CO; laser. Exposure time to the CO, laser is determined according

to the cross-sectional area of the layer and the number of laser scans.
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The process of adding and selectively sintering additional layers of polyethylene
particles from the second sample chamber is repeated until the upper half of the quarter skull
is completed. After completion of the upper half of the skull implant, the sample chamber is
cooled to room temperature and the implant is removed from the chamber. The lower half of
the implant fabricated from polyethylene particles having an average diameter of about 500
um has a porosity of about 33% and an average pore size of about 150 pm. The upper half of
the implant fabricated from polyethylene particles having an average diameter of about 150
um has a porosity of about 40% and an average pore size of about 40 pym. In some
embodiments, the lower half the skull implant corresponds to the interior side of the implant
while the upper half corresponds to the exterior side of the implant. As demonstrated herein,
porosities of the interior and exterior implant surfaces can be varied according to the type and
application of the implant.

EXAMPLE 4
Preparation of a Selectively Laser Sintered Porous Polymeric Implant

A laser sintering apparatus model number EOSINT P 385 from EOS GmbH is used to
fabricate the laser sintered porous polymeric implant. A computer file encoding an image of
a quarter of a human skull is transferred to the processing unit of the EOS selective laser
sintering apparatus. Polypropylene particles having an average size of about 400 ym and a
melt flow index of 2 g per 10 minutes under a 21.6 kg load at 230°C is loaded into the sample
powder chamber of the laser sintering apparatus. The polypropylene particles are pre-heated
to about 70°C in the sample chamber in an argon atmosphere. The sintering chamber is
heated to a temperature of about 165°C and pre-loaded with a layer of polypropylene
particles having a thickness of about 1 cm. The sintering chamber is lowered down 600 um.
A first layer of polypropylene particles from the sample chamber is applied to the sintering
chamber, the first layer of polypropylene particles having a thickness of about 600 um. The
first layer of propylene particles is heated under argon in the sintering chamber to about
165°C with an infrared source. After the first layer of polypropylene particles reaches 165°C,
locations of the layer selected according to the image of the quarter human skull are sintered
under argon by exposure to a 50 watt CO, laser. Exposure time to the CO, laser is
determined according to the cross-sectional area of the layer and the number of laser scans.

After selected locations of the first layer of polypropylene particles are sintered by the
laser, the sintering chamber is lowered down 600 um and an additional layer of
polypropylene particles from the sample chamber is disposed over the first layer. The

additional layer has a thickness of about 600 um. The additional layer is heated under argon
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to about 165°C with an infrared source. After the additional layer of polypropylene particles
reaches 165°C, locations of the additional layer selected according to the image of the quarter
skull are sintered under argon by exposure to a 50 watt CO, laser. Exposure time to the CO,
laser is determined according to the cross-sectional area of the layer and the number of laser
scans.

The process of adding and selectively sintering additional layers of polypropylene
particles is repeated until the fabrication of the quarter skull is complete. After completion of
the laser sintered porous polymeric implant, the temperature of the sintering chamber is
lowered to room temperature and the implant was removed from the sintering chamber. The
laser sintered porous polymeric implant has an average pore size of about 120 pm and a
porosity of about 35%.

EXAMPLE 5
Heating of a Selectively Laser Sintered Porous Polymeric Implant

The selectively laser sintered porous polymeric implant of Example 1 was subjected
to further heat treatment as provided herein. The implant was wrapped in aluminum foil and
placed in a convection oven for 10 minutes at a temperature of 170°C. The resulting article
had an average pore size of about 150 pm and a porosity of about 30 percent.

All patents, patent applications, publications, and abstracts cited above are
incorporated herein by reference in their entirety. Various embodiments of the invention
have been described in fulfillment of the various objectives of the invention. It should be
recognized that these embodiments are merely illustrative of the principles of the present
invention. Numerous modifications and adaptations thereof will be readily apparent to those
of skill in the art without departing from the spirit and scope of the invention.

That which is claimed is:
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1. A laser sintered porous polymeric article having a porosity of at least 20 percent.

2. The laser sintered porous polymeric article of claim 1 having an average pore size of
at least about 20 um.

3. The laser sintered porous polymeric article of claim 1 having an average pore size
ranging from about 10 pm to about 1 mm.

4. The laser sintered porous polymeric article of claim 1, wherein the laser sintered
porous polymeric article comprises a polyolefin.

5. The laser sintered porous polymeric article of claim 4, wherein the polyolefin
comprises polyethylene, polypropylene, or copolymers thereof.

6. The laser sintered porous polymeric article of claim 5, wherein the polyethylene
comprises high density polyethylene, ultrahigh molecular weight polyethylene, or mixtures
thereof.

7. The laser sintered porous polymeric article of claim 1 further comprising particles of
at least one inorganic material dispersed throughout the article.

8. The laser sintered porous polymeric article of claim 7, wherein the at least one
inorganic material comprises a metal, metal alloy, calcium phosphate, stainless steel, glass, or
combinations thereof.

9. The laser sintered porous polymeric article of claim 7, wherein the particles of the at
least one inorganic material are present in an amount up to about 30 weight percent of the
article.

10. The laser sintered porous polymeric article of claim 1 comprising a first layer and a
second layer.

11. The laser sintered porous polymeric article of claim 10, wherein the first layer
comprises a first polymeric material, and the second layer comprises a second polymeric
material.

12.  The laser sintered porous polymeric article of claim 10, wherein the first layer has a
porosity of at least 20 percent and the second layer is substantially non-porous.

13.  The laser sintered porous polymeric article of claim 12, wherein the first layer is a

surface of the article and the second layer is the core of the article.

14. The laser sintered porous polymeric article of claim 1, wherein the article is an
implant.
15. The laser sintered porous polymeric article of claim 14, wherein the implant

comprises a craniofacial implant or a maxillofacial implant.
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16.  The laser sintered porous polymeric article of claim 1, wherein the article comprises
an interconnected pore structure.
17. A method of producing a sintered porous article comprising:

providing a first layer of particles of a first polymeric material on a surface;

heating selected locations of the first layer to sinter particles of the first polymeric
material to form a three dimensional article, the three dimensional article having a porosity of
at least about 20 percent.
18.  The method of claim 17, wherein heating comprises exposing the selected locations to
electromagnetic radiation.
19.  The method of claim 18, wherein the electromagnetic radiation comprises visible
radiation, infrared radiation, or combinations thereof.
20.  The method of claim 18, wherein the electromagnetic radiation is produced by a laser.
21.  The method of claim 17 further comprising providing at least one additional layer of
particles of a second polymeric material adjacent to first layer and heating selected locations
of the at least one additional layer to sinter particles of the second polymeric material.
22.  The method of claim 21, wherein heating comprises exposing the selected locations of
the at least one additional layer to electromagnetic radiation.
23.  The method of claim 17, wherein the three dimensional article has an average pore
size of at least about 20 um.
24.  The method of claim 17, wherein the three-dimensional article comprises an implant.
25.  The method of claim 24, wherein the implant comprises a craniofacial implant or a
maxillofacial implant.
26.  The method of claim 17, wherein the three dimensional article comprises an
interconnected pore structure.
27. A method of treating a patient in need of an implant comprising:

creating a three-dimensional image of the implant area;

converting the three-dimensional image into a format compatible with a selective
laser sintering apparatus;

providing a first layer of particles of a first polymeric material on a surface;

heating locations of the first layer selected according to the three-dimensional image
to sinter particles of the first polymeric material to form a three dimensional implant, the
three dimensional implant having a porosity of at least about 20 percent; and

implanting the three-dimensional implant into the implant area.
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28. The method of claim 27, further comprising providing at least one additional layer of
particles of a second polymeric material adjacent to the first layer and heating the locations of
the at least one additional layer according to the three-dimensional image to sinter particles of
the second polymeric material.

29.  The method of claim 27, wherein the implant has an average pore size of at least
about 20 um.

30.  The method of claim 27, wherein the implant comprises a multidirectional and
interconnected pore structure.

31. The method of claim 27, wherein the implant comprises a craniofacial implant or a

maxillofacial implant.
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