wo 2014/028505 A1 |1 I} NN TP OO0 RO A A

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

20 February 2014 (20.02.2014)

WIPOIPCT

(10) International Publication Number

WO 2014/0285035 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:

A61C 8/00 (2006.01) A61L 27/04 (2006.01)
A61C 13/09 (2006.01) A61C 5/10(2006.01)
A61L 27/02 (2006.01)

International Application Number:
PCT/US2013/054751

International Filing Date:

13 August 2013 (13.08.2013)
Filing Language: English
Publication Language: English
Priority Data:
61/682,747 13 August 2012 (13.08.2012) US
Applicant: UNIVERSITY OF LOUISVILLE RE-

SEARCH FOUNDATION, INC. [US/US]; Office of
Technology Transfer, MedCenter Three, 201 East Jetferson
Street, Suite 215, Louisville, KY 40202 (US).

Inventors: LIN, Wei-Shao; University of Louisville,
School of Dentistry, 501 S Preston St Suite 312, Louis-

(74

(8D

ville, KY 40202 (US). ZANDINEJAD, Amirali; Univer-
sity of Louisville, School of Dentistry, 501 S Preston St
Suite 312, Louisville, KY 40202 (US). MORTON, Dean;
University of Louisville, School of Dentistry, 501 S Pre-
ston St Suite 312, Louisville, KY 40202 (US).

Agents: WRIGHT, Terry, L. et al.; Stites & Harbison
PLLC, 400 West Market Street, Suite 1800, Louisville, KY
40202 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

[Continued on next page]

(54) Title: METHODS FOR FABRICATING DENTAL PROSTHESES

(57) Abstract: Methods of fabricating dental prostheses are provided that in-

i

] 20

FIG. 3

1 clude the steps of providing a powder of a dental material, and then select-
ively melting the powder of the dental material to produce a functionally
- graded layer of the dental material. Additional layers of functionally graded
dental material are then built on top of the initial layer of dental material to
thereby produce a three-dimensional dental prosthesis having a functionally
graded structure and a desired physical geometry. Dental prostheses pro-
duced by the foregoing methods are also provided.
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METHODS FOR FABRICATING DENTAL PROSTHESES

RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Application Serial No.
61/682,747, filed August 13, 2012, the entire disclosure of which is incorporated herein by

this reference.

TECHNICAL FIELD

[0002] The present invention relates to methods for fabricating dental prostheses. In
particular, the present invention relates to methods for fabricating dental prostheses whereby
a powder of a dental material is selectively melted to produce a three-dimensional dental
prosthesis having a desired physical geometry and one or more functionally graded

mechanical properties.

BACKGROUND

[0003] Titanium and its alloys have been utilized as desirable materials for dental and
orthopedic prostheses because of their excellent corrosion resistance, biocompatibility,
mechanical properties, and high strength-to-weight ratio. [1-4] However, one major concern
regarding the use of these titanium prostheses in medical or dental applications is the
mismatch of the Young’s modulus between the bone (10— 30 GPa) and the titanium material
(110 GPa). [5,6] Because of that mismatch, bone is often insufficiently loaded and becomes
stress-shielded, which then leads to higher bone resorption. Indeed, this mismatch of the
Young’s moduli has been identified as a factor for the loosening of dental implants that
occurs following stress shielding of bone and may result in detrimental resorptive bone
remodeling. [7-8]

[0004] Recently, the introduction of an amount of porosity into titanium and its alloys,
both of which are typically used to produce at least a portion of current dental prostheses, has
been proposed to reduce the Young’s modulus of titanium and potentially overcome the
foregoing detrimental effects. [9] To date, however, the introduction of a sufficient degree of
porosity into titanium-based prostheses has yet to be completely achieved, both from a

customization standpoint and from an economical standpoint. Modern dental prostheses,
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such as dental implants, are predominantly produced by the machining of solid titanium rods,
followed by applying different surface treatments and geometries to improve stability and
enhance osseointegration of the prostheses. However, none of the conventional techniques
are capable of producing a controlled porosity, much less a completely controlled geometry
and external surface morphology in a limited number of steps. [10-13]

[0005] Researchers have also proposed the placement of custom-made root-analogue
implants into an extraction socket to reduce bone and soft-tissue trauma. [24] In those initial
clinical studies, root-identical titanium implants demonstrated favorable results with 100%
primary stability at insertion and 1-month follow up; however, an extremely high failure rate
of 48% was then found over a short time period of 9-months post-operation. [25-27] In a
more recent clinical trial, immediate, non-submerged, custom-made root-analogue zirconia
implants (with surface macro-retentive feature and reduced implant diameter at the cortical
bone area) placed into single-rooted extraction sockets showed an overall survival rate of
02% as late as 33 months under functions. [28] Satisfactory esthetic and functional results
were also achieved with the composite crowns in those studies, with minimal soft and hard
peri-implant tissue resorption being observed, but the ability to produce custom-made
prostheses with a user-defined complexity was nonetheless still limited.

[0006] Similar to the issues encounter in fabricating implants, ceramic materials have
been used for decades to improve esthetic outcomes (i.e., the appearance) of dental
restorations. In fabricating such dental restorations, the intent has been to closely imitate the
optical properties of natural teeth, while maintaining acceptable biomechanical characteristics
and biocompatibility. With the several ceramic materials (glass and oxide ceramics) and
methods for fabrication (conventional, press and Cad-Cam) that are currently employed,
however, cach of the currently-available ceramic dental restorations exhibit a number of
shortcomings, including a higher incidence of fracture compared to prostheses fabricated
exclusively out of dental alloys.

[0007] Accordingly, a method of fabricating a dental prosthesis, such as a dental implant
or dental restoration, that allows greater control over the mechanical properties of the dental
prosthesis, but that is also capable of producing a custom-made prosthesis having a desired
physical geometry and external surface morphology in an efficient and economical manner

would be both highly-desirable and beneficial.
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SUMMARY

[0006] The present invention meets some or all of the above-identified needs, as will
become evident to those of ordinary skill in the art after a study of information provided in
this document.

[0007] This summary describes several embodiments of the present invention, and in
many cases lists variations and permutations of these embodiments. This summary is merely
exemplary of the numerous and varied embodiments. Mention of one or more representative
features of a given embodiment is likewise exemplary. Such an embodiment can typically
exist with or without the feature(s) mentioned; likewise, those features can be applied to
other embodiments of the present invention, whether listed in this summary or not. To avoid
excessive repetition, this summary does not list or suggest all possible combinations of such
features.

[0008] The present invention includes methods for fabricating dental prostheses. In some
implementations of the presently-disclosed methods, a powder of a dental material is first
provided. The powder of the dental material is then selectively melted to produce a
functionally graded layer of dental material. Subsequent to the production of the initial
functionally graded layer of the dental material, additional dental material powder is placed
on that initial layer and is selectively melted to produce a second layer of dental material atop
the initial layer. Such a spreading and selectively melting of additional powders of dental
material is then repeated until a three-dimensional dental prosthesis is produced having a
functionally graded structure and desired geometry.

[0009] In certain implementations of the presently-disclosed methods of producing a
functionally graded, three-dimensional dental prosthesis, selectively melting the powder of
dental material includes fully melting a first portion (e.g., an outer portion) of the powder of
dental material and partially melting a second portion (e.g., a core portion) of the powder of
dental material to produce a layer of dental material having a first area with a density greater
than that of a second area. In some embodiments, selectively melting the powder of the
dental material comprises varying an amount of heat energy applied to the powder of dental
material to produce a layer having a portion with a density, porosity, or both different than
that of an adjacent portion in the layer. In some implementations, selectively melting the
powder of the dental material comprises selective laser melting of the powder of the dental

material.
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[0010] With respect to the dental materials used in accordance with the presently-
disclosed methods, dental materials capable of being implanted into a subject and capable of
undergoing selective melting to produce a functionally graded structure are preferably used.
In some implementations, the dental material is selected from the group consisting of a metal,
a metal alloy, a ceramic, a resin material, or combinations thereof. For example, in some
implementations, the dental material is either lithium disilicate, leucite, mica, titanium,
titanium alloy, gold, gold alloy, zirconium oxide, or combinations thereof. In one
implementation, the dental material is a titanium alloy having about 6 wt% aluminum and
about 4 wt% vanadium.

[0011] With further respect to the fabrication of a dental prosthesis in accordance with
the presently-disclosed methods, in some implementations, the three-dimensional dental
prosthesis that is produced is a dental implant. In some implementations, the implant is
produced by melting a first portion of a dental powder by applying a laser having a power of
about 170 W to the powder, and then selectively meting a second portion of the powder of
dental material by applying a laser having a power of about 43 W to the powder. In some
implementations, the portion of the dental power exposed to the higher power laser can
comprise an upper portion of the dental implant, while the portion of the dental powder
exposed to the lower power laser can comprise the lower portion of the dental implant. In
some implementations, the dental implant produced by the foregoing methods has a strength
of about 300 MPa or an elastic modulus of about 30 GPa.

[0012] In yet further implementations of the presently-disclosed methods, the three-
dimensional dental prosthesis that is fabricated comprises a dental restoration. In some
implementations, through the selective melting of a dental powder, a first portion of powder
of a dental material can be melted to produce an outer portion of the dental restoration having
a greater density than a core portion of the dental restoration, which is produced by melting a
second portion of the powder of the dental material. In some implementations, an outer
portion of a dental restoration is produced that has an elastic modulus of about 60 GPa to
about 120 GPa, a hardness of about 1 GPa to about 4 GPa, or a flexural strength of about 0.6
GPa to about 1.0 GPa. In some implementations, a core portion of a dental restoration is
produced that has an elastic modulus of about 15 GPa to about 30 GPa, a hardness of about
0.6 GPa to about 1.0 GPa, or a flexural strength of about 0.2 GPa to about 0.6 GPa.

[0013] In a further implementation of the presently-disclosed methods, the dental
restoration that is produced is a full contour crown that includes an outer enamel-like portion

having an outer layer and an inner layer, and an inner dentin-like portion. In such
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implementations, the outer enamel-like portion of the crown has a width that extends from
the outer layer to the inner layer, where the hardness and the elastic modulus of the enamel-
like portion reduces gradually across the width of the enamel-like portion from the outer
layer to the inner layer. In some implementations, the outer layer of such an enamel-like
portion has an elastic modulus of about 100 GPa to about 140 GPa and a hardness of about
0.8 GPa to about 1.2 GPa, and the inner layer of such an enamel like-portion has an elastic
modulus of about 40 GPa to about 60 GPa and a hardness of about 0.4 GPa to about 0.8 GPa.
In some implementations, the dentin-like portion of such a crown has an elastic modulus of
about 15 GPa to about 45 GPa.

[0014] Still further provided, in some implementations of the presently-disclosed
methods, are methods of fabricating a dental prosthesis whereby a dental prosthesis is
produced and is configured to correspond to the dental or anatomical structures of a subject.
In some implementations, a method of fabricating a dental prosthesis is provided where
information relating to a dental or anatomical structure of a subject is first received. A
powder of a dental material is then provided as described above. However, rather than
selectively melting the powder of dental material in a standard or predetermined format, the
powder of dental material is selectively melted based on received dental or anatomical
structure information specific to a particular subject in order to produce a functionally graded
layer of the dental material. Repeated layers can then be fabricated based on the provided
information to thereby produce a three-dimensional dental prosthesis that has a functionally
graded structure and that is particularly configured to the dental and anatomical information
(e.g., dental and anatomical structures or a lack thereof) for a particular subject.

[0015] Further features and advantages of the present invention will become evident to
those of ordinary skill in the art after a study of the description, figures, and non-limiting

examples in this document.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIGS. 1A-1B are schematic diagrams showing a cross-sectional view (FIG. 1A)
and a sagittal view (FIG. 1B) of an exemplary dental prosthesis in the form of a dental
implant and fabricated according to the methods of the present invention;

[0017] FIG. 2 is a schematic diagram showing a sagittal view of another exemplary
dental prosthesis in the form of a dental implant and fabricated according to the methods of

the present invention;
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[0018] FIG. 3 is a schematic diagram showing a sagittal view of yet another exemplary
dental prosthesis in the form of a dental implant and fabricated according to the methods of
the present invention;

[0019] FIG. 4 is a schematic diagram showing a cross-sectional view of an exemplary
dental prosthesis in the form of a full contour crown and fabricated according to the methods
of the present invention;

[0020] FIGS. 5A-5B are images of test specimens fabricated according to the methods of
the present invention, including an image showing a specimen having a reduced section
diameter (D) of 5.0 mm and a gage length (G) of 25 mm (FIG. 5A) and an image showing the
completed specimens prior to separating the specimens from the support structure (FIG. 5B);

[0021] FIGS. 6A-6C are images showing optical micrographs of three specimens having
a partially sintered core structure produced with an 85W laser and having various skin or
outer layer thicknesses, including an image of a specimen having a 1.5 mm thick skin (FIG.
6A), an image of a specimen having a 1.0 mm thick skin (FIG. 6B), and an image of a
specimen having a 0.35 mm thick skin (FIG. 6C);

[0022] FIGS. 7A-7B are images showing optical micrographs of two specimens having a
partially sintered core structure produced with a 43W laser, including an image of a specimen
having a 1.5 mm thick skin (FIG. 7A) and an image of a specimen having a 0.35 mm thick
skin (FIG. 7B); and

[0023] FIGS. 8A-8B are graphs showing the elastic modulus of exemplary dental
implants produced according to the methods of the present invention, both as a function of

fraction core (FIG. 8A) and fracture stress (FIG. 8B).

DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0024] The details of one or more embodiments of the present invention are set forth in
this document. Modifications to embodiments described in this document, and other
embodiments, will be evident to those of ordinary skill in the art after a study of the
information provided in this document. The information provided in this document, and
particularly the specific details of the described exemplary embodiments, is provided
primarily for clearness of understanding and no unnecessary limitations are to be understood
therefrom. In case of conflict, the specification of this document, including definitions, will

control.
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[0025] While the terms used herein are believed to be well understood by one of ordinary
skill in the art, definitions are set forth herein to facilitate explanation of the present
invention.

[0026] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which the
present invention belongs. Although any methods, devices, and materials similar or
equivalent to those described herein can be used in the practice or testing of the present
invention, representative methods, devices, and materials are now described.

[0027] Following long-standing patent law convention, the terms “a”, “an”, and “the”
refer to “one or more” when used in this application, including the claims. Thus, for
example, reference to “an implant” includes a plurality of such implants, and so forth.

[0028] Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as reaction conditions, and so forth used in the specification and claims are to
be understood as being modified in all instances by the term “about”. Accordingly, unless
indicated to the contrary, the numerical parameters set forth in this specification and claims
are approximations that can vary depending upon the desired properties sought to be obtained
by the present invention.

[0029] As used herein, the term “about,” when referring to a value or to an amount of
mass, weight, time, volume, concentration or percentage is meant to encompass variations of
in some embodiments £20%, in some embodiments +£10%, in some embodiments +5%, in
some embodiments 1%, in some embodiments £0.5%, and in some embodiments +0.1%
from the specified amount, as such variations are appropriate to perform the disclosed
method.

[0030] As used herein, ranges can be expressed as from “about” one particular value,
and/or to “about” another particular value. It is also understood that there are a number of
values disclosed herein, and that each value is also herein disclosed as “about” that particular
value in addition to the value itself. For example, if the value “10” is disclosed, then “about
10” is also disclosed. It is also understood that each unit between two particular units are
also disclosed. For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also
disclosed.

[0031] The present invention relates to methods of fabricating dental prostheses and,
more particularly, methods of fabricating dental prostheses whereby a powder of a dental
material is selectively melted to produce a three-dimensional dental prosthesis having a

desired physical geometry and one or more functionally graded mechanical properties. In
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some embodiments, the methods of the present invention advantageously allow the physical
geometry of the dental prosthesis, such as the surface geometry, the width, length, and shape
of the prosthesis, and the surface roughness of the prosthesis, to be customized so as to
provide a dental prosthesis with a physical geometry identical or similar to those found in a
naturally-occurring tooth.

[0032] It is appreciated that rapid prototyping (RP), also known as solid freeform
fabrication, is a fabrication process capable of directly generating physical objects with a
defined structure and shape from virtual-3D model data. [10] Selective laser sintering (SLS),
selective laser melting (SLM), stereolithography (SL), blown powder cladding (BPC) and
three-dimensional printing (3DP) are all among the commonly implemented processing
techniques for rapid prototyping techniques. In each of these processes, three-dimensional
virtual data representing the object’s physical geometry is first sliced into thin horizontal
layers using a mathematical algorithm. Then, the data representing each horizontal layer is
used to deposit material in a layer-wise structure based on the three-dimensional design.
Finally, these steps are repeated, with each layer being connected to each other until the final
physical geometry is completed. [11]

[0033] It has now been observed that rapid prototyping processes allow prostheses, such
as dental implants, to be produced more economically than by traditional techniques. More
specifically, it has been observed that a selective layer laser melting process, which makes
use of different fabrication parameters to produce both fully melted (solid) and partially
melted (more porous) structures from dental materials, can be used create dental and/or
orthopedic prostheses having complex geometries and controlled gradient porosities that can
not be produced using conventional machining techniques. As described in further detail
below, it has been discovered that these fabricated prostheses have similar Young’s moduli as
that found in bone tissue, and are further able to reduce the mismatches of Young’s moduli to
provide a prosthesis capable of achieving long-term stability and osseointegration. Moreover,
it has been discovered that a custom prosthesis can be fabricated based on three-dimensional
virtual data obtained from a subject (i.e., from a cone beam computerized tomography (CT)
scan) to thereby provide a prosthesis having an individualized, defined physical geometry, as
well as functionally graded mechanical properties that are specific to a particular subject.

[0034] In some implementations of the present invention, a method of fabricating a
dental prosthesis is provided. The term “prosthesis,” and grammatical variations thereof, is
used herein to refer to a device or structure that can be used externally or can be implanted

into the body of a subject, and that substitutes for or supplements a missing or defective part
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of the body of the subject. In this regard, the term “dental prosthesis™ is used herein to refer
to a prosthesis that can be used in the oral cavity of a subject, either as an external or
implanted prosthesis. Such dental prostheses include, but are not limited to: dental implants,
such as implant fixtures and implant abutments; dental restorations, such as crowns over
dental implants or natural teeth, or indirect partial restorations; and soft tissue replacements
or devices capable of replacing hard and/or soft tissue. In some implementations, the dental
prosthesis is a dental implant. In some implementations, the dental prosthesis is a dental
restoration.

[0035] In one exemplary implementation of the present invention, a method of
fabricating a dental prosthesis is provided where a powder of dental material is first provided
and is then exposed to a power source to selectively melt the powder and produce a layer of
dental material. Various methods of selectively melting a powder of dental material can be
used in accordance with the presently-disclosed methods including, but not limited to, the
selective melting that occurs with direct metal laser sintering (DMLS), electron beam melting
(EBM) selective laser melting (SLM), selective heat sintering (SHS), selective laser sintering
(SLS), and the like. In one preferred implementation, selective melting of the powder of the
dental material comprises selective laser melting of the powder. However, regardless of the
particular method used to selectively melt the dental material powder, by selectively melting
the powder using focused heat sources, in some implementations, the amount of heat energy
applied to portions of powder can be varied so as to produce layers of dental material in
which a first portion of powder is fully melted to yield an area of the resulting layer that has a
greater density (e.g., density similar to that of cast metal), while a second portion of the
powder is partially melted to produce a layer of dental material that is less dense and more
porous as a result of the partial melting together of the particles of the powder. For example,
in some implementations, an amount of laser energy applied to the powder of dental material
is varied so as to produce a portion with a density different than that of an adjacent portion on
the same layer. In some implementations, and as described in further detail below, by using a
laser melting process, a layer of dental material is produced wherein an outer, circumferential
portion of the layer of dental material has a density that is greater than that of a core portion
of the layer, as shown in FIGS. 6A-6C and 7A-7B.

[0036] With respect to the dental materials used in accordance with methods of the
present invention, any dental material capable of being implanted into a subject and capable
of undergoing selective melting can be used without departing from the spirit and scope of

the subject matter described herein. Such dental materials include, but are not limited to,
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metals, metal alloys, ceramics, resin materials, or combinations thereof. In some
implementations, the dental material is selected from titanium (including commercially pure
titanium and titanium alloy), gold or gold alloy, zirconium oxide, lithium disilicate, leucite,
and mica. In some implementations, fluoroapatite (Cas(PO4)sF; calcium fluorophosphates), a
hard crystalline solid is used, as fluoroapatite is a known constituent of tooth enamel and can
be provided in a form that is translucent, as well as in green, blue, brown, violet, or colorless
forms. In some implementations, the dental material comprises a titanium alloy having about
6 wt% aluminum and about 4 wt% vanadium. Of course, various other weight percents of
aluminum and vanadium, as well as various weight percentages of the other foregoing
materials, can also be used and can be selected for a particular application as desired.

[0037] As would be recognized by those of ordinary skill in the art, in implementations
that make use of a laser as the source of heat energy, the laser energy applied to a powder of
a dental material in a particular application will depend on the laser power, scanning velocity,
spacing between scan lines, the thickness of the powder layer, and the size of the powder
particles being melted. In some implementations, the laser power is in the range of about 20
W to about 200 W, such as about 170 W or about 43 W or about 85 W; the scanning velocity
is about 0 to about 7000 mm/s, such as about 1250 mm/s; the spacing between scan lines is
about 0 mm to about 0.3 mm, such as about 0.1 mm; and the thickness of the powder layer
used to produce the layer of dental implant material is about 0 mm to about 0.15 mm, such as
about 0.03 mm. In some exemplary implementations, the powders of dental materials are
comprised of a spherical particles having a diameter of about 0 micrometers to about 45
micrometers, such as a particle size of about 10 micrometers.

[0038] Regardless of the particular laser energy applied and the size of a powder used for
a particular application, in the methods of the present invention, once the initial layer of
dental material is produced with the desired mechanical properties (e.g., densities), additional
layers of dental material are then built on top of the initial layer by repeatedly providing and
spreading a powder of dental material over the existing layers, and then selectively melting
those powder layers to produce additional layers of dental material. In this regard, in some
implementations of the present invention, by repeatedly fabricating layers of dental materials
upon existing layers of dental material, a three-dimensional dental prosthesis can be created
that is functionally graded, either along the horizontal axis, the vertical axis, or both of the
dental prosthesis to thereby provide a dental prosthesis having mechanical properties that
mimic those found in the tooth or natural bone of a subject (e.g., a strength of about 200 MPa

and an elastic modulus of about 3 to about 20 GPa).
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[0039] The term “functionally graded,” and grammatical variations thereof, is used herein
to refer to materials in which there is gradual variation in the composition, structure, or both
the composition and structure of the materials. In a functionally graded material, such
variations occur gradually throughout a given volume of the materials and result in
corresponding changes in the properties of the materials. By having variations in the
properties of the materials over the specified gradient, the materials can thereby be tailored
for specific functions and/or applications. For example, in some implementations of the
present invention, by producing and using layers of functionally graded dental materials to
fabricate a three-dimensional dental prosthesis, a dental prosthesis having a bio-inspired
design can be produced that then allows the dental prosthesis to more closely mimic a
naturally-occurring dental structure, while also achieving an increased biocompatibility and
longevity in a subject as compared to a conventional dental prosthesis.

[0040] As one exemplary fabrication of a dental prosthesis having properties similar to
that found in the tooth of a subject, in one implementation of the present invention, the dental
prosthesis that is produced comprises an implant fixture or, in other words, an artificial root
of a tooth. In that implementation, spherical particles of a titanium alloy comprised of 6 wt%
aluminum and 4 wt% vanadium with a diameter of 1 to 45 micrometers are first provided and
exposed to direct metal laser sintering machine using a scan velocity of 1250 mm/s, a scan
spacing of 0.10 mm, a layer thickness of 0.030 mm, and a laser power of 43 W for the inner
core of each layer, and a laser power of 170 W for the outer, circumferential core layer of
dental material. By using these parameters, in some implementations, an implant fixture is
produced where the core of the material is about 74% of the total volume of the implant
fixture, the strength of the implant fixture is about 300 MPa, and/or the elastic modulus is
about 30 GPa, such that the resulting implant fixture has mechanical properties mimicking
that of a bone of a subject, properties which, in turn, allows the implant fixture to have a
flexible structure and to be capable of decreasing potential bone resorption complications.

[0041] Referring now to FIGS. 1A and 1B, in some implementations of the present
invention, a dental implant 10 is produced having multiple layers 11a, 11b, 11c, 11d and a
top portion 12 that together define a threaded cavity 14 for securing an implant abutment (not
shown). In the implant 10, the multiple layers 11a, 11b, 11c, 11d and the top portion 12 are
fabricated to have functionally graded properties that allow the overall properties of the
implant 10 to be customized in a manner that not only simulates the surrounding soft and
hard tissue, but that also improves the integration of the implant 10 with the surrounding

tissue. In this regard, the outer layer 11a of the implant 10 can be fabricated to include a
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dense or porous structure, with a dense outer layer being used in subjects having dense bones
and a porous outer layer being used in subjects having bones with a more porous structure
and who may require additional bone contact surface to facilitate bone integration with the
surface of the implant 10.

[0042] In the implant 10, the top portion 12 is fabricated by more fully melting the dental
powder to provide a denser material in the top portion 12 that increases the strength of the
implant 10 at the area of the implant that is in contact with the cortical bone of a subject upon
its placement and that is commonly subjected to an increased amount of force during both the
placement of the implant 10 and the subsequent use of the implant 10 by the subject. In this
regard, the top portion 12 is typically fabricated to have a height of up to about 5 mm as such
a height typically corresponds to the height of a cortical bone found in the mouth of a subject.
However, it is, of course, contemplated that an exemplary implant can be fabricated in
accordance with the above-described methods to include a top portion having a height that
corresponds to the height of a cortical bone in a particular subject. Additionally, although
only four layers 11a, 11b, 11¢, and 11d are included in the implant 10 shown in FIGS. 1A-
1B, it is contemplated that, depending on the particle size of the dental powder utilized, any
number of layers can be included in an exemplary implant of the present invention to produce
a desired functionally graded structure.

[0043] As another example of a dental implant that can be produced in accordance with
the presently-disclosed methods, in some implementations, and referring now to FIG. 2, a
dental implant 110 fabricated in accordance with the above-described methods is provided
that, similar to the dental implant of FIGS. 1A and 1B, includes multiple functionally graded
layers 111a, 111b, 111c, 111d and a top portion 112, with the top portion 112 having a
greater density. Unlike the implant 10 shown in FIGS. 1A and 1B, however, the implant 110
does not define a cavity for receiving an implant abutment, but instead includes a square-
shaped abutment 120 that is fabricated along with the remainder of the implant 110 to
provide an implant having a single unitary structure. Of course, the abutment included on an
exemplary implant fabricated in accordance with the presently-disclosed methods can also be
fabricated in a variety of additional shapes as well without departing from the spirit and
scope of the subject matter described herein. For example, as shown in FIG. 3, an exemplary
implant can be provided that, like the implants 10, 110 shown in FIGS. 1A, 1B, and 2,
includes multiple functionally graded layers 211a, 211b, 211¢, 211d and a top portion 212,

but also includes a spherical-shaped abutment 220.
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[0044] With further respect to the fabrication of a dental implant, in some exemplary
implementations, the foregoing methods of fabricating an implant fixture are further varied
s0 as to produce an implant fixture having flexibility at a bottom portion of the fixture (i.e.,
where the implant fixture contacts the cancellous bone of a subject), but less flexibility at an
upper portion of the fixture (i.e., where the implant fixture contacts the cortical bone of a
subject and/or is subsequently connected to an implant abutment or a restoration, such as a
crown). In these implementations, the foregoing parameters are first utilized to produce the
bottom layers of the implant fixture. However, as the height of the implant fixture approaches
a height where the implant fixture will attach to an implant abutment or restoration, the
parameters are varied so as to produce an implant fixture or portion thereof having a greater
strength. For example, in some implementations, a scan velocity of 1250 mm/s, a scan
spacing of 0.10 mm, a powder thickness of 0.030 mm and a laser power of 170 W can be
used to produce an implant fixture or portion thereof having a density and other mechanical
properties that are comparable to currently available implants and/or are capable of
withstanding the pressures of normal oral functions. In some implementations, the strength
of such resulting implant fixtures is about 300 MPa and the elastic modulus is about 30 GPa.
Of course, depending on the particular subject and the particular application, dental implant
fixtures having other mechanical properties, such as greater densities, can be produced by
adjusting the foregoing parameters or the fraction volume and arrangements of the porous
core portions that are found in the implant fixture.

[0045] In another exemplary implementation of the present invention, a method of
fabricating a dental prosthesis is provided that can be used to produce a dental restoration,
such as a replacement crown, where the dental restoration has an outer portion that has
mechanical properties (e.g., modulus of elasticity) identical or similar to those of naturally-
occurring tooth enamel, and an inner portion that has mechanical properties identical or
similar to those of naturally-occurring tooth dentin. For example, in some implementations,
the parameters of the process used to selectively melt the dental powders are varied so as to
produce an outer, enamel-like portion having an elastic modulus of about 60 to about 120
GPa, a hardness of about 1 to about 4 GPa, and a flexural strength of about 0.6 to about 1.0
GPa; and a core, dentin-like portion having an elastic modulus of about 15 to about 30 GPa, a
hardness of about 0.6 to about 1.0 GPa, and a flexural strength of about 0.2 to about 0.6 GPa.
In some implementations, the outer, enamel-like portion and the core, dentin-like portion can
be manufactured simultaneously while, in other implementations, the two portions can be

manufactured independently and then fused together. Furthermore, in some
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implementations, by knowing the degree of translucency and/or color of the dentin and
enamel of a particular subject, a color can be incorporated into the dental restoration during
the fabrication process by adding a desired amount of color modifiers and/or by controlling
the translucency in each layer. As such, in some implementations, a custom dental
restoration can be produced that not only has mechanical properties that mimic those found in
the anatomical structures of a natural human tooth, but that also has a color and translucency
that mimics those found in the teeth of a particular subject.

[0046] Referring now to FIG. 3, as one example of a dental restoration that can be
fabricated in accordance with the presently-disclosed methods, a full contour crown 310 can
be fabricated that includes an outer enamel-like portion 330 having an outer layer 332 and an
inner layer 334, and an inner dentin-like portion 340. Specifically, the full contour crown
310 can be fabricated such that the outer enamel-like portion 330 has a width that extends
from the outer layer 332 to the inner layer 334 and that has a hardness and an elastic modulus
that reduces across the width of the enamel-like portion from the outer layer 332 to the inner
layer 334 to not only produce a functionally graded prosthesis, but to also produce a crown
310 having mechanical properties that correspond to those found in a natural tooth. In some
implementations, the crown 310 can be fabricated by selectively melting a dental material to
produce an outer layer 332 of the enamel-like portion 330 having an elastic modulus of about
100 GPa to about 140 GPa and a hardness of about 0.8 GPa to about 1.2 GPa, an inner layer
334 of the enamel like-portion 330 having an elastic modulus of about 40 GPa to about 60
GPa and a hardness of about 0.4 GPa to about 0.8 GPa, and a dentin-like portion 340 having
an elastic modulus of about 15 GPa to about 45 GPa.

[0047] With further regard to the fabrication of a custom dental prosthesis, in some
implementations of the methods of the present invention, a method of fabricating a dental
prosthesis is provided in which information is first received that relates to a dental or
anatomical structure of a subject. Then, a powder of dental implant material is selectively
melted based on the information that was received regarding the dental or anatomical
structure to thereby produce a three-dimensional dental implant that is specific (e.g.,
customized) to the dental or anatomical structure in that particular subject. For example, in
some implementations, a cone computerized tomography (CT) scan can be used to provide
specific information about the quality and quantity of existing dental or anatomical
structures, such as bone density, adjacent tecth, blood vessels, sinuses, and nerves. Based on
the information obtained from that CT scan, the appropriate size of prosthesis can then be

determined within the limitation of the existing dental or anatomical structures, and the
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existing dental or anatomical structures can be used, for example, to dictate the selection of
the width and length of dental prosthesis and, subsequently, the parameters that are utilized to
selectively melt a dental powder and then fabricate a dental prosthesis that is customized to
the specific subject. In some implementations of the present invention, the information
relating to the dental or anatomical structure of a subject can be provided in the form of a
digital STL (STereoLithography) file that can then be utilized to fabricate a dental prosthesis
(e.g., a crown) having a contour and shape identical or similar to that found in an existing
tooth of a subject.

[0048] As used herein, the term “subject” includes both human and animal subjects.
Thus, veterinary therapeutic uses are provided in accordance with the presently disclosed
subject matter.

[0049] The present invention is further illustrated by the following specific but non-

limiting examples.

EXAMPLES

[0050] To evaluate the use of additive manufacturing technology to fabricate functional
graded dental prostheses, mechanical test specimens of Ti-6Al-4V were created using a
Direct Metal Laser Sintering (DMLS) machine (M270, EOS GmbH, Munich, Germany). The
titanium alloy was nominally composed of 6 wt% aluminum, 4 wt% vanadium. The titanium
powders were obtained from two vendors, EOS GmbH and Raymor Industries (Quebec,
Canada). Both powders had a particle size and geometry that were optimized for use in the
DMLS process and that consisted of spherical particles in the 0-45 um range. The DMLS
process, also known as Selective Laser Melting (SLM), used a 200 watt solid-state scanning
laser to selectively melt areas of a thin layer of metal powder. Repeated spreading and
selective melting of powder layers yielded a three-dimensional metal shape. Depending on
the laser energy utilized, the powder was either fully melted — yielding dense material similar
to cast metal — or was partially melted — yielding a porous material consisting of metal
particles that have sintered together to some degree. The applied laser energy depended on
the laser power, scanning velocity, spacing between scan lines and powder layer thickness.

In this regard, for purposes of the experiment, the specimens were fabricated using scan
velocity 1250 mm/s, a scan spacing of 0.10 mm, and a layer thickness 0.030 mm. Laser
power was varied to achieve full (170W) or partial (43W or 85W) melting.
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[0051] During the DMLS process, cylindrical tensile test specimens were built in a
vertical orientation with a “skin-core” structure to reflect a prototype implant design. The
geometry of the specimen conformed to the standard for tensile testing of metals (ASTM test
method E&M, ASTM International, West Conshohocken, PA) and had a reduced section
diameter of 5.0 mm and a gage length of 25 mm (FIGS. 5A and 5B). The fully dense, outer
“skin” of each specimen was scanned at the highest laser power. The outer skin thickness was
setat 0.35, 1.00 and 1.50 mm for different specimens. The specimens’ specifications are
shown in Table 1 below. The inner “core” region of each specimen was scanned at one of the
lower laser powers. One set of specimens was fabricated at fully density as the control
group, i.e. the skin dimension was set to greater than 2.5 mm, yielding fully melted, dense
material throughout. All specimens were subjected to a stress-relieving heat treatment of

625°C for 2.5 hours in argon.

Table 1. Specifications of Test Groups and Mechanical Properties of Fabricated

Structures.
Laser (W)Y | shin {mum) Wield Xivess {MPa} Fracture Siress (MPaj Elastic Modulns (GPa) ™
aad sk, sl
1 - 138G 41 11 18 ERESS 3 0
) 1546 FRRS Y w 1338 18 i3 2 if
BE 108 e 18 §98 18 @3 2 ifd
85 535 31 55 538 E 83 0
43 1,56 SIE [ da% o 3% H i
43 335 2BE 37 288 34 3% & ity

[0052] Subsequent to fabrication, specimens were then tested in tension using an Instron
5569A S0kN test machine (Norwood, MA) under displacement control at 2.5 mm/min.
Tensile modulus, yield stress and stress-at-fracture were determined from load cell and strain
gage output using Instron’s Bluehill software. Ten replicate tests were performed for each set
of build parameters. After testing, a cross-section from one specimen of each set was
mounted, polished and examined in reflected light using a Olympus MX 5 optical

microscope.
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[0053] The observed mechanical properties of the specimens are shown in Table 1
above. Tensile modulus, yield stress, and stress-at-fracture for skin-core specimens were all
lower than that of the fully dense material. As expected, the strength and stiffness of the
material decreased as skin thickness and laser power decreased. All measurements showed
good reproducibility with standard deviations generally less than 2% of the measured value.
The only exceptions were the two sets of specimens with the smallest skin thicknesses. For
these, the variability of the strength measurements was significantly greater than that of the
denser specimens. For both of those sets, the core comprised 74% of the specimen volume. In
this regard, while it was not possible to identify crack origins from fracture surface
micrographs of those specimens, it was thought that the fracture initiated in the porous core.
The observed large variability in the strength measurements was also consistent with the
irregular nature of the core porosity and the range of pore sizes observed (see, e.g., FIGS. 6C
and 7B).

[0054] FIGS. 6A, 6B, and 6C show optical micrographs of three specimens having
partially sintered core structure produced with 85W laser powers and having a skin
thicknesses of 1.5mm, 1.0mm and 0.35mm respectively. FIGS. 7A and 7B show optical
micrographs of three specimens having partially melted core structures produced with 43W
laser powers and having skin thicknesses of 1.5mm and 0.35mm, respectively. The partially
sintered core was clearly visible in all specimens, with somewhat greater porosity for the
lower laser power specimens. The thickness of skin was close to the nominal value, although
there was no distinct boundary between the dense skin and the irregular, porous core.

[0055] It has been proposed that the placement of custom-made root-analogue implants
into the extraction socket can be used to reduce bone and soft-tissue trauma. [24]. The initial
clinical studies with root-identical titanium implant demonstrated favorable results with
100% primary stability at insertion and 1-month follow up. However, an extremely high
failure rate of 48% was found over a short time period of 9 months post operation. [25, 26]
In a more recent clinical trial, immediate, non-submerged, custom-made root-analogue
zirconia implants (with surface macro-retentive feature and reduced implant diameter at the
cortical bone area) were placed into single-rooted extraction sockets and showed an overall
survival rate of 92% up to 33 months under functions. [27] Satisfactory esthetic and
functional results were achieved with the composite crown in that study with minimal soft
and hard peri-implant tissue resorption.

[0056] In contrast to the previous studies, the design of the titanium specimens described

above simulated a new design concept for implants. The dense outer layer provided sufficient
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surface hardness and strength to withstand an insertion procedure, and the partially-sintered
inner layer with various volume and porosity distribution allowed for control over the desired
overall stiffness of implant. In conjunction with the selective laser sintering process, it was
thus feasible to fabricate a custom implant from a three-dimensional virtual file that would
exhibit a desired geometry and desired functionally graded mechanical properties. In this
regard, the foregoing study was further focused on finding the effect of various fabrication
parameters (different laser energy, solid skin thickness) on the selected mechanical properties
(fracture stress, and elastic modulus) of resulting specimens.

[0057] As shown in Table 1, the gradient structure of titanium specimens that were
fabricated with a 43 W laser to produce a sintered porous core and that had a solid skin
thickness of 0.35 mm demonstrated a Young’s modulus of 35 GPa and a fracture stress of
286 MPa. Although the resulted Young’s modulus was similar to that of bone, the fracture
strength was roughly 25% of the strength of full density specimens. It was found that the
reduced Young’s modulus was accompanied by reduced fracture stress. Previous finite
element analysis (FEA) studies have suggested that the maximum stress of dental implants
under loading was observed at implant the neck, cortical bone areas. [28,29] Although the
implant diameter, length, placement depth, and loading angle can affect the stress distribution
of osseointegrated implants, the fabrication parameters identified in the above-described
research that yielded a reduced Young’s modulus and strength were thought to be more
suitable to fabricate the apical-half of the implant fixture where the lower stress occurs. One
benefit of additive manufacturing process is that custom-made implants with user-defined
complexity can be fabricated, and several fabrication parameters can be combined in one
individual implant fixture. Based on the findings of FEA studies, the implant neck areas may
be more suitable to be produced with fully melted, dense material.

[0058] The pore structure shown in FIGS. 6A-6C and FIGS. 7A-7B consisted of
discrete, isolated pores surrounded by dense, fully connected solid material. The dense
regions of the structure were significantly coarser than the 45 um maximum particle size,
suggesting good melting and bonding of the powder particles at both laser powers.
Comparing the specimens with same skin thickness, the amount of porosity was higher when
the lower laser power was used to produce the partially sintered core structure. (FIG. 6A vs.
FIG. 7A; FIG. 6C vs. FIG. 7B). However, the amount of porosity in the core region was not
related to the laser power alone. The laser energy applied to form the dense skin influences
the temperature and the sintering in the core region. Comparing FIG. 6C to FIGS. 6A and

6B, a relatively thin skin leads to higher porosity for the same laser power values on the core
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structure (85W). FIGS. 7A-7B demonstrate a similar effect in that a thinner skin layer leads
to higher porosity for the same power values on the core structure (43W).

[0059] As noted, the measured elastic modulus depends on both the laser power and the
skin thickness. In this regard, the composite modulus could be modeled using a “rule-of-
mixtures” approach, assuming that the modulus of the partial dense core was less than that of
the dense skin. FIG. 8A shows the elastic modulus as a function of the fraction core (total
volume percentage of porous core structure), which was calculated from the nominal skin
thickness and the specimen diameter. The lines show calculated values assuming core
material moduli of 73 and 16 GPa for the 85 W and 43 W laser powers, respectively. The
lowest modulus achieved, 35 GPa, was similar to that of bone. That value was achieved for a
laser power of 43 W and a skin thickness of 0.35 mm, producing a core that is 74% of the
total volume. Based on the “rule-of-mixtures” model, other combinations of laser power and
skin thickness could achieve that same modulus value. In comparing these values with
previous studies, others have selected different fabrication parameters with a direct laser
metal sintering technique using a continuous 200 W of laser energy and alloy powder (Ti—
6A1-4V) with a particle size of 1-10 um, with the resulting Young’s modulus of the inner
core material (defined as compact titanium group) being 104+7.7 GPa, and that of the outer
porous material (defined as porous titanium group) being 77£3.5 GPa. In the foregoing
experiments, however, the gradient structure of the titanium specimens produced with a 43 W
laser sintered porous core (a core that is 74% of the total volume) and a solid skin thickness
of 0.35 mm, further reduced the Young’s modulus to 35 GPa which is more similar to
observed in bone.

[0060] The fracture stress of the skin-core composite produced in the presently-described
study also decreased as the laser power and skin thickness decreased. FIG. 8B shows the
relationship between elastic modulus and fracture stress for all of the specimens. While not
strictly linear, it appeared that achieving a modulus less that 20 GPa was difficult with a
simple skin-core structure, as below that value, the fracture stress would be zero. The
calculated stress for these tests was based on the total force and cross-sectional area of the
specimens. As these were composite structures consisting of materials with different moduli,
the local stress at any point within the specimen varied from the average value. A simple
rule-of-mixture calculation showed that the maximum stress in the dense skin was much
lower than that measured for the full density titanium specimen. This supported the thought

that the fracture origin for the composite specimens was within the core region.
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[0061] The foregoing study thus provided a set of fabrication parameters for the
production of functionally graded titanium dental implants. Within the findings of foregoing
study, the additive manufacturing technology (Direct Metal Laser Sintering) was observed to
produce specimens with defined and well-controlled porosity core structure, fully sintered
skin and physical geometry based on a digital STL (Stereolithography) file. The achieved
physical geometry and the mechanical properties in the current study demonstrated the proof
of concept to have a custom dental implant fabricated with functionally graded structure,
which is better adapted to the elastic properties of the bone and the long-term performance of
such dental implants may be improved.

[0062] Throughout this document, various references are mentioned. All such references

are incorporated herein by reference, including the references set forth in the following list:
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[0063] It will be understood that various details of the presently disclosed subject matter

can be changed without departing from the scope of the subject matter disclosed herein.

Furthermore, the foregoing description is for the purpose of illustration only, and not for the

purpose of limitation.
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CLAIMS

What is claimed is:

1. A method of fabricating a dental prosthesis, comprising the steps of:

(a) providing a powder of a dental material;

(b) selectively melting the powder of the dental material to produce a functionally graded
layer of the dental material; and

(c) repeating steps (a) and (b) to produce a three-dimensional dental prosthesis having a

functionally graded structure.

2. The method of claim 1, wherein selectively melting the powder of the dental material

comprises selective laser melting of the powder of the dental material.

3. The method of claim 1, wherein selectively melting the powder of the dental material
comprises varying an amount of heat energy applied to the powder of dental material to produce
a layer of dental material having a portion with a density, porosity, or both different than that of

an adjacent portion.

4. The method of claim 1, wherein selectively melting the powder of dental material
comprises fully melting a first portion of the powder of dental material and partially melting a
second portion of the powder of dental material to produce a layer of dental material having a

first area with a density greater than that of a second area.

5. The method of claim 4, wherein the first area comprises an outer portion of the layer, and

wherein the second area comprises a core portion of the layer.

6. The method of claim 1, wherein the dental material is selected from the group consisting

of a metal, a metal alloy, a ceramic, a resin material, and combinations thereof.
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7. The method of claim 6, wherein the dental material is selected from lithium disilicate,

leucite, mica, titanium, titanium alloy, gold, gold alloy, and combinations thercof.

8. The method of claim 7, wherein the dental material comprises a titanium alloy having

about 6 wt% aluminum and about 4 wt% vanadium.

9. The method of claim 4, wherein the three-dimensional dental prosthesis comprises a

dental implant.

10.  The method of claim 9, wherein melting the first portion of the powder of dental material
comprises applying a laser having a power of about 170 W to the powder, and wherein melting
the second portion of the powder of dental material comprises applying a laser having a power of

about 43 W to the powder.

11.  The method of claim 9, wherein the first area comprises an upper portion of the dental

implant and wherein the second area comprises a lower portion of the dental implant.

12.  The method of claim 9, wherein the dental implant has a strength of about 300 MPa or an

elastic modulus of about 30 GPa.

13. The method of claim 4, wherein the three-dimensional dental prosthesis comprises a

dental restoration.

14.  The method of claim 13, wherein the first area comprises an outer portion of the dental

restoration and wherein the second area comprises a core portion of the dental restoration.
15.  The method of claim 14, wherein the outer portion has an elastic modulus of about 60
GPa to about 120 GPa, a hardness of about 1 GPa to about 4 GPa, or a flexural strength of about

0.6 GPa to about 1.0 GPa.

16.  The method of claim 14, wherein the core portion has an elastic modulus of about 15 GPa
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to about 30 GPa, a hardness of about 0.6 GPa to about 1.0 GPa, or a flexural strength of about
0.2 GPa to about 0.6 GPa.

17. The method of claim 1, wherein the three-dimensional dental prosthesis is a full contour
crown, the full contour crown including an outer enamel-like portion having an outer layer and

an inner layer, and the full contour crown including an inner dentin-like portion.

18.  The method of claim 17, wherein the outer enamel-like portion has a width extending
from the outer layer to the inner layer, and wherein a hardness and an elastic modulus of the
enamel-like portion reduces across the width of the enamel-like portion from the outer layer to

the inner layer.

19.  The method of claim 18, wherein the outer layer of the enamel-like portion has an elastic
modulus of about 100 GPa to about 140 GPa and a hardness of about 0.8 GPa to about 1.2 GPa,
and wherein the inner layer of the enamel like-portion has an elastic modulus of about 40 GPa to

about 60 GPa and a hardness of about 0.4 GPa to about 0.8 GPa.

20.  The method of claim 17, wherein the dentin-like portion has an elastic modulus of about

15 GPa to about 45 GPa.

21. A method of fabricating a dental prosthesis, comprising the steps of:

(a) receiving information relating to a dental or anatomical structure of a subject;

(b) providing a powder of a dental material;

(c) selectively melting the powder of the dental material based on the received dental or
anatomical structure information to produce a functionally graded layer of the dental material;
and

(d) repeating steps (b) and (c) to produce a three-dimensional dental prosthesis having a

functionally graded structure.

22.  The method of claim 21, wherein selectively melting the powder of the dental material

comprises selective laser melting of the powder of the dental implant material.
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23.  The method of claim 21, wherein the selective melting of the dental material comprises
varying an amount of heat energy applied to the powder of dental material to produce a layer

having a portion with a density different than that of an adjacent portion.

24. A dental prosthesis produced by the process according to claim 1.
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