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(57) ABSTRACT 

Solid free form fabrication techniques can be utilized indi 
rectly to manufacture substrates, dies, rnodels, near-net 
shapes, shells, and Wax-ups that are then used in the manu 
facture of dental articles. Digital light processing is the most 
preferred indirect method for the production of substrates. 
After the substrates are produced, various coating or depo 
sition techniques such as gel casting, slip casting, slurry 
casting, pressure in?ltration, dipping, colloidal spray depo 
sition or electrophoretic deposition are used to manufacture 
the dental article. 
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SOLID FREE-FORM FABRICATION METHODS 
FOR THE PRODUCTION OF DENTAL 

RESTORATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part applica 
tion of US. application Ser. No. 10/053,430, ?led Oct. 22, 
2001, Which is a continuation-in-part application of US. 
application Ser. No. 09/946,413 ?led Sep. 5, 2001 Which is 
a continuation-in-part of US. application Ser. No. 09/350, 
604 ?led Jul. 9, 1999, now US. Pat. No. 6,322,728, Which 
claims priority to US. Provisional Application Ser. No. 
60/092,432 ?led on Jul. 10, 1998, and is a continuation-in 
part application of US. application Ser. No. 10/027,017 ?led 
Dec. 18, 2001, Which is a divisional of US. application Ser. 
No. 09/376,921, ?led Aug. 18, 1999, now US. Pat. No. 
6,354,836, Which claims priority to US. Provisional Appli 
cation No. 60/097,216, ?led Aug. 20, 1998, and is a con 
tinuation-in-part application of US. application Ser. No. 
10/857,482, ?led May 28, 2004, Which claims priority to 
US. Provisional Application No. 60/474,166, ?led May 29, 
2003, all of Which are hereby incorporated by reference 

FIELD OF THE INVENTION 

[0002] This invention relates to dental restorations made 
from ceramics, glass-ceramics, metals, alloys, and poly 
meric composite materials using solid free-form fabrication 
methods. 

BACKGROUND OF THE INVENTION 

[0003] The fabrication of current all-ceramic dental res 
torations often requires eXtensive labor and time and the 
pro?ciency of highly skilled technicians. Many state-of-the 
art dental restorations reveal a sense of artistry that can 
typically only be achieved manually or “by hand.” While 
aesthetics are preserved With this process, microstructural 
inhomogeneities may appear, affecting strength and reliabil 
ity. The industry has attempted to automate this process by, 
for eXample, pressing croWns. Although pressable croWns 
reduce some of the skill time required, about tWo hours of 
concerted effort is necessary to complete a croWn. Pressed 
croWns may also suffer from similar strength and reliability 
problems typical of “hand made” croWns. 

[0004] Computer assisted design/computer assisted mill 
ing (CAD/CAM) processes and equipment have been 
recently introduced into the dental industry. In these pro 
cesses, a three-dimensional image of a tooth to be restored 
is created along With the teeth surrounding the tooth in an 
effort to create a dental restoration Which is to be placed over 
the tooth. This image is displayed on a computer screen. 
Based on the tooth and surrounding teeth, the dental tech 
nician may then select a tooth from a plurality of tooth forms 
stored in the computer to best ?t the tooth to be restored. The 
selected tooth is projected onto the tooth to be restored until 
an optimum positioning and ?t of the dental restoration is 
achieved. The digital data concerning the dental restoration 
thus formed are supplied to a numerically controlled milling 
machine operating in three dimensions. The milling machine 
cuts a blank of metal or porcelain material into the dental 
restoration design based on the data supplied. 

[0005] Commercially available systems such as 
CERECTM from Siemens, PROCERA® from Nobel Biocare 
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AG, and CICERO® from Cicero Dental Systems, have 
attempted to reduce labor and increase structural reliability. 
HoWever, the necessary machining steps limit the choice of 
materials that can be used in dental restorations and some 
times compromise the strength and/or aesthetics of the 
?nished restoration. 

[0006] One of the current limitations of the CAD/CAM 
approach, Which is not easy to overcome, is the fact that 
currently available systems at best produce copings that 
require veneering layers to provide a natural appearance. 
Consequently, ?nal processing of the croWn is still in the 
hands of dental technicians Which may limit the resulting 
structural reliability of the restoration. The existing com 
mercial CAD/CAM systems are unable to produce full 
croWns. Some of the systems can machine inlays/onlays 
from a solid ceramic block and are not able to produce 
croWns or even copings. Others produce copings that make 
a core of the croWn that can ?t on the prepared tooth but 
require additional Work by dental technicians to provide 
?nal shapes and esthetics. This entails manual building and 
?ring of porcelain layers on top of a coping received from 
the CAD/CAM facility. Supposedly, one or more systems 
Will be able to automate forming of successive veneering 
layers of porcelain on top of a CAD/ CAM coping Which Will 
involve sintering of consecutive porcelain layers folloWing 
their forming by machining or pressing. This is an automa 
tion of steps that are otherWise performed by dental techni 
cians and very Well may not be practically advantageous. 

[0007] One of the key limitations intrinsic to CAM meth 
ods is the fact that machining is not competitive technology 
for mass production of parts and components of any kind 
including dental restorations, e.g. dentures and croWns. At 
any given period of time one cutting tool can be used to 
machine only one part and can not be concurrently used to 
machine another part. 

[0008] It is desirable that the automation of the manufac 
ture of dental restorations be conducive to mass production 
of restorations. It is bene?cial that the automation of the 
manufacture of dental restorations be ef?cient and useful for 
a variety of materials. 

SUMMARY OF THE INVENTION 

[0009] These and other objects and advantages are accom 
plished by the process herein directed to solid free-form 
(SFF) fabrication of dental restorations. SFF techniques can 
be used directly to manufacture single and multi-unit frame 
Works, cores, net shape and near-net shape dental articles or 
alternatively SFF methods can be utiliZed indirectly to 
manufacture substrates, dies, models, near-net shapes, 
shells, and Wax-ups that Will be used in manufacturing 
dental restorations. Among direct solid free-form fabrication 
techniques, three dimensional printing and fused deposition 
modeling are preferred because both ceramic and resin 
based composite dental restorations can be produced in solid 
(e.g. denture teeth) or multilayered form (eg croWns). 
Three-dimensional printing is the most preferred direct 
method for mass-production of dental restorations. Digital 
light processing (DLP) is the most preferred indirect method 
for production of substrates that can be converted to dental 
articles by various coating or deposition techniques such as 
gel casting, slip casting, slurry casting, pressure in?ltration, 
dipping, colloidal spray deposition or electrophoretic depo 
sition. 
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[0010] Three-dimensional printing is used to create a 
dental restoration by ink-jet printing a binder into selected 
areas of sequentially deposited layers of powder. Each layer 
is created by spreading a thin layer of poWder over the 
surface of a poWder bed. Instructions for each layer may be 
derived directly from a CAD representation of the restora 
tion. The area to be printed is obtained by computing the 
area of intersection betWeen the desired plane and the CAD 
representation of the object. All the layers required for an 
aesthetically sound restoration can be deposited concur 
rently slice after slice and sintered/cured simultaneously. 
The amount of green body oversiZe is equivalent to the 
amount of shrinkage Which occurs during sintering or cur 
ing. While the layers become hardened or at least partially 
hardened as each of the layers is laid doWn, once the desired 
?nal shaped con?guration is achieved and the layering 
process is complete, in some applications it may be desirable 
that the form and its contents be heated or cured at a suitably 
selected temperature to further promote binding of the 
poWder particles. The individual sliced segments or layers 
are joined by one or more binders to form the three dimen 
sional structure. The unbound poWder supports temporarily 
unconnected portions of the component as the structure is 
built but is removed after completion of printing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] Features of the present invention are disclosed in 
the accompanying draWings, Wherein similar reference char 
acters denote similar elements throughout the several vieWs, 
and Wherein: 

[0012] FIG. 1 is a cross-sectional vieW of a shell formed 
by rapid prototyping; 
[0013] FIG. 2 is an elevational vieW of a model that has 
been formed from the shell of FIG. 1; 

[0014] FIG. 3 is a cross-sectional vieW of a shell 10 With 
die 20 formed therein; 

[0015] FIG. 4 is an elevational vieW of a plug for use in 
the shell of FIG. 3; 

[0016] FIG. 5 is a cross-sectional vieW of a shell for use 
in the lost Wax process; 

[0017] FIG. 6 is a cross-sectional vieW of a space made 
from the shell in FIG. 5; 

[0018] FIG. 7 is a perspective vieW of Working dies used 
in the process herein; 

[0019] FIG. 8 is an elevational vieW of a series of copings 
attached to a building platform; 

[0020] FIG. 9 is an elevational vieW of a series of copings 
attached to a building platform ready for insertion into a 
suspension of charged particles; and 

[0021] FIG. 10 is an elevational vieW of a series of 
copings attached to a building platform ready for insertion 
into a slip bath. 

DESCRIPTION OF THE INVENTION 

[0022] A number of techniques have been developed in 
recent years that are knoWn under the generic name of solid 
free-form (SFF) fabrication or also knoWn as rapid proto 
typing and are successfully used for net-shape manufactur 
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ing of advanced materials (ceramics, polymers) into small 
and complex shapes. These techniques are similar to CAD/ 
CAM techniques in that the digital representation of the ?nal 
shape and its implementation is designed and controlled by 
a computer. HoWever, the machining step in these tech 
niques is substituted by other computer assisted net-shaping 
techniques including but not limited to three-dimensional 
printing, selective area laser deposition or selective laser 
sintering (SLS), electrophoretic deposition, robocasting, 
fused deposition modeling (FMD), laminated object manu 
facturing (LOM), stereolithography, photostereolithography 
and digital light processing (DLP). Most of these techniques 
Were developed for net-shaped fabrication of polymeric or 
Wax parts, hoWever, some of them, such as three-dimen 
sional printing and fused deposition modeling can be used to 
build complex shapes from ceramic or even metallic mate 
rials as Well. A large variety of ceramic, polymeric and 
composite materials can be fabricated into complex shapes 
using these techniques. US. Pat. Nos. 5,340,656, 5,490,882, 
5,204,055, 5,518,680, 5,490,962, 5,387,380, 5,700,289, and 
4,672,032 are directed to solid free-form fabrication meth 
ods and techniques and are hereby incorporated by refer 
ence. 

[0023] In this invention, SFF techniques are used to make 
dental restorations and various dental articles including but 
not limited to denture teeth, croWns, bridges, space main 
tainers, tooth replacement appliances, orthodontic retainers, 
dentures, posts, jackets, inlays, onlays, facings, veneers, 
facets, implants, abutments, splints, partial croWns, teeth, 
cylinders, pins, and connectors. SFF techniques can be used 
directly to manufacture single and multi-unit frameWorks, 
cores, net shape or near-net shape dental articles or alterna 
tively SFF methods can be utiliZed indirectly to manufacture 
substrates, dies, models, near-net shapes, shells, and Wax 
ups that Will be used in manufacturing dental articles or 
restorations. Among direct solid free-form fabrication tech 
niques, three-dimensional printing and fused deposition 
modeling are preferred because both ceramic and resin 
based composite dental articles or restorations can be pro 
duced in solid (e.g. denture teeth) or multilayered form (eg 
croWns). Three-dimensional printing is the most preferred 
direct method for mass-production of dental restorations. 
DLP is the most preferred indirect method for production of 
substrates that can be converted to dental articles by various 
coating or deposition techniques such as gel casting, slip 
casting, slurry casting, pressure in?ltration, dipping, colloi 
dal spray deposition or electrophoretic deposition. 

[0024] Similarly to CAD/CAM methods, the design of the 
restoration is carried by a CAD device Which uses at least 
tWo inputs: (1) the digital image taken optically directly 
from a mouth of the patient (optical impression) or created 
by digitiZing the impression/die by contact or by an optical 
digitiZer; and (2) a library of teeth shapes and forms. CAD 
devices assure both natural-like shape and proper function of 
the restoration. Both optical and contact digitiZers providing 
input (1) above are described in the literature and some of 
them are commercially available. The speci?c techniques 
may require additional softWare to build the shape according 
to the CAD ?le. 

[0025] In one of the embodiments of the present invention, 
a three-dimensional printing machine is used for mass 
production of dental restorations including, but not limited 
to denture teeth, bridges, croWns, bridges, space maintain 
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ers, tooth replacement appliances, orthodontic retainers, 
dentures, posts, jackets, inlays, onlays, facings, veneers, 
facets, irnplants, abutrnents, splints, partial croWns, teeth, 
cylinders, pins, and connectors. Suitable printing devices 
include both those With a continuous jet stream print head 
and a drop-on-dernand strearn print head. A high speed 
printer of the continuous type may be used Which has a line 
printing bar containing approximately 1500 jets Which can 
deliver up to 60 million droplets per second in a continuous 
fashion and can print at speeds up to 900 feet per minute. 
Both raster and vector apparatuses can be used. A raster 
apparatus is Where the printhead goes back and forth across 
the bed With the jet turning on and off. This can have 
problems When the material is likely to clog the jet upon 
settling. A vector apparatus is similar to an X-y printer. 
Although potentially sloWer, the vector printer may yield a 
more uniform ?nish. 

[0026] Three-dimensional printing is used to create a 
dental restoration by ink-jet printing a binder into selected 
areas of sequentially deposited layers of poWder. Each layer 
is created by spreading a thin layer of poWder over the 
surface of a poWder bed. The poWder bed is supported by a 
piston Which descends upon poWder spreading and printing 
of each layer, or conversely, the ink jets and spreader are 
raised after printing of each layer and the bed rernains 
stationary. Instructions for each layer may be derived 
directly from a CAD representation of the restoration. The 
area to be printed is obtained by computing the area of 
intersection betWeen the desired plane and the CAD repre 
sentation of the object. The individual sliced segments or 
layers are joined to form the three dimensional structure. 
The unbound poWder supports ternporarily unconnected 
portions of the component as the structure is built but is 
removed after completion of printing. 

[0027] The three-dirnensional printing apparatus includes 
a poWder dispersion head Which is driven reciprocally in a 
shuttle motion along the length of the poWder bed. A linear 
stepping rnotor assembly is used to move the poWder 
distribution head and the binder deposition head. The poW 
der material is dispensed in a con?ned region as the dis 
pensing head is moved in discrete steps along the mold 
length to form a relatively loose layer having a typical 
thickness of about 100 to about 200 microns. All the layers 
required for an aesthetically sound restoration can be depos 
ited concurrently slice after slice and sintered/cured simul 
taneously. The amount of green body oversiZe is equivalent 
to the amount of shrinkage Which occurs during sintering or 
curing. Although poWder is used herein to identify the 
material, the material may include particles of any shape 
including ?bers, rod-shaped particles, spherical particles, or 
any shape or form of material used in the manufacture of 
dental restorations. An ink jet print head having a plurality 
of ink-jet dispensers is also driven by the stepping rnotor 
assembly in the same reciprocal manner so as to folloW the 
motion of the poWder head and to selectively produce jets of 
a liquid binder material at selected regions thereby causing 
the poWdered material at such regions to become bonded. 
The binder jets are dispensed along a line of the printhead 
Which is moved in substantially the same manner as the 
dispensing head. Typical binder droplet siZes are about 15 to 
about 50 microns. The poWder/binder layer forming process 
is repeated so as to build up the restoration, layer by layer. 
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[0028] While the layers becorne hardened or at least 
partially hardened as each of the layers is laid doWn, once 
the desired ?nal shaped con?guration is achieved and the 
layering process is complete, in some applications it may be 
desirable that the form and its contents be heated or cured at 
a suitably selected temperature to further promote binding of 
the poWder particles. In either case, Whether or not further 
curing is required, the loose, unbounded poWder particles 
are removed using a suitable technique, such as ultrasonic 
cleaning, to leave a ?nished restoration. 

[0029] For effective use, the poWder particles should be 
uniformly deposited at a relatively high rate, the rate being 
selected in accordance With the application for Which the 
technique is used. For many useful applications the poWder 
particles can preferably be packed at relatively high densi 
ties, While in other applications the density may be consid 
erably loWer Where restorations having greater porosity are 
desired. KnoWn techniques used in the ?elds of colloidal 
science and poWder dispersion chernistry can be used to 
provide the desired uniforrn depositions of such poWders at 
the required rates and densities. Thus, poWders can be 
dispensed either as dry poWders or in a liquid vehicle, such 
as in a colloidal dispersant or in an aqueous suspension. In 
the dry state, the desired compaction of particles can be 
achieved using rnechanical vibrating cornpaction techniques 
or by applying acoustic energy, i.e., either sonic or ultrasonic 
vibrations, to the deposited poWder or by applying a pieZo 
electric scraper to the deposited poWder. 

[0030] The ink-jet printing of the binder material should 
utiliZe droplets of materials having shrinkage characteristics 
such that the dimensional tolerances of the restoration being 
made are maintained upon hardening thereof. While the 
binder solution must have a relatively high binder content, 
the viscosity thereof should be loW enough so as to be able 
to How through the printing head for deposit into the poWder 
material. The binder material should be selected to penetrate 
the layer and to perform its binding action relatively rapidly 
in each layer so that the neXt layer of poWder particles can 
be subsequently applied thereto. When using certain ink-jet 
technology the binder material may require at least a mini 
mum electrical conductivity, particularly When using cur 
rently available continuous jet printing heads, for example, 
Which require enough conductivity to establish charge on the 
binder solution droplets as they are emitted from the head. 
Where conductivity cannot be established in the binder, as 
With certain organic solvents, for example, the binder can be 
applied using drop-on-dernand print heads. 

[0031] The binder material may have a high binding 
strength as each layer is deposited so that, When all the layers 
have been bonded, the component forrned thereby is ready 
for use Without further processing. In other cases, it may be 
desirable, or necessary, to perform further processing of the 
restoration. For example, While the process may be such as 
to impart a reasonable strength to the restoration Which is 
formed, once the restoration is formed it can be further 
heated or cured to further enhance the binding strength of the 
particles. In some cases, the binder is removed during such 
heating or ?ring process, While in others, it can remain in the 
material after ?ring. Which operation occurs depends on the 
particular binder material which has been selected for use 
and on the conditions, e.g., temperature, under Which the 
heating or ?ring process is performed. Other post-processing 
operations may also be performed folloWing the formation 
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of the restoration. The rate at Which a ceramic, metal, plastic, 
or composite restoration can be made depends on the rates 
used to deposit the poWder and to supply the binder liquid, 
and on the rate at Which each bonded layer hardens as the 
layers are deposited one on the other. 

[0032] Any ceramic material having strength to Withstand 
forces in the mouth may be used herein. Preferably, the 
ceramic material is in particulate form. Examples of ceramic 
materials include, but are not limited to glass-ceramic mate 
rials, glass materials, high-strength ceramic materials such 
as alumina, Zirconia, mullite, silica, spinel, tricalcium phos 
phate, apatite, ?uoroapatite, hydroxyapatite and mixtures 
thereof. To enhance sintering, particles can be coated With 
silica, for example by treating With TEOS as described 
beloW. Many possible combinations of poWder and binder 
materials can be selected in accordance With the invention. 
For example, ceramic poWders or ceramic ?bers can be used 
With either inorganic or organic binder materials or With a 
metallic binder material; a metal poWder can be used With a 
metallic binder or a ceramic binder; and a plastic poWder can 
be used With a solvent binder or a plastic binder, e.g., a loW 
viscosity epoxy plastic material. Other appropriate combi 
nations of poWder and binder materials Will occur to those 
in the art for various applications. 

[0033] The resulting color including but not limited to 
shade, translucency, and ?uorescence, of the restoration is 
controlled by the pigments, opaci?ers, ?uorescing agents 
and the like, added to the poWder bed components as Well as 
components delivered through noZZles. The printed material 
that is used to bond successive layers can be a curable or 
removable organic material. When a curable material is 
used, the polymer-ceramic composite restoration results 
from the green body after curing is completed. Both natural 
and synthetic dispersants are available for these materials in 
organic vehicles. Organic dispersants have been used in the 
ceramics industry and are typically polymeric resins 
obtained form a variety of sources. They can be either Water 
soluble, such as cellulosic binders, as used in extrusion 
technology, or they can be soluble in only volatile organic 
solvents, such as the butyral resins, as used in tape casting 
technology. The latter Water soluble systems can be removed 
relatively quickly and seem particularly useful in the inven 
tion. Another example of a binder is a ceramic precursor 
material such as polycarbosilaZane. 

[0034] Inorganic binders are useful in cases Where the 
binder is to incorporated into the ?nal component. Such 
binders are generally silicate based and are typically formed 
from the polymeriZation of silicic acid or its salts in aqueous 
solution. An exemplary inorganic binder Which can be used 
is tetraethylorthosilicate (TEOS). During drying, the colloi 
dal silica aggregates at the necks of the matrix particles to 
form a cement-like bond. During ?ring, the silica ?oWs and 
acts to rearrange the matrix particles through the action of 
surface tension forces and remains after ?ring. 

[0035] Composite materials for use in the invention 
include a polymeric matrix With particulate or ?ber ?lled 
components. The polymeric matrix element of the ?ber 
reinforced and particulate-?lled composites is selected from 
those knoWn in the art of dental materials, including but not 
being limited to polyamides, polyesters, polyole?ns, poly 
imides, polyarylates, polyurethanes, vinyl esters or epoxy 
based materials. Other polymeric matrices include styrenes, 
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styrene acrylonitriles, ABS polymers, polysulfones, polyac 
etals, polycarbonates, polyphenylene sul?des, and the like. 

[0036] Preferred polymeric materials include those based 
on acrylic and methacrylic monomers, for example those 
disclosed in US. Pat. Nos. 3,066,112, 3,179,623, and 3,194, 
784 to BoWen; US. Pat. Nos. 3,751,399 and 3,926,906 to 
Lee et al.; commonly assigned US. Pat. Nos. 5,276,068 and 
5,444,104 to Waknine; and commonly assigned US. Pat. 
No. 5,684,103 to Jia et al., the pertinent portions of all Which 
are herein incorporated by reference. An especially preferred 
methacrylate monomer is the condensation product of 
bisphenol A and glycidyl methacrylate, 2,2‘-bis[4-(3-meth 
acryloxy-2-hydroxy propoxy)-phenyl]-propane (hereinafter 
abbreviated “BIS-GMA”). Polyurethane dimethacrylates 
(hereinafter abbreviated “PUDMA”), triethylene glycol 
dimethacrylate (hereinafter abbreviated “TEGDMA”), poly 
ethylene glycol dimethacrylate (hereinafter abbreviated 
“PEGDMA”), polycarbonate dimethacrylate (hereinafter 
abbreviated “PCDMA”) and ethoxylated bisphenol A 
dimethacrylate (hereinafter abbreviated “EBPADMA”) are 
also commonly-used principal polymers suitable for use in 
the present invention. 

[0037] The polymer matrix typically includes polymeriZa 
tion initiators, polymeriZation accelerators, ultraviolet light 
absorbers, anti-oxidants, and other additives Well knoWn in 
the art. The polymer matrices may be visible light curable, 
self-curing, dual curing, and vacuum, heat, and pressure 
curable compositions as Well as any combination thereof. 
The visible light curable compositions include the usual 
polymeriZation initiators, polymeriZation accelerators, ultra 
violet absorbers, ?uorescent Whitening agents, and the like. 
Preferred light curing initiators include camphorquinone 
(CO) and trimethyl benZoyl phosphine oxide (TPO). The 
heat curable compositions, Which are generally ?lled com 
positions, include, in addition to the monomeric compo 
nents, a heat cure initiator such as benZoyl peroxide, 1,1‘ 
aZobis(cyclohexanecarbo-nitrile), or other free radical 
initiators. The preferred ?ber-reinforced polymeric matrix is 
a curable matrix, Wherein light cure effects partial cure of the 
matrix, and ?nal curing is by heat under controlled atmo 
sphere. 

[0038] The ?ber-reinforced polymeric matrix may further 
comprise at least one ?ller knoWn in the art and used in 
dental restorative materials, the amount of such ?ller being 
determined by the speci?c use of the ?ber-reinforced com 
posite. Generally, no or relatively little additional ?ller is 
present in the polymeric matrix, i.e., up to thirty percent by 
Weight of the composite. Suitable ?llers are those capable of 
being covalently bonded to the polymeric matrix itself or to 
a coupling agent that is covalently bonded to both. Examples 
of suitable ?lling materials include but are not limited to 
those knoWn in the art such as silica, silicate glass, quartZ, 
barium silicate, strontium silicate, barium borosilicate, 
strontium borosilicate, borosilicate, lithium silicate, amor 
phous silica, ammoniated or deammoniated calcium phos 
phate and alumina, Zirconia, tin oxide, and titania. Particu 
larly suitable ?llers for dental ?lling-type materials prepared 
in accordance With this invention are those having a particle 
siZe ranging from about 0.1-5.0 microns With a silicate 
colloid of 0.001 to about 0.07 microns and may be prepared 
by a series of milling steps comprising Wet milling in an 
aqueous medium, surface etch milling and dry or Wet 
silanation. Some of the aforementioned inorganic ?lling 



US 2005/0023710 A1 

materials are disclosed in commonly-assigned US. Pat. Nos. 
4,544,359 and No. 4,547,531 to Waknine, the pertinent 
portions of Which are incorporated herein by reference. 

[0039] The particulate-?lled polymeric matrix comprises 
at least one ?ller knoWn in the art and used in dental 
restorative materials, the amount of such ?ller being deter 
mined by the speci?c use of the particulate-?lled composite. 
Generally, from about 65 to about 85% by Weight of a ?ller 
is present in the particulate-?lled composite and preferably, 
about 75 to about 83% by Weight of the composite is ?ller 
in combination With about 17 to about 35% by Weight and 
preferably about 20 to about 30% by Weight and more 
preferably about 20 to about 26% by Weight of the com 
posite is un?lled heat curable dental resin material Which 
makes up the polymeric matrix. Suitable ?llers are those 
capable of being covalently bonded to the polymeric matrix 
itself or to a coupling agent that is covalently bonded to both. 
Examples of suitable ?lling materials include but are not 
limited to those knoWn in the art such as silica, silicate glass, 
quartZ, barium silicate, barium sulfate, barium molybdate, 
barium methacrylate, barium yttrium alkoxy (Ba2Y(OR)X), 
strontium silicate, barium borosilicate, strontium borosili 
cate, borosilicate, lithium silicate, amorphous silica, ammo 
niated or deammoniated calcium phosphate, alumina, Zirco 
nia, tin oxide, tantalum oxide, niobium oxide, and titania. 
Particularly suitable ?llers for dental ?lling-type materials 
prepared in accordance With this invention are those having 
a particle siZe ranging from about 0.1-5.0 microns With a 
silicate colloid of 0.001 to about 0.07 microns and may be 
prepared by a series of milling steps comprising Wet milling 
in an aqueous medium, surface etch milling and dry or Wet 
silanation. Some of the aforementioned inorganic ?lling 
materials are disclosed in commonly-assigned US. Pat. Nos. 
4,544,359 and 4,547,531 to Waknine, the pertinent portions 
of Which are incorporated herein by reference. 

[0040] Preferably, the particulate-?lled composite com 
prises an inorganic ?ller having an average particle siZe 
diameter of about 0.5 to about 5 microns homogeneously 
dispersed in an organic polymeriZable monomeric matrix 
comprising ethoxylated dimethacrylate Which is set forth in 
commonly oWned, copending application No. 08/998,849 
?led Dec. 29, 1997, now US. Pat. No. 5,969,000, Which is 
hereby incorporated by reference. In addition, a relatively 
small amount of fumed silica is also predispersed Within the 
monomeric matrix. The inorganic ?ller primarily comprises 
an X-ray opaque alkali metal or alkaline earth metal silicate 
such as lithium alumina silicate, barium silicate, strontium 
silicate, barium borosilicate, strontium silicate, barium boro 
silicate, strontium borosilicate, borosilicate, as Well as the 
aforementioned materials. For purposes of illustration, and 
as the preferred silicate species, barium borosilicate Will 
hereinafter be employed as being typical of the alkali metal 
or alkaline earth metal silicates Which can be suitable 
employed in the present invention. The barium borosilicate 
exhibits an index of refraction close to that of the organic 
monomeric matrix in Which it is dispersed. The ?ller can 
additionally contain a relatively small amount of borosilicate 
glass Which imparts greater compressive strength to the 
resulting composite and enhances the translucency thereof 
thereby enabling better blending of the restorative material 
With the adjacent teeth. In addition, the presence of the 
borosilicate glass helps narroW the gap in the mismatch of 
refractive indices betWeen the barium borosilicate inorganic 
?ber phase and the organic monomeric matrix. 
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[0041] Details of the preparation of the inorganic ?ller, 
Which comprises a mixture of from about 5 to about 20% by 
Weight of borosilicate glass and form about 80 to about 95% 
by Weight barium borosilicate, and has an average particle 
siZe diameter of from about 0.5 to about 5 microns, can be 
found in the aforementioned US. Pat. Nos. 4,544,539 and 
4,547,531. 

[0042] The reinforcing ?ber element of the ?ber-rein 
forced composite preferably comprises ceramic, glass, car 
bon, graphite, polyaramid, or other ?bers or Whiskers knoWn 
in the art, such as polyesters, polyamides, and other natural 
and synthetic materials compatible With the polymeric 
matrix. Some of the aforementioned ?brous materials are 
disclosed in commonly assigned copending US. patent 
application Nos. 08/907,177, 09/059,492, 60/055,590, 
08/951,414, now US. Pat. No. 6,013,694, and Us. Pat. Nos. 
4,717,341 and 4,894,012 all Which are incorporated herein 
by reference. The ?bers may further be treated, for example, 
chemically or mechanically etched and/or silaniZed, to 
enhance the bond betWeen the ?bers and the polymeric 
matrix. The ?bers preferably take the form of long, continu 
ous ?laments, although the ?laments may be as short as 0.1 
to 4 millimeters. Shorter ?bers of uniform or random length 
might also be employed. Preferably, the ?bers are at least 
partially aligned and oriented along the longitudinal dimen 
sions of the Wire. HoWever, depending on the end use of the 
composite material, the ?bers may also be otherWise ori 
ented, including being normal or perpendicular to that 
dimension. 

[0043] As set forth above, in all procedures herein, metal 
poWder may be used to form the dental restoration or model 
or other desired product to be manufactured in accordance 
herein. The metal poWder may be provided as metal alone, 
in any knoW form such as in poWder or molten form and may 
be used in combination With a binder. If a binder is used, the 
poWder/binder mixture comprises from about 50 to about 99 
percent poWder and from about 1 to about 50 percent binder, 
and preferably from about 70 to about 99 percent poWder 
and from about 1 to about 30 percent binder, and more 
preferably from about 90 to about 99 percent poWder and 
from about 1 to about 10 percent binder. Most preferably, the 
poWder is present in about 95% by Weight and the binder is 
present in about 5% by Weight. 

[0044] The metal poWder may comprise one or more 
precious metals, non-precious metals and alloys thereof. 
Preferably, the metal poWder is a high fusing metal and 
preferably, the metal poWder comprises a non-oxidiZing 
metal. More preferably, the metal poWder is selected from 
one or more of gold, platinum-Group metals, silver and 
alloys thereof Whereby the alloys may comprise one or more 
of the metals in combination With one another or With a 

different metal, such as copper, iridium, rhodium, palladium, 
indium, tin, gallium and mixtures thereof. One preferred 
alloy comprises about 85 to about 99% Au, 0 to about 15% 
Pt, and 0 to about 15% of one or more ofAg, Pd, Rh, Ir, In, 
Ru, and Ta. 

[0045] The particle siZe of the metal poWder is not limited 
to any speci?c siZe. The metal poWder may comprise a 
multimodal particle siZe distribution to achieve high density 
during sintering. The multimodal particle poWder comprises 
larger or coarse particle siZe poWder in combination With a 
smaller or ?ne particle siZe poWder. The average siZe of the 
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coarse particle powder can be about 25 to about 35 microns, 
With the majority of the particles exhibiting diameters in the 
range from about 5 to about 100 microns and preferably With 
the maximum siZe no greater than about 44 microns (-325 
mesh) to about 50 microns (-270 mesh). The ?ne particle 
siZe is less than about 5 microns and preferably less than 
about 2 microns. The coarse particles are present in an 
amount in the range of about 85 to about 95% by Weight and 
the ?ne particles are present in an amount in the range of 
about 5 to about 15% by Weight of the poWder. 

[0046] In some applications, it may be preferable that the 
binder harden relatively rapidly upon being deposited so that 
the next layer of particles placed on a surface of the previous 
layer is not subject to particle rearrangement due to capillary 
forces. Moreover, a hardened binder is not subject to con 
tamination from solvents Which may be used in poWder 
deposition. In other cases, it may not be necessary that the 
binder be fully hardened betWeen layers and a subsequent 
layer of poWder particles may be deposited on a previous 
layer Which is not yet fully hardened. 

[0047] The number of restorations printed simultaneously 
is essentially limited by the siZe of the poWder bed, number 
of noZZles and the ability to recogniZe and sort different 
restorations. To facilitate the latter operation, the robotiZed 
device can be used to pick up and sort different restorations. 

[0048] It is an essential part of the present invention that 
components creating and/or modifying color, translucency, 
biocompatibility, mechanical properties (strength, fracture 
toughness and Wear) and perceived shape are contained in 
the poWder bed and/or delivered through noZZles. This offers 
a unique advantage in creating esthetics (colors, shapes) and 
structure (functionally gradient structures). Techniques simi 
lar to Water-marks are used to create interference colors, 
opalescence and ?uorescing effects. Other techniques are 
used to create perceived geometry similar to techniques used 
in sculpture to create impressions of the face that is per 
ceived as a full-bodied face alWays looking at the observer 
from any angle of vieW. 

[0049] In another embodiment of the present invention, 
moldable articles are fabricated in the form of feed stock 
(Wire or ?lament) that is formed into the required shape of 
a dental restoration using a fused deposition modeling 
machine such as FDM2000 available from Stratasys Inc., 
Eden Prairie, Minn. The softWare used accounts for the 
anticipated shrinkage. The free-standing shaped article is 
then sintered to full density. This method can only be used 
for poWder such as alumina or Zirconia Which is capable of 
isotropic shrinkage during sintering. US. Pat. No. 5,900,207 
is directed to solid free form fabrication methods Which is 
hereby incorporated by reference. 

[0050] In another embodiment of the present invention, a 
slurry or paste of a polymer or ceramic poWder is mixed With 
a carrier formed into a coping of a multi-layered ?nal shape 
of a dental restoration using a machine similar to a fused 
deposition modeling machine. This machine emits or sprays 
beads of slurries as opposed to a fused deposition modeling 
machine Which emits lique?ed thermoplastic materials. 
Examples of binder materials include curable organic mate 
rials such as mixtures of monomers or organic materials that 
are burned out prior to sintering. The shrinkage and setting 
of the materials are taken into account by oversiZing the 
green body prior to sintering/curing. 
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[0051] In yet other embodiments of the present invention, 
other solid free-form fabrication techniques are used to 
make dental restorations from ceramic, glass-ceramic, metal 
or composite materials. 

[0052] In still another embodiment herein, SFF methods 
are used to provide only a skeleton of a dental restoration, 
eg a structure With interpenetrating porosity or a reticulated 
(cellular, honeycomb) body. This body is later in?ltrated 
With “biological soup” containing cell cultures or peptides 
that can yield in-vitro groWn materials similar to human 
tooth or bone tissues also knoWn as biomimetic materials. 
For example, this in?ltration media can contain biomimeti 
cally groWn dental enamel crystals as described in US. Pat. 
No. 4,672,032 by Slavkin et al, Which is hereby incorporated 
by reference. Another example of in?ltration media is cul 
tured periosteal cells as described in US. Pat. No. 5,700,289 
to Breitbart et al. 

[0053] In still yet another embodiment herein, rapid pro 
totyping methods are used to form a “negative” or an 
impression of the tooth, teeth, or portion of the patient’s 
mouth to be restored. As standard procedure, the dentist 
prepares the patient’s tooth or teeth to be restored. There 
after, the dentist takes an impression of the teeth. Alterna 
tively, the dentist may scan the patient’s teeth With a 
scanning device to obtain data that represents the shape of 
the patient’s teeth. Scanning can be performed on a patient’s 
teeth, a master die, a Working die, or a Wax-up of a dental 
restoration. If an impression is taken, it is typically sent to 
a laboratory Where a master die is made, or otherWise, the 
scanned data is sent to the laboratory or milling center for 
preparation of the restoration. 

[0054] In accordance herein, if an impression is taken, it is 
scanned With a scanning device to obtain data representative 
of the shape of the impression. With the data obtained from 
the scanning of the impression or the scanning of the 
patient’s mouth, a “negative” or shell material is prepared by 
a rapid prototyping process. The material used to prepare the 
shell is any material capable of Withstanding the Weight and 
force of a duplicate master or refractory model material 
including, but not limited to polymeric materials including, 
but not limited to Waxes, nylons, plastics, rubber materials 
and other thermoplastic materials. Also, plaster and com 
posite materials are other examples that may be useful 
herein. Examples of Waxes include but are not limited to 
paraffin Waxes, microcrystalline Waxes, synthetic hydrocar 
bon Waxes, oxidiZed polyethylene Waxes and combinations 
of the foregoing. It is preferable that the Wax has a modulus 
of elasticity of beloW about 10 GPa and more preferably 
beloW about 5 GPa. It is preferable that the Wax have How 
characteristics according to American Dental Association 
(ADA) Speci?cation No. 4 for Type I and Type II Waxes. At 
45° C., the Type I and Type II Waxes have a minimum ?oW 
percentage of 70% and a maximum ?oW percentage of 90%. 
If the shell is used as a Wax pattern for casting or pressing 
restorations, it should burn out cleanly during burn-out 
procedures. It is important that Waxes used are not too brittle 
and do not undergo dimensional changes under ambient 
conditions. 

[0055] The aforementioned techniques and procedures 
discussed above in regard to the rapid prototyping of dental 
restorations apply hereto to the rapid prototyping of shells 
and dies and are hereby incorporated by reference. The 
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techniques used to form the shell and die may include 
three-dimensional printing, selective area laser deposition or 
selective laser sintering (SLS), electrophoretic deposition, 
robocasting, fused deposition modeling (FMD), laminated 
object manufacturing (LOM), stereolithography and photo 
stereolithography. US. Pat. Nos. 5,340,656, 5,490,882, 
5,204,055, 5,518,680, 5,490,962, 5,387,380, 5,700,289, and 
4,672,032 are directed to solid free-form fabrication meth 
ods and techniques and are hereby incorporated by refer 
ence. 

[0056] The design of the shell is carried out by a CAD 
device Which uses at least tWo inputs: (1) the digital image 
taken optically directly from a mouth of the patient (optical 
impression) or created by digitiZing the impression/die by 
contact or by an optical digitiZer; and (2) a library of teeth 
shapes and forms. CAD devices assure both natural-like 
shape and proper function of the shell. Both optical and 
contact digitiZers providing input (1) above are described in 
the literature and some of them are commercially available. 
The speci?c techniques may require additional softWare to 
build the shape according to the CAD ?le. 

[0057] The data from the CAD ?le is input into the rapid 
prototyping device such as a fused deposition modeling 
machine. A continuous ?lament or rod of a polymeric 
material such as Wax is introduced into a channel of a noZZle 
inside Which the rod/?lament is driven by a motor and 
associated rollers to move like a piston. The front end, near 
a noZZle tip, of this piston is heated to become melted. The 
rear end or solid portion of this piston pushes the melted 
portion forWard to exit through the noZZle tip. The noZZle is 
translated under the control of a computer system in accor 
dance With previously sliced CAD data to trace out a 
three-dimensional shell point by point and layer by layer. 
The CAD data may be modi?ed to provide a shell having a 
thickness suf?cient to Withstand the Weight and pressure of 
refractory die material that Will be poured into the shell for 
fabrication of a model or die. The structure of the shell may 
be solid or reticulated. Preferably, the area of the shell 
closest to the internal surface of the shell exhibits a solid 
structure or form and the area further from the internal 
surface exhibits a reticulated or honey-comb structure. If the 
shell is to be used as a Wax pattern for casting, it does not 
require bulking. It should have the dimensions of the res 
toration to be fabricated. 

[0058] The shell or full model of the restoration obtained 
by rapid prototyping techniques is then used to fabricate a 
master model and/or a Working die, both of Which are used 
in the fabrication of dental restorations. Alternatively, as 
discussed, the shell can be used as a Wax pattern for casting 
or pressing restorations. The technique used is commonly 
knoWn as the lost-Wax process. The shell, as the Wax pattern, 
is invested in a refractory investment material. The Wax 
pattern is “burned out” to form a cavity in the shape of a 
coping. Ceramic, metal, polymeric or other similar material 
is then injected, vibrated, poured, pressed, or inserted by 
similar means into the cavity to form the dental restoration. 
The ceramic, metal or polymeric material may include any 
materials knoWn in the ?eld of dentistry including the 
aforementioned materials discussed above. 

[0059] The shell or full model of the restoration, produced 
by techniques discussed herein, obviates the need for a 
dentist to send an impression to a dental laboratory, saving 

Feb. 3, 2005 

time and labor, and thereby expediting the process of manu 
facturing a dental restoration. After manufacture of the shell 
by rapid prototype techniques, a refractory die material or 
gypsum material is poured into the shell to provide a model 
or Working die. Alternatively, the die or Working model may 
be formed by rapid prototyping processes as discussed 
herein from refractory, ceramic, glass, metal, polymeric and 
composite materials or from knoWn milling processes. 
Examples of metal materials for manufacture of the die 
include, but are not limited to, molybdenum, nickel or alloys 
comprising nickel or molybdenum. Commercially available 
metals include Rexillium III from Pentron Corporation, 
Hastelloy from Haynes International, Inc. and Inconel 600 
from Inco Alloys International, Inc. 

[0060] Alternatively, a substrate, die or mold is designed 
from the digital data obtained from a patient’s tooth or teeth. 
The die or mold may be enlarged to accommodate for the 
shrinkage that occurs in the ceramic material that is applied 
to the die or mold. The enlarged die or mold or prototype 
may be fabricated of any material able to Withstand the 
Weight of the dental material applied thereto including, but 
not limited to, Wax, paraf?n, rubber, plastic, polymeric 
material, thermoplastic material, thermosetting material or a 
light curable resin material. The light curable resin may be 
curable by visible or UV light. Examples of Waxes include, 
but are not limited to, paraf?n Waxes, microcrystalline 
Waxes, synthetic hydrocarbon Waxes, oxidiZed polyethylene 
Waxes and mixtures thereof. Examples of light curable 
resins include, but are not limited to, acrylic, epoxy, silicone 
resins or monomers or mixtures thereof. 

[0061] A dental material, such as ceramic, composite, or 
alloy material, is applied or pressed onto the die to provide 
a dental restoration. 

[0062] It is preferred that ceramic particulate material is 
used. Application of the ceramic particulate material onto or 
into the mold or die may include gel casting, slip casting, 
slurry casting, pressure in?ltration, pressure casting, direct 
coagulation, dipping, colloidal spray deposition, elector 
phoretic deposition, injection molding, extrusion, heat press 
ing, hot pressing, hot casting, centrifugal casting, gravity 
casting. 
[0063] The mold or die may be fabricated of any knoWn 
material including, but not limited to, die stone, clay, plaster 
of paris, gypsum, silica, leucite, Zirconia, hafnia, Zirconia, 
alumina, magnesia, Zircon, aluminosilicate, cordierite, mica, 
silicon nitride, silicon carbide, silica-alumina-nitrides, mul 
lite, garnet, or mixtures thereof. 

[0064] The ceramic particulate material may be in the 
form of a suspension, slurry, slip, gel, pellet, or feedstock. 

[0065] In accordance With an embodiment herein, a 
ceramic material that is in its green state or that has been 
partially sintered or soft-sintered, may be milled, machined, 
or formed by solid free form fabrication methods, into a 
coping or frameWork. Partial or soft sintering comprises 
sintering to less than full density, preferably less than about 
92%, more preferably less than about 80%, and most pref 
erably less than about 75%. Partial or soft sintering produces 
a product having about 8 to about 25 percent porosity, 
making it easier to mill. 

[0066] Ceramic materials useful herein include high 
strength ceramic materials such as, but not limited to alu 



US 2005/0023710 A1 

mina, Zirconia, hafnia, silicon nitride, silicon carbide, silica 
alumina-nitrides, mullite, various garnets etc. and porcelain 
materials such as commercially available OPC®3GTM por 
celain and OPC® porcelain, both available from Jeneric/ 
Pentron Inc., Wallingford, Conn., and commercially avail 
able EmpressTM porcelain and Empress IITM porcelain, both 
available from Ivoclar North America, Amherst, NY. The 
porcelain materials may include leucite, lithium disilicate, 
mullite or mica as the crystal phase. 

[0067] Milling procedures include those knoWn in the art 
and methods and equipment described in US. Pat. Nos. 
4,937,928, 5,910,273, 4,575,805, and 4,663,720 and are 
hereby incorporated by reference. Examples of commer 
cially available CAD/CAM systems include the CerecTM 
system available from SironaTM USA, Charlotte, NC, and 
the Pro 50TM system available from CynovadTM, Quebec 
City, Canada. Solid free form fabrication methods include 
those described herein. 

[0068] The coping or framework is formed from the same 
data that Was used to form the die, i.e., data obtained from 
the mouth or from an impression taken, or data taken from 
the die itself, so that the coping or frameWork closely 
matches the contour of the die and ?ts appropriately on the 
die. After the coping or frameWork has been formed, it is 
placed on the die and the coping or frameWork is fully 
sintered to its ?nal density. As the coping or frameWork is 
sintered to its ?nal density, porosity is reduced and shrinkage 
occurs. The coping or frameWork is supported by the die, 
therefore there is little chance of Warpage. The coping or 
frameWork Will shrink onto the die, and Will not Warp or ?are 
up. 

[0069] Dental restorations manufactured using this pro 
cess include, but are not limited to, orthodontic appliances, 
bridges, space maintainers, tooth replacement appliances, 
splints, croWns, partial croWns, dentures, posts, teeth, jack 
ets, inlays, onlays, facing, veneers, facets, implants, abut 
ments, cylinders, and connectors. 

[0070] Alternatively, after the model or die is prepared, a 
frameWork, coping or other dental appliance is designed 
using computer assisted design softWare. The softWare used 
to design the dental appliance is any knoWn available 
softWare, preferably that softWare Which is supplied With the 
scanning machine, or that Which is compatible With the 
scanning machine. The frameWork is designed and saved as 
a stereolithography (.STL) ?le. The .STL ?le is transferred 
to a computer interfaced With a rapid prototyping machine 
such as the PerfactoryTM Mini available from Envision 
Technologies GmbH LLC. The machine uses photostere 
olithography to build the substrate for the frameWork based 
on the .STL ?le. The substrate/model/die is built using light 
curable (by visible or UV light) material, Which may be in 
the form of a suspension, emulsion or mixture comprising 
any knoWn material able to Withstand the subsequent coating 
or deposition process, including but not limited to, gypsum, 
silica, leucite, Zirconia, hafnia, Zirconia, alumina, magnesia, 
hafnia, Zircon, aluminosilicate, cordierite, mica, silicon 
nitride, silicon carbide, silica-alumina-nitrides, mullite, gar 
net, or mixtures, composites, polymers, plastics, metals, 
alloys and mixtures thereof. 

[0071] In the preferred DLP method, the digital pixel 
based mask is projected onto the layer of light curable 
material and causes selective polymeriZation of this material 
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in the areas corresponding to pixels that are illuminated, 
Whereas the areas corresponding to dark pixels remain 
uncured. Each group of illuminated pixels gives rise to the 
speci?c cross-section of the article built layer by layer. The 
process of photopolymeriZation can be aided by concurrent 
or subsequent action of other types of radiation such as heat 
(infrared radiation) and/or microWave radiation to 
strengthen the substrate. 

[0072] After the substrate is built, the frameWork is 
formed thereon, preferably by gel casting, slip casting, 
slurry casting, pressure in?ltration, dipping, colloidal spray 
deposition or electrophoretic deposition. Materials useful for 
the fabrication of the frameWork include, but are not limited 
to, any ceramic, polymeric, or metal material able to With 
stand the forces in the mouth, including but not limited to, 
Zirconia, ytrria, hafnia, alumina, ceria, magnesia, titania, 
silicon nitride, silicon carbide, silica-alumina-nitride, mul 
lite, garnets, porcelain, or mixtures thereof. It is preferable 
that ceramic particulate material is used. It can be in the form 
of solid solutions, agglomerates, complexes or the like. A 
binder may be included With the ceramic material for 
maintaining the shape of the form prior to sintering. Binders 
may include but are not limited to inorganic and organic 
binders, or mixtures thereof. Organic binders include, but 
are not limited to, polyvinyl pyrrolidine, polyvinyl alcohol, 
polyvinyl acetate, polyvinyl chloride, polyvinyl butryal and 
polystyrene, or mixtures thereof. Inorganic binders include, 
but are not limited to, magnesium oxide, ammonium phos 
phate, colloidal silica, calcium sulfate, magnesium phos 
phate, alkaline silicates, silica hydrosol, colloidal clays, or 
mixtures thereof. 

[0073] After the frameWork is formed it is sintered at 
required times and temperature to provide a high strength 
dental restoration. 

[0074] Reference is made to FIGS. 1 through 6. FIG. 1 
depicts a cross-sectional vieW of a shell 10 that has been 
formed by a rapid prototyping method as described herein. 
Shell 10 Was formed from data retrieved by the dentist 
during the scanning procedure of the patient’s tooth. The 
data Was input into a rapid prototyping device to obtain shell 
10. A die or model 20 shoWn in FIG. 2 Was then prepared 
by ?lling shell 10 With refractory material knoWn in the art. 
FIG. 3 is a cross-sectional vieW of shell 10 With die 20 
formed therein. FIG. 4 shoWs a plug 40 that may be 
fabricated of a Wax, plaster, plastic or rubber material. Plug 
40 may be used to maintain the refractory material in place 
during setting after it has been poured into shell 10. FIG. 5 
depicts a cross-sectional vieW of a shell 50 used in a lost Wax 
process. Shell 50 is made using rapid prototyping tech 
niques, based on information scanned from the patient’s 
mouth or the impression taken from the patient’s mouth. 
Shell 50 is shoWn attached to sprue 52 and is encased in 
investment material 54. During the burn-out procedure, shell 
50 and sprue 52 are burned aWay, leaving a space 60 as 
shoWn in FIG. 6, for casting of metal or pressing of a 
ceramic. 

[0075] In another embodiment herein, rapid prototyping 
techniques are used to fabricate master models and Working 
dies or models that are used in the fabrication of dental 
restorations. Techniques and procedures discussed above in 
regard to the rapid prototyping of dental restorations and 
shells apply hereto to the rapid prototyping of master models 
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and Working models and are hereby incorporated by refer 
ence. The techniques used to form the models and dies may 
include three-dimensional printing, selective area laser 
deposition or selective laser sintering (SLS), electrophoretic 
deposition, robocasting, fused deposition modeling (FMD), 
laminated object manufacturing (LOM), stereolithography, 
photostereolithography and digital light processing (DLP). 
US. Pat. Nos. 5,340,656, 5,490,882, 5,204,055, 5,518,680, 
5,490,962, 5,387,380, 5,700,289, and 4,672,032 are directed 
to solid free-form fabrication methods and techniques and 
are hereby incorporated by reference. 

[0076] Similar to the aforementioned techniques used to 
form shells and dental restorations, data received from 
scanning the patient’s mouth or the impression of the 
patient’s mouth is used to fabricate models using solid 
free-form fabrication methods. Materials useful for the 
manufacture of models include investment materials. Typi 
cal investment materials include gypsum for loW tempera 
ture applications, and a refractory ?ller, such as silica in the 
form of cristobalite, quartZ, or a mixture of the tWo, leucite, 
Zirconia, hafnia, Zircon, alumina, magnesia, Zircon, alumi 
nosilicate, cordierite, mica, silicon nitride, silicon carbide, 
silica-alumina-nitrides, mullite, garnet, or mixtures thereof, 
in combination With a binder, for high temperature applica 
tions. Binders may include but are not limited to inorganic 
and organic binders, or mixtures thereof. Organic binders 
include, but are not limited to, polyvinyl pyrrolidine, poly 
vinyl alcohol, polyvinyl acetate, polyvinyl chloride, polyvi 
nyl butryal and polystyrene, or mixtures thereof. Inorganic 
binders include, but are not limited to, magnesium oxide, 
ammonium phosphate, colloidal silica, calcium sulfate, 
magnesium phosphate, alkaline silicates, silica hydrosol, 
colloidal clays, or mixtures thereof. The investment material 
is fed to the solid free-form apparatus Which interprets the 
scanned data and produces a three-dimensional model With 
the investment material. 

[0077] Alternatively, the model may be formed of a ther 
moplastic material as described above for the use of shells, 
and the Wax model may be duplicated using standard 
techniques. 
[0078] For all purposes and materials used herein, the 
hardening or curing step may involve gelation, heating, 
cooling, or the application to promote the integrity of the 
solid free-form structure. 

[0079] FIG. 7 shoWs examples of models and dies Which 
are created by CAD softWare and thereafter produced by 
rapid prototyping. A full model of teeth 70, a single coping 
72 and a bridge unit 74 are shoWn. FIG. 8 shoWs a series of 
copings 80 that have been produced by rapid prototyping 
and are ready for application of a ceramic, polymeric, or 
metal material thereon. 

[0080] FIG. 9 shoWs a series of copings 90 prior to 
placement in suspension of charged particles 92. The sus 
pension may include any of the materials mentioned above 
for fabrication of the restoration including but not limited to 
high strength ceramic materials. The copings 90 are attached 
to copper electrodes 94. The process used is knoWn as 
Electrophoretic Deposition (EPD) Which is an electroform 
ing process in Which charged particles dispersed in a stable 
suspension are driven by the applied electric ?eld to move 
toWards an oppositely charge electrode, upon Which they 
ultimately deposit, to build up a particulate coating. The 
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technique is used herein to fabricate green ceramic bodies 
and coatings With different shapes for applications ranging 
from ceramic/ceramic and metauceramic composites to thin/ 
thick ?lm coatings for electronic devices. This processing 
technique is especially useful for the preparation of uniform 
particulate coatings With high green densities (45%-75%) 
and controlled thickness. 

[0081] FIG. 10 illustrates an alternative method for apply 
ing material onto the substrate to form the coping and shoWs 
a slip bath 100 of ceramic material in combination With a 
binder into Which the series of copings 102 are inserted for 
application of the slip. 

[0082] After the application of the ceramic or other mate 
rial, the coping is cured or sintered to provide the dental 
restoration. The restoration is preferably veneered With a 
porcelain or composite material to provide the ?nished 
restoration. The porcelain should have a coef?cient of ther 
mal expansion up to about :2><10—6/C of the CTE of the 
sintered ceramic particulate material that is used to manu 
facture the core of the dental article or restoration. 

[0083] The folloWing examples illustrate the practice of 
the present invention. 

EXAMPLE 1 

[0084] Filament is prepared from Investment Casting Wax 
(ICW06, Stratasys) and thermoplastic ABS (P400, Strata 
sys) and equiaxed alumina poWder of 5 to 10 microns 
particle siZe. The binder content is about 30 volume percent. 

[0085] Using a CAD/CAM device and digitiZer manufac 
tured by CAD/CAM Ventures (Irving, Tex.), the model of a 
tooth preparation is digitiZed and the obtained CAD ?le is 
used in conjunction With an FDM2000 fused deposition 
modeling machine available from Stratasys Inc. (Eden Prai 
rie, Minn.). Using the ?lament containing equiaxed alumina 
poWder in a thermoplastic matrix, single and multiunit 
dental restorations are formed and then subjected to binder 
removal and soft-sintering cycles. The resulting porous 
preforms are in?ltrated With glass using materials supplied 
by Vita Zahnfabrick (Bad Sackingen, Germany) and glass 
in?ltration techniques used for Vita In-Ceram Alumina 
restorations. 

EXAMPLE 2 

[0086] The same CAD ?le as used in Example 1 is used in 
conjunction With a three-dimensional printing machine such 
as the Z402 System available from Z Corporation (Mass.) to 
print on ceramic poWder and on metal poWder separately. 
The same poWder-binder mixture used above is used herein 
as the poWder layer. A binder mixed With ?nely dispersed 
pigments is printed on the poWder layer. Successive layers 
are deposited to form a dental restoration based on the CAD 
?le. After the restoration is fully formed, the binder is burned 
out and glass is then in?ltrated into the interstices. The 
pigment is retained in interstitial sites betWeen the alumina 
particles to impart a shade to the composite. 

EXAMPLE 3 

[0087] Using a CAD/CAM device and digitiZer manufac 
tured by CAD/CAM Ventures (Irving, Tex.), the model of a 
tooth preparation is digitiZed and the obtained CAD ?le is 
used to manufacture a shell. The CAD ?le is modi?ed to 
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provide a thickness in the shell great enough to support and 
Withstand the refractory materials. The thickness of the shell 
varies from about 0.5 to about 10 mm in thickness. The shell 
produced is thinner near the margin and thicker near the 
apex. This information is fed into a computerized liquid Wax 
dispensing machine. A green injection Wax available from 
Romanoff Inc. is injected into the machine. The Wax is 
delivered as tiny beads in liquid state that solidify shortly 
after dispensing. The internal surface of the shell is smooth. 
The support structure of the shell is in the form of a solid or 
void-containing structure, such as a honeycomb structure. 
Polyvest refractory material available from WhipMix cor 
poration is poured into the shell and sets. After setting, a 
duplicate refractory die is retrieved and used for further 
processing of materials. 

EXAMPLE 4 

[0088] An optical scanner, ZFN D-21, available from ZFN 
(Zahntechnisches FrasZentrum Nord GmbH & Co. KG 
(Warin, Germany) is utiliZed to scan master models (dies) 
made from impressions comprising preparations for bridges 
and croWns. 3D CAD softWare provided With a ZFN D-21 
scanner is used to design frameWorks and copings corre 
sponding to these master models (dies). 3D CAD ?les (solid 
models) of these frameWorks and copings are enlarged using 
the linear shrinkage coef?cient corresponding to the antici 
pated sintering shrinkage of the materials of the present 
invention, saved as stereolithography (.STL) ?les and trans 
ferred to a computer interfaced With an RP (Rapid Proto 
typing) machine such as Perfactory® Mini available from 
Envision Technologies GmbH (Marl, Germany). This 
machine utiliZes an approach knoWn as photo-stereolithog 
raphy to build 3D objects from a light curable resin. Fifteen 
units are built at the same time layer by layer With an 
individual layer thickness of about 50 microns. Individual 
units are separated, attached to copper Wire electrodes and 
coated With conductive silver paint (silver lacquer) available 
from Gramm GmbH or Wieland Dental+ Technik GmbH & 
Co., KG (PforZheim/Germany). An electroforming unit, 
such as, AGC® Micro Plus (Wieland Dental+Technik 
GmbH & Co. KG) is used to deposit a rigid green layer of 
Zirconia in the form of yttria-stabiliZed Zirconia polycrystals 
(YTZP) from an ethanol-based suspension as described in 
Example 3 of US. Pat. No. 6,059,949, Which is hereby 
incorporated by reference. An electroforming suspension is 
prepared by suspending commercial YTZP poWder grade 
available as TZ-3Y-E from Tosoh USA, Inc. (USA repre 
sentative of Tosoh Corporation, Tokyo, Japan) in pure 
ethanol With the addition of 0.05% vol. acetyl acetone 
dispersant and 0.1% vol. of 5% Wt. of a polyvinyl butyral 
binder (PVB) in pure ethanol. The average thickness of the 
electrophoretic coating is 0.5-0.6 mm. FolloWing electro 
forming of the poWders on the substrates, sintering is carried 
out in a Deltech furnace at a rate of 1° C./min to 700° C. for 
approximately 2 hours folloWed by a rate of 1° C./min. to 
1400° C. for approximately 2 hours. Resin substrates are 
completely burned out during the 2 hour soak at 700° C. 

EXAMPLE 5 

[0089] An optical scanner, ZFN D-21, available form ZFN 
(Zahntechnnisches FrasZentrum Nord GmbH & Co. KG 
(Warin, Germany) is utiliZed to scan master models (dies) 
made from impressions comprising preparations for bridges 
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and croWns. 3D CAD softWare provided With a ZFN D-21 
scanner is used to design frameWorks and copings corre 
sponding to these master models (dies). 3D CAD ?les (solid 
models) of these frameWorks and copings are enlarged using 
the linear shrinkage coefficient corresponding to the antici 
pated sintering shrinkage of the materials of the present 
invention, saved as .STL ?les and transferred to a computer 
interfaced With an RP (Rapid Prototyping) machine, such as 
the Perfactory® Mini machine available from Envision 
Technologies GmbH (Marl, Germany). This machine uti 
liZes an approach knoWn as photostereolithography to build 
3D objects from a light curable resin. In this example, resin 
is ?led With 30 vol % of a Water soluble salt. Fifteen units 
are built simultaneously, layer by layer With each individual 
layer having a thickness of about 50 microns. FolloWing 
rapid prototyping, the platform (shoWn in FIG. 10) having 
all substrates still attached to it, is immersed into Water to 
Wash out salt to create interconnected porosity in the sub 
strates. Zirconia slip is prepared from commercially avail 
able poWder such as TZ-3YS-E from Tosoh USA Inc. (USA 
representative of Tosoh Corporation, Tokyo, Japan). Based 
on the total Weight of the dry YTZP poWder, DuramaxTM 
B-1000 binder in an amount of 3% by Weight and D-3005TM 
dispersant in an amount of 0.4% by Weight, both available 
form Rohm and Haas, are used to make aqueous slip 
containing 65 volume percent of solids. Copings are formed 
by simultaneous dipping of all the substrates still attached to 
the platform into the slip. Sintering is carried out in a 
Deltech furnace at a rate of about 1° C./min to about 700° 
C. and held for approximately 2 hours folloWed by heating 
at a rate of about 1° C./min. to about 1500° C. and held for 
approximately 2 hours. Resin substrates are completely 
burned out during the 2 hour soak at 700° C. 

EXAMPLE 6 

[0090] Substrates are fabricated as described in examples 
4 and 5 above. Copings are formed simultaneously by 
sequential dipping and aging/drying. An alkaline casting slip 
With a pH of about 9-9.5 is prepared by adding 350 g Zircon 
oxide (PSZ With 6 mole % YZO3 Rhone-Poulenc, France) to 
a solution of 1.75 g acetic acid ethyl ester and 1.4 grams of 
an ammonium polyacrylate solution (Darvan C, Wanderbilt, 
USA) in 49.0 grams of deioniZed Water. After deagglom 
eration and degassing, 500 units esterase (EC 3.1.1.1) are 
added as a solution With 2000 units/ml to the slip (viscosity 
ca. 500 mPas). The copings are thereafter sintered as in 
Example 5. 

EXAMPLE 7 

[0091] An optical scanner, ZFN D-21, available from ZFN 
(Zahntechnisches FrasZentrum Nord GmbH & Co. KG 
(Warin, Germany) is utiliZed to scan master models (dies) 
made from impressions comprising preparations for bridges 
and croWns. 3D CAD softWare provided With a ZFN D-21 
scanner is used to design frameWorks and copings corre 
sponding to these master models (dies). 3D CAD ?les (solid 
models) of these frameWorks and copings are enlarged using 
the linear shrinkage coefficient corresponding to the antici 
pated sintering shrinkage of the nanoZirconia materials of 
the present invention, saved as stereolithography (.STL) ?les 
and transferred to a computer interfaced With an RP (Rapid 
Prototyping) machine such as a Perfactory® Mini available 
from Envision Technologies GmbH (Marl, Germany). This 
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machine utilizes a photostereolithography process also 
known as digital light processing (DLP) to build 3D objects 
from a light curable resin. Fifteen units are built simulta 
neously layer by layer With each individual layer having a 
thickness of about 50 microns. Individual units are separated 
and molded in liquid silicone rubber, such as commercially 
available Silastic® M RTV Silicone Rubber (from DoW 
Corning Corporation) Which is castable and easily demolded 
after curing of the PSZ to produce negative molds for 
loW-pressure injection molding. It should be noted that 
instead of using silicone negative molds, the molds for 
LoW-Pressure Injection Molding (LPIM) (also knoWn as hot 
casting With a Peltsman Unit) can be designed and fabricated 
directly using the Perfactory® Mini RP machine and the 
supplied softWare. 

[0092] Feedstock for injection molding containing submi 
cron Zirconia poWder is prepared from a binder comprised of 
75 Wt % of paraf?n Wax (melting point of 49°-52° C.), 10 Wt 
% of polyethylene Wax (melting point of 80°-90° C.), 10% 
of carnauba Wax (melting point of 80°-87° C.), 2 Wt % of 
stearic acid (melting point of 75° C.) and 3 Wt % of oleic 
acid (melting point of 16° C.) readily available from a 
number of suppliers. Commercially available TZ-3YS-E 
poWder from Tosoh USA Inc. (USA representative of Tosoh 
Corporation, Tokyo, Japan) is used. The mixing is done 
directly in a loW pressure molding (LPM) machine, (Model 
MIGL-33 available from Peltsman Corporation, Minneapo 
lis, Minn.) at a temperature of 90° C. The feedstock mixture 
is comprised of about ?fty percent (50%) by volume of a 
binder. Once the feed stock mixture is thoroughly mixed, it 
is injected into the cavity of the silicone rubber molds at a 
pressure of approximately 0.4 MPa and at a temperature of 
approximately 90° C. The injection-molded green part is 
then demolded from the silicone mold, Which is done easily 
due to elasticity of the silicone. Green densities of approxi 
mately 50% Were achieved. The green bodies Were debin 
deriZed and sintered to nearly full density as described in 
Example 5 above. 

EXAMPLE 8 

[0093] Feedstock for injection molding containing submi 
cron Zirconia poWder is prepared from a binder comprised of 
75 Wt % of paraf?n Wax (melting point of 49°-52° C.), 10 Wt 
% of polyethylene Wax (melting point of 80°-90° C.), 10 Wt 
% of carnauba Wax (melting point of 80°-87° C.), 2 Wt % of 
stearic acid (melting point of 75° C.) and 3 Wt % of oleic 
acid (melting point of 16° C.) readily available from a 
number of suppliers. TZ-3YS-E poWder, available from 
Tosoh USA Inc. (USA representative of Tosoh Corporation, 
Tokyo, Japan) is used. The mixing is done in a KitchenAid 
Professional 5 mixer (St. Joseph, Mich.) in a boWl continu 
ously heated to 90° C., Which is above the melting point of 
the binder. Heating is achieved using a high temperature heat 
tape available from McMaster-Carr (NeW Brunswick, NJ 
The heat tape is Wrapped around the mixer boWl to provide 
heat to the boWl. After cooling to room temperature, the 
resulting mix is crushed into poWder to a 60 mesh (250 pm) 
particle siZe using a mortar and pestle. This poWder is then 
ready for injection into the cavity of a mold. Additionally, 
the mix can be cast into pellets by pouring into a metal 
“clam-shell” mold, While still in the molten state. 

[0094] Previously acquired stereolithography (*.STL) 
?les of bridge frameWorks and croWn copings Were sent to 
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microTEC, Bismarckstrasse 142 b 47057 Duisburg, Ger 
many) for production of the enlarged replicas using 
RMPD®-mask technology via a toll rapid prototyping ser 
vice available through microTEC’s Website. The replicas 
Were fabricated in a layer thickness of tWenty ?ve microns 
(25 pm) from photo-curable resin. 

[0095] The resulting replicas are invested in UniversalTM 
Refractory Investment (available from Pentron® Laboratory 
Technologies, LLC, Wallingford, Conn.). After the invest 
ment has hardened, the resin replicas inside are eliminated 
by placing it into a preheated furnace thereby burning off the 
resin, resulting in a mold cavity for forming the dental 
article. The injection molding feedstock, in free-?oWing 
granule or pellet form, as described above, is then placed 
into the investment mold assembly, Which is then transferred 
into the pressing unit. It is pressed into the investment ring 
using an AutoPressPlus® furnace (Pentron® Laboratory 
Technologies, LLC, Wallingford, Conn.) having an external 
alumina plunger. Pressing is done at approximately 90° C., 
and after cooling the pressed green part is then carefully 
divested by sand-blasting With glass beads at a pressure of 
15 psi and the plunger and mold are disposed of. Green 
densities of approximately 50% Were achieved. The green 
bodies Were debinderiZed and sintered to nearly full density 
as described in Example 5 above. Some of the sintered 
copings and bridge frameWorks Were layered With 3G® 
porcelain (available from (Pentron® Laboratory Technolo 
gies, LLC, Wallingford, Conn.) to demonstrate the ?nishing 
steps typical in fabrication of aesthetic all-ceramic dental 
restorations. 

[0096] Though not Within the scope of the present inven 
tion Which is directed toWards sintering ceramic dental 
articles comprising nanopoWders to nearly full density, 
nevertheless, it should be noted that the injection molding 
technology described in Examples 6 and 7 can be used to 
produce dental articles even if access to RP machines is not 
available. In the latter case, if is not possible to make 
enlarged replicas and green bodies fabricated therefrom as 
described in Examples 6 and 7, the articles Will have to be 
presintered Without shrinkage and glass in?ltrated as 
described in US. Pat. Nos. 4,772,436 and 5,910,273, Which 
are hereby incorporated by reference. In the case of YTZP 
Zirconia cores, 3G porcelain can be used for both glass 
in?ltration and esthetic layering of the resulting glass 
in?ltrated cores. 

[0097] While various descriptions of the present invention 
are described above, it should be understood that the various 
features can be used singly or in any combination thereof. 
Therefore, this invention is not to be limited to only the 
speci?cally preferred embodiments depicted herein. 

[0098] Further, it should be understood that variations and 
modi?cations Within the spirit and scope of the invention 
may occur to those skilled in the art to Which the invention 
pertains. Accordingly, all expedient modi?cations readily 
attainable by one versed in the art from the disclosure set 
forth herein that are Within the scope and spirit of the present 
invention are to be included as further embodiments of the 
present invention. The scope of the present invention is 
accordingly de?ned as set forth in the appended claims. 

What is claimed is: 
1. A process for manufacturing a dental article compris 

ing: 








