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COMPUTER-AIDED FABRICATION OF A
REMOVABLE DENTAL PROSTHESIS

BACKGROUND

[0001] Dental prostheses are prosthetic appliances that
replace missing teeth to aid mastication and improve facial
esthetics, phonetics, and self esteem. Removable dental pros-
theses include dentures, partial dentures, and detachable fixed
prostheses. The traditional methods of fabricating removable
prostheses rely on alginate or silicone impressions of bone,
soft tissue structures, and the dentition of a patient. These
methods usually require multiple patient visits to obtain a
clinically acceptable impression. The impressions are poured
with dental stone to obtain model casts or replicas of the upper
and lower jaws. Model casts or casts are plaster replicas of
dental structures obtained from impressions of the dental
structures.

[0002] A proper clinical step in prosthodontics requires a
face bow transfer that records the position of the upper teeth
in relation to the maxillary jaw. In addition to the face bow
transfer records, the bite registration of the upper jaw and the
lower jaw while the mandibular condyle is placed in func-
tional positions such as the centric relation is also taken. Due
to the involvement of the masticular muscle groups, there
have been controversies over the definition and method of
obtaining accurate occlusion data.

[0003] The face bow transfer and bite registration are then
used to mount the upper and lower jaw casts onto a semi-
adjustable mechanical articulator that simulates the mandibu-
lar jaw motion. The semi-adjustable dental articulator has a
fixed or semi-adjustable condyle portion, a fixed lower jaw
portion, with a simplified limited operation of jaw motion.
These mounted casts of the upper jaw and the lower jaw are
sent to dental labs, where prosthetic teeth are set in wax form
for a patient’s try-in. At the try-in appointment, the wax
prosthesis is examined for esthetics, occlusion, and speech.
Esthetics usually requires a proper smile profile, for example,
with the teeth showing when smiling, and around 1 mm-2 mm
of the teeth showing at the resting position of the upper lip.
Occlusion requires proper contacts between the upper teeth
and low teeth. Speech requires a proper seal between the
upper teeth and the lower lips.

[0004] After a number of try-ins, the final wax form with
properly set teeth is returned to the dental labs for processing.
While the teeth are held in place by investing materials, the
wax portion is replaced by pink tissue-colored acrylic mate-
rials and polymerized under high pressure and temperature.
The polymerized products are then trimmed and polished to
develop the finished prostheses. The entire process typically
takes one to two months. Moreover, these prostheses require
extensive adjustments and multiple additional visits, and also
do not guarantee patient satisfaction.

[0005] While every step in the dental clinic and the dental
lab requires tedious and precision-driven labor, human errors
are inevitable. Furthermore, there are many inherent sources
of errors that are difficult to control, for example, soft tissue
deformation during impression, limitations of the semi-ad-
justable articulator, controversies over proper form of occlu-
sion, and shrinkage of acrylic material during polymeriza-
tion.

[0006] A major problem involving removable prosthesis is
the retention of the prosthesis. Although the acrylic material
adapts to the shape of the plaster cast model initially, the
acrylic base shrinks and deforms during the polymerization
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process, thereby losing its precise seal to the plaster model
and the soft tissue. If the base of the prosthesis does not seal
tightly to the soft oral tissues, food particles and air can seep
into the space under the prosthesis and make it less retentive.
On the other hand, over retention due to lack of precision in
metal framed partial dentures is also a problem. Over reten-
tion not only causes pain and discomfort, but also damages
the anchoring teeth in the long term. Due to the lack of
technology to precisely shape the base or anchor area of the
prosthesis, current methods mostly rely on multiple clinical
adjustments by the dentist using pressure-indicating paste,
which still does not warrant a tight seal or fit to the tissue
surfaces. Dentists often spend significant time adjusting the
base of the prosthesis and patients are generally unhappy with
the outcome. Another problem is improper occlusion due to
inaccurate face bow transfer or the absence of a face bow
transfer. This results in unbalanced occlusion interference,
improper teeth alignment, or insufficient occlusion space,
which further reduce the retention. As a result of these unre-
solved problems, the service of removable prostheses is cur-
rently under-valued and under-served in the dental industry.

[0007] Hence, there is a long felt but unresolved need for a
computer-aided method and system for designing and fabri-
cating a highly retentive, functional, and esthetic removable
dental prosthesis for a patient.

SUMMARY OF THE INVENTION

[0008] This summary is provided to introduce a selection of
concepts in a simplified form that are further described in the
detailed description of the invention. This summary is not
intended to identify key or essential inventive concepts of the
claimed subject matter, nor is it intended for determining the
scope of the claimed subject matter.

[0009] The computer-aided method and system disclosed
herein addresses the above stated need for designing and
fabricating a highly retentive, functional, and esthetic remov-
able dental prosthesis for a patient. One or more three dimen-
sional high resolution digital scanned images of one or more
oral structures of the patient are acquired using one or more
digital image scanning devices. One or more three dimen-
sional cone beam X-ray images of hard oral tissues and soft
oral tissues of the patient are acquired using a cone beam
X-ray image device. The high resolution digital scanned
images of the oral structures are integrated with the three
dimensional cone beam X-ray images of the hard oral tissues
and the soft oral tissues of the patient in a three dimensional
space to obtain one or more combined three dimensional
images of the oral structures of the patient. The combined
three dimensional images render low resolution images of
upper jaw bones and lower jaw bones, roots of teeth, and
temporomandibular joint complex, and high resolution
images of coronal portion of the teeth and the soft oral tissues
that potentially interface with the dental prosthesis. An
occlusal relationship between upper oral structures and lower
oral structures are digitally simulated using the combined
three dimensional images for digitally articulating the upper
oral structures and the lower oral structures. The occlusal
relationship between the upper oral structures and the lower
oral structures is digitally simulated at different functional
condylar positions for digitally reproducing bite registration,
centric occlusion, and centric relation.

[0010] The dental prosthesis is digitally modeled based on
the digitally articulated upper oral structures and lower oral
structures to generate a digital dental prosthesis model for
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planning intra-oral positioning and structure of the dental
prosthesis. The intra-oral positioning and the structure of the
dental prosthesis are planned for achieving optimal occlu-
sion, retention, smile profile, and for meeting phonetic
requirements of the dental prosthesis. The dental prosthesis is
digitally modeled by establishing a preliminary digital model
of the dental prosthesis using pre-scanned digital models
stored in an image database of dental prosthesis design. The
image database comprises pre-stored digital models of difter-
ent dental prostheses previously scanned or modeled based on
multiple forms of dentition and upper and lower jaw configu-
ration. The preliminary digital model of the dental prosthesis
is established by matching the pre-scanned digital models
with jaw morphology and configuration of the patient
obtained by characterizing arch form and size of upper and
lower jaws, ridge height and form, and inter-jaw space and
relation. The preliminary digital model of the dental prosthe-
sis is established by simulating and parameterizing elastic
response of the soft oral tissues, occlusion force interaction
between upper teeth and lower teeth, condylar guidance, lift-
ing force of upper lip and lower lip, tongue motion, and oral
muscles during primary motions of the oral structures of the
patient.

[0011] The digital dental prosthesis model is refined based
on simulated force tests performed for assessing interference
and retention of the digital dental prosthesis model. The simu-
lated force tests are performed for reducing interference and
enhancing retention of the digital dental prosthesis model by
simulating predetermined motions of the oral structures. The
digital dental prosthesis model is refined by modifying the
configurations, for example, position, alignment and height
of teeth of the digital dental prosthesis model.

[0012] A prospective dental prosthesis model is created
based on the refined digital dental prosthesis model. The
prospective dental prosthesis model is tested for verifying
predetermined functions, for example, retention of the pro-
spective dental prosthesis model, esthetics of the prospective
dental prosthesis model, and occlusion and phonetics of the
prospective dental prosthesis model. Testing the prospective
dental prosthesis model comprises analyzing and incorporat-
ing modifications into the refined digital dental prosthesis
model, creating a modified prospective dental prosthesis
model, and verifying the modified prospective dental pros-
thesis model. The dental prosthesis is fabricated based on the
tested and verified prospective dental prosthesis model. The
designed and fabricated dental prosthesis is aremovable com-
plete denture dental prosthesis, a removable partial denture
dental prosthesis, or a detachable fixed dental prosthesis
anchored on natural oral structures or implanted oral struc-
tures.

[0013] An acrylic base of the dental prosthesis is digitally
modeled based on the simulated force tests. The acrylic base
is configured for establishing a complete peripheral air tight
seal with the hard oral tissues and the soft oral tissues to
achieve suction based retention of the dental prosthesis.

[0014] The fabricated dental prosthesis is subjected to a
milling process for gross cutting and fine detailing to obtain a
finished product. A three dimensional image, spatial location,
and orientation of the fabricated dental prosthesis are
acquired. An automated milling sequence is configured based
on a comparison between the acquired three dimensional
image of the fabricated dental prosthesis and the refined digi-
tal dental prosthesis model. The fabricated dental prosthesis

Nov. 10, 2011

is subjected to milling based on the milling sequence for gross
cutting and fine detailing of the fabricated dental prosthesis.

[0015] In an embodiment, the dental prosthesis is fabri-
cated by casting metal into a preformed space of the prospec-
tive dental prosthesis model. In another embodiment, the
dental prosthesis is fabricated by molding acrylic material
into a preformed space of the prospective dental prosthesis
model. The preformed space can be defined by a three dimen-
sional print of the refined digital dental prosthesis model. In
another embodiment, the dental prosthesis is fabricated by
rigidly attaching preformed prosthetic teeth to a predesigned
abutment on the acrylic base of the dental prosthesis. The base
of the dental prosthesis is fabricated by precision milling of
preformed blocks of high density and high strength acrylic
material. Each of the preformed prosthetic teeth that is
attached to the base of the dental prosthesis has a shape of a
dental crown.

[0016] In an embodiment, the base and framework of an
existing or prefabricated dental prosthesis are modified for
maximizing retention and function of the prefabricated dental
prosthesis by adapting the base to the soft oral tissues of the
patient and providing anchorage with intra-oral dentition, for
example, adjacent teeth or implants.

[0017] The method and system disclosed herein combines
three dimensional (3D) X-ray imaging, high resolution digi-
tal scanning, and three dimensional image data analysis to
offer a highly accurate model-less technique to design and
fabricate a dental prosthesis with predictable long term
results. The advantages of the 3D digital model-less method
of fabricating dental restorations include precision, consis-
tency of quality and significantly less time for clinical inter-
vention. The precision of digital technology in the anatomy,
margins, contours, contacts, and occlusion makes it possible
to design new retention features, and offer new and superior
fabrication methods and materials compared to the traditional
clinical methods. The method and system disclosed herein
may be standardized to reduce the clinical time and cost of the
treatments. The design and fabrication of the dental prosthe-
sis according to the method and system disclosed herein
provide ultimate precision, function, consistency, comfort
and strength, maximize retention, enable customization of
esthetics, allow exact jaw relations, and can be achieved in a
single patient visit. The accuracy of digital analysis and
design according to the method and system disclosed herein
enables dentists to fabricate removable esthetic prostheses
that can provide better retention, shade and teeth alignment to
the patient. Also, the digital 3D data can be prescribed by
dentists and forwarded to remote dental labs to analyze, cal-
culate, design, and fabricate the dental prosthesis.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The foregoing summary, as well as the following
detailed description of the invention, is better understood
when read in conjunction with the appended drawings. For
the purpose of illustrating the invention, exemplary construc-
tions of the invention are shown in the drawings. However, the
invention is not limited to the specific methods and instru-
mentalities disclosed herein.

[0019] FIG. 1 illustrates a method for fabricating a dental
prosthesis for a patient.

[0020] FIG. 2A exemplarily illustrates high resolution
intra-oral scanned images of oral structures of a patient.
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[0021] FIG. 2B exemplary illustrates a three dimensional
cone beam X-ray image of hard oral tissues and soft oral
tissues of a patient.

[0022] FIG. 2C exemplarily illustrates combined three
dimensional images of oral structures of a patient.

[0023] FIG. 3 exemplarily illustrates a block flow diagram
for fabricating a dental prosthesis.

[0024] FIG. 4A exemplarily illustrates a three dimensional
simulation of a lower jaw of a patient.

[0025] FIG. 4B exemplarily illustrates a three dimensional
simulation of the movement of the condyle of a patient.
[0026] FIG. 5 exemplarily illustrates a block flow diagram
summarizing a process for digitally designing the dental pros-
thesis.

[0027] FIG. 6 exemplarily illustrates a digitally modeled
dental prosthesis.

[0028] FIG. 7 exemplarily illustrates simulated force test
modules for assessing a digitally modeled dental prosthesis.
[0029] FIG. 8 exemplarily illustrates a milling chamber for
milling the dental prosthesis.

[0030] FIG. 9 exemplarily illustrates a method of subject-
ing the fabricated dental prosthesis to a milling process for
gross cutting and fine detailing.

[0031] FIG. 10 illustrates a system for designing and fab-
ricating a dental prosthesis for a patient.

[0032] FIG. 11 exemplarily illustrates the architecture of a
computer system used for modeling and fabricating a dental
prosthesis for a patient.

DETAILED DESCRIPTION OF THE INVENTION

[0033] FIG. 1 illustrates a method for fabricating a dental
prosthesis for a patient. One or more three dimensional high
resolution digital scanned images 201 of one or more oral
structures of the patient, as exemplarily illustrated in FIG. 2 A,
are acquired 101 using one or more digital image scanning
devices. The oral structures are, for example, the maxillary
and mandibular bone and dentition of the patient. One or more
three dimensional cone beam X-ray images 202 of hard oral
tissues and soft oral tissues of the patient, as exemplarily
illustrated in FIG. 2B, are acquired 102 using a cone beam
X-ray image device. The high resolution digital scanned
images 201 of the oral structures are integrated 103 with the
three dimensional cone beam X-ray images 202 of the hard
oral tissues and the soft oral tissues of the patient in a three
dimensional space to obtain one or more combined three
dimensional images of the oral structures of the patient. FIG.
2C exemplarily illustrates combined three dimensional
images 203 of the oral structures of a patient. The combined
three dimensional images 203 render low resolution images
of upper jaw bones and lower jaw bones, roots of teeth, and
temporomandibular joint complex, and high resolution
images of coronal portion of the teeth and the soft oral tissues
that potentially interface with the dental prosthesis. The
occlusal relationship between upper oral structures and lower
oral structures are digitally simulated 104 using the combined
three dimensional images 203 for digitally articulating the
upper oral structures and the lower oral structures. The
occlusal relationship between the upper oral structures and
the lower oral structures is digitally simulated at different
functional condylar positions for digitally reproducing bite
registration, centric occlusion, and centric relation. As used
herein, a digital bite registration is a digital record or imprint
of'the opposing teeth of the patient’s dentition when the upper
jaw and lower jaw are in a closed position. The centric occlu-
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sion is the occlusion that results when the teeth of the patient
are fit together in maximum intercuspation. The centric rela-
tion is the relationship of the upper jaw and the lower jaw
when the head of the condyle is situated as far superior and
anterior within the mandibular fossa.

[0034] Thedental prosthesis is digitally modeled 105 based
on the digitally articulated upper oral structures and lower
oral structures to generate a digital dental prosthesis model
for planning intra-oral positioning and structure of the dental
prosthesis. The intra-oral positioning and the structure of the
dental prosthesis are planned for achieving optimal occlu-
sion, retention, smile profile, and for meeting phonetic
requirements of the dental prosthesis. In an embodiment, a
preliminary digital model of the dental prosthesis is estab-
lished using pre-scanned digital models from an image data-
base of dental prosthesis design. The preliminary digital
model of the dental prosthesis is established by matching the
pre-scanned digital models with jaw morphology and con-
figuration of the patient obtained by characterizing arch form
and size of upper and lower jaws, ridge height and form, and
inter-jaw space and relation. The preliminary digital model of
the dental prosthesis is also established by simulating and
parameterizing elastic response of the soft oral tissues, occlu-
sion force interaction between the upper teeth and the lower
teeth, condylar guidance, lifting force of the upper lip and the
lower lip, tongue motion, and oral muscles during primary
motions of the oral structures of the patient.

[0035] The digital dental prosthesis model is refined 106
based on simulated force tests performed for assessing inter-
ference between different components of the digital dental
prosthesis model with each other and with the oral structures
of the patient, and retention of the digital dental prosthesis
model. The simulated force tests are performed for reducing
the interference and enhancing retention of the digital dental
prosthesis model by simulating predetermined motions of the
oral structures. The digital dental prosthesis model is refined
by modifying position, alignment and height of teeth of the
digital dental prosthesis model.

[0036] A prospective dental prosthesis model is created 107
based on the refined digital dental prosthesis model. The
prospective dental prosthesis model is a physical three dimen-
sional model for the dental prosthesis. The prospective dental
prosthesis model is tested for verifying predetermined func-
tions, for example, retention of the prospective dental pros-
thesis model, esthetics of the prospective dental prosthesis
model, and occlusion and phonetics of the prospective dental
prosthesis model. Testing the prospective dental prosthesis
model comprises analyzing and incorporating modifications
into the refined digital dental prosthesis model, creating a
modified prospective dental prosthesis model, and verifying
the modified prospective dental prosthesis model. The dental
prosthesis is fabricated 108 based on the tested and verified
prospective dental prosthesis model. In an embodiment, the
dental prosthesis is fabricated by rigidly attaching preformed
prosthetic teeth to a predesigned abutment on an acrylic base
of the dental prosthesis. Each of the preformed prosthetic
teeth has a shape of a dental crown. The base of the dental
prosthesis is fabricated by precision milling of preformed
blocks of high density and high strength acrylic material. The
fabricated dental prosthesis is, for example, a removable
complete denture dental prosthesis, a removable partial den-
ture dental prosthesis, and a detachable fixed dental prosthe-
sis anchored on natural oral structures or implanted oral struc-
tures.
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[0037] FIG. 3 exemplarily illustrates a block flow diagram
for fabricating a dental prosthesis. The data acquisition, data
analysis, and design of the dental prosthesis are performed in
stages 301, for example, image integration, simulation,
design, force tests, and design refinement. The data acquired
comprises, for example, the three dimensional (3D) cone
beam X-ray images 202 and the three dimensional (3D)
scanned images 201. The acquired data is digitally integrated
for analysis and design of the dental prosthesis. An accurate
3D image of the dental prosthesis is acquired 302 through
stages of image creation, analysis, and processing. Preformed
high strength acrylic material that constitutes the dental pros-
thesis is subjected to milling 303 using the acquired 3D
images before attaching the preformed teeth.

[0038] Three dimensional (3D) cone beam X-ray images
202 provide three dimensional images of hard oral tissues and
soft oral tissues comprising the maxillary and mandibular
bone and dentition, the temporomandibular joint (TMJ), and
soft tissues including the upper lip and lower lip. The 3D
image data contains accurate three dimensional data of the
upper jaw in relation to the maxilla, the lower jaw, and the
condyle. The method and system disclosed herein analyzes
the 3D image data to digitally accomplish a face bow transfer
in a three dimensional virtual space with high accuracy.

[0039] The three dimensional (3D) image data of the lower
jaw is separated from the 3D image data of the upper jaw, and
then digitally integrated or brought together through accurate
occlusion relations such as centric relation through proper
condylar movement. The movement of the lower jaw is digi-
tally simulated and animated through the occlusal relation-
ships. The three dimensional jaw relations incorporates the
exact dimensions of the jaw, is completely adjustable, and
free from interference from masticular muscle groups. The
digital occlusal relationships are used to set up teeth along the
ridge, without impressions, model casts, manual face bow
transfer, or bite registration. For edentulous patients or
patients with temporomandibular joint (TMJ) disorders, the
method disclosed herein accurately establishes the occlusion
to create dentures or cure or treat TMJ disorders.

[0040] The resolution (approximately 100 um) in the three
dimensional (3D) cone beam X-ray images 202 is sufficient to
establish the jaw relation, and the positions of the soft tissues
such as the upper lip line. Although, these images 202 can be
used to establish the esthetic requirements, they are not
adequate to establish a tight seal and fit to the soft tissue and
teeth surface. The method disclosed herein enables high reso-
Iution three dimensional digital scanning (approximately 20
um-30 pm) to acquire the accurate three-dimensional data of
the tissue and teeth that potentially interface with the dental
prosthesis. Unlike the traditional impressions with alginate or
silicone and plaster models that require multiple clinical
appointments, the 3D scanning disclosed herein instantly
provides accurate and undistorted digital images 201 of the
oral tissues and teeth. In order to capture high resolution
digital scanned images 201 of the oral tissues, for example,
the maxillary area, patients are instructed to open their
mouths wide with lips pulled forward, while saying “Ah”.
Similarly, for the mandibular area, patients are instructed to
open wide with their lip pulled forward with the tongue touch-
ing the roof of their mouth. In the absence of the patient, the
high resolution digital scan is performed using a teeth model
orimpression of the patient. In an embodiment, pictures of the
smile profile of the patient, the color of the face, lip, gum
tissue, and the shade of teeth are acquired for reference.
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[0041] The method and system disclosed herein utilizes the
three dimensional scanned image data to modify the design of
abase and anchor of the dental prosthesis to create and main-
tain a tight seal and fit to the oral tissues during oral move-
ments or activities, for example, chewing, biting, laughing,
and different tongue movements.

[0042] Furthermore, the method and system disclosed
herein integrates the three dimensional digital scanned
images 201 with the three dimensional cone beam X-ray
images 202 to create accurate three dimensional data models
that simulate oral movements or tasks, for example, laughing
or biting large edible objects, etc. The cone beam X-ray
images 202 are integrated with the high resolution digital
scanned images 201 of the dentition and soft tissue in a
three-dimensional space. Multiple common discrete three
dimensional reference data points, for example, the incisal
edge of the same front teeth, are identified in both the cone
beam X-ray images 202 and the high resolution digital
scanned images 201. These reference points are used to con-
vert individual image data into the common three dimen-
sional space. The combined three dimensional images 203
comprise low resolution images of the upper and lower jaw
bone, the roots of the teeth, and the temporomandibular joint
complex, and high resolution images of the coronal portion of
the teeth and the soft tissue that potentially interface with the
dental prosthesis.

[0043] Thethree dimensional (3D)images ofthe lower jaw,
including the lower teeth and the soft tissue are assembled
together in a single group, and used to simulate the indepen-
dent movement of the lower jaw as a rigid body. FIG. 4A
exemplarily illustrates a three dimensional simulation of a
lower jaw of a patient. When the lower jaw moves, the region
that appears to morph is the soft tissue between the upper and
lower jaws, specifically the two cheeks. As the jaw moves, the
condyle translates digitally back and forth along the condylar
process, and the lower jaw rotates digitally around the
condyle. FIG. 4B exemplarily illustrates a three dimensional
simulation of the movement of the condyle. The tips of the
incisors follow a tear drop shape trajectory. This movement
simulates the centric occlusion when the condyle is posi-
tioned in the most superior and posterior positions while the
upper and lower jaws are close together. Hence, the facial
bow, bite registration and centric relation are digitally repro-
duced with absolute accuracy. An ideal occlusion also
requires occlusal contacts in all the teeth, with lighter contacts
in the anterior region, heavier contacts in the posterior region,
and smooth contacts during lateral excursion motion.
Mechanical articulators estimate occlusion with fixed jaw
portion and limited condylar motion and hence lack the accu-
racy and detail of the three dimensional digital simulation
disclosed herein.

[0044] The three dimensional simulations are used to ana-
lyze the forces involved in the oral tasks for planning the
optimal prosthesis designs that maximize the retention and
stability of the dental prosthesis. The teeth of the dental pros-
thesis are set digitally in positions that stabilize the dental
prosthesis, while maintaining perfect occlusion and esthetics.
The base and metal frame are added to the design of the teeth,
enabling sufficient support to the root of the teeth, while
occupying minimal space and maintaining smooth contour
and tight seal or fit to the anchoring tissue.

[0045] FIG. 5 exemplarily illustrates a block flow diagram
summarizing a process for digitally designing the dental pros-
thesis. The optimal perception of smile is characterized
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largely by the relative position of the edges of upper teeth and
lower teeth to the upper lip and lower lip, and the shape and
shade of the teeth. In designing the smile profile, factors that
are considered comprise, for example, the shape of the teeth,
width of the teeth, mid-line of the teeth, amount of teeth
showing at resting position and smiling position, etc. The
shape of the teeth is usually the inverse shape of the patient’s
face. At the resting position, the teeth edges are more pro-
nounced to provide or retain a young appearance of the sub-
ject patient. The front teeth are digitally set 501 primarily
based on esthetics. Different sizes, shapes, and shades of
custom-made denture teeth are digitally scanned and stored in
an image database.

[0046] In an embodiment, an image database comprising
multiple forms of predetermined configuration of teeth and
denture design is parameterized by the characteristics of the
patients’ dentitions and upper jaw and lower jaw of the
patients. Once the combined three dimensional (3D) image
data of patient is acquired, the characteristics of the dentition
and the upper and lower jaw can be matched with the image
database, and the preliminary design of the dental prosthesis
can be generated instantly from the image database.

[0047] The pre-scanned teeth are digitally aligned or set
502 along the ridges for digitally modeling the dentures or
partial dentures by following the basic principles of remov-
able prostheses, for example, curve of Spee and curve of
Wilson for the posterior teeth. The first choice of teeth posi-
tion is the original position of the missing teeth. Since there
are minimal restrictions on the positioning of the teeth, sev-
eral factors, for example, optimal customized esthetics can
alter the teeth position based on the prescription of the restor-
ing dentists. For example, the midline between the central
incisors has to match the upper facial midline of the nose, and
the width of the nose has to match with the distance between
the two canines. The digital modeling and simulation of the
method disclosed herein enables the dentist to recreate a
customized smile for the patient.

[0048] The teeth are digitally set to match the oral condi-
tions of the patients by characterizing the arch form and size
of'the upper jaw and lower jaw, the ridge height and form, the
inter-jaw space and relation, and the other oral and facial
structures. Based on the digitally placed teeth position, the
interfering forces and the retention forces are analyzed and
quantified using basic laws of physics. The numerical data
acquired is further analyzed to generate the correct shape of
the dental prosthesis that will enhance the retention, esthetics,
function, and phonetics of the dental prosthesis.

[0049] The base of the dental prosthesis is designed for
complete peripheral air tight seal with the hard oral tissues
and the soft oral tissues to achieve suction based retention of
the dental prosthesis. Traditionally, many patients depend on
denture adhesives to maintain an air seal which may cause
infection on the teeth and gum. The negative air pressure
generated by the suction force of the air pocket created from
the air tight seal between the oral tissues and the dental
prosthesis is the main source of retention, especially for com-
plete dentures. The air pocket is around 1 mm-2 mm deep.
The suction force of the air pocket is dependent on the area of
the air pocket. The forces and movements ofthe oral activities
can cause the dental prosthesis to move away from the origi-
nal position. The base of the dental prosthesis is designed to
maintain the air pocket seal during these normal functional
movements. The seal is tighter towards the edge of the dental
prosthesis. The center portion of the sealed area is slightly
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recessed to form the air pocket for the suction. The design of
the base provides a retentive seal on the lower jaw, as long as
an air tight seal is retained. The air pocket is designed to resist
the forces during normal functional movements. However,
the patient can remove the denture by applying a sideways
force that seldom occurs during normal function. The force to
remove the dental prosthesis is directly applied from the side
to release the air pocket and remove the dental prosthesis.

[0050] The image database containing pre-scanned and
pre-stored digital models that match different jaw morphol-
ogy and configuration is referenced to the patient to establish
one or more pre-stored models as a preliminary digital model
for the patient to begin with. In determining the digital dental
prosthesis model, the elastic response of the soft tissue, the
occlusion force interaction between the upper teeth and lower
teeth, the condylar guidance, the lifting force of the upper lip
and lower lip, the tongue motion, and other muscles during
functional motions such as laughing, chewing and biting
large objects are parameterized and simulated. FIG. 6 exem-
plarily illustrates a digitally modeled dental prosthesis. By
leveraging the convenience and power of digital calculation
and simulation, the method and system disclosed herein
incorporates a testing interface comprising testing modules
with buttons to simulate and conduct force tests for assessing
and analyzing 503 retention of the designed dental prosthesis
during important motions and functions such as laughing,
chewing, biting large edible objects, lip lifting, tongue push-
ing, etc. The digital dental prosthesis model is refined based
onthe simulated force tests 504 to modify position, alignment
and height of teeth of the digital dental prosthesis model.

[0051] Multiple software applications for three dimen-
sional computer-aided design (CAD) and animation may be
used for modeling, animating, simulating, and rendering the
digital dental prosthesis model. One such software applica-
tion is Autodesk Maya® of Autodesk® Inc, although any
CAD and animation software can be used. FIG. 7 exemplarily
illustrates simulated force test modules for assessing a digi-
tally modeled dental prosthesis. The force test modules for
simulating and rendering the functions such as laughing,
chewing, biting, lip lifting, and tongue movements are con-
figured using the software application. FIG. 7 specifically
illustrates an example of the digital dental prosthesis model
rendering a biting scene. The design of the digital dental
prosthesis model is refined based on the simulated force tests.
Optimal configurations of the teeth are established to maxi-
mize the retention of the dental prosthesis. For example,
shorter teeth height reduces the interference forces that cause
the dental prosthesis to dislocate from the jaw. For partial
dentures, shorter contact area of the dental prosthesis to the
gum results in stronger anchorage force. In the traditional
partial denture designs, the retention features can be added
only to those areas that are visible and accessible. In the
method and system disclosed herein, retention features can
also be added to areas under the partial dentures that are not
visible and accessible.

[0052] After the teeth positions are determined, the acrylic
base of the dental prosthesis is incorporated into the design
505 to provide a solid support to the teeth, smooth flow of
contour, and minimal space occupation. The acrylic base may
be designed or digitally modeled based on the simulated force
tests as disclosed in the detailed description of FIG. 7. Gen-
erally, the acrylic layer forms a thin layer over the oral tissue.
However, occasionally the acrylic material is used to fill space
in the sagging cheek area to improve facial appearance.
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[0053] In an embodiment, the digital design of the dental
prosthesis is based on preformed crowns that are attached to
predesigned abutments from the acrylic base, similar to the
crown restorations for natural teeth. The acrylic base or the
metal frame of the dental prosthesis is created in a bulky form
that is easy to cast or mold. The detailed adjustments and
modifications for the dentures or the metal frame for partial
dentures are made through a precision milling process dis-
closed in the detailed description of FIG. 8.

[0054] The three dimensional digital model of the dental
prosthesis is printed using a three dimensional (3D) printer
using a biologically safe material to create a prospective
dental prosthesis model. The digital model comprises, for
example, pre-scanned teeth attached to the abutments on the
dental prosthesis. The provisional or prospective dental pros-
thesis model is tested similar to a try-in appointment by the
patient to verify predetermined functions, for example, the
esthetics, the centric relation and occlusion, and the phonet-
ics. Phonetics is an important factor in the design of the teeth
position. At the resting position, the upper teeth should be
slightly in contact with the lower lip to provide a proper seal
for “f” and “s” sounds. Vertical space and tongue space should
be considered according to the size of the tongue for proper
phonetics. Moreover, the patient should not have any trouble
swallowing. The patient may be instructed to count numbers
from 1-40, 60-70, and special attention is given to the “f” and
“s” sounds. The design of the digital dental prosthesis model
is refined based on the trial inputs and suggestions. The digital
dental prosthesis model is refined by analyzing and incorpo-
rating the required modifications, and further verified.
[0055] High resolution three dimensional print of the dental
prosthesis can be generated from the three dimensional image
model of the dental prosthesis. The traditional methods of
investing a preformed space using the three dimensional print
and casting, or polymerizing under high pressure or injecting
materials into the space for fabricating the dental prosthesis
are within the scope of the method disclosed herein. The
preliminary fabricated prosthesis is further milled and pol-
ished in a precision guided milling chamber as exemplarily
illustrated in FIG. 8.

[0056] In an embodiment, a preformed block of high den-
sity and high strength acrylic material or other biologically
compatible material are used for the dental prosthesis. The
preformed material is stronger and is used to create thinner,
stronger and esthetic removable dental prosthesis. The pros-
thetic teeth are preformed in the shape of a dental crown and
attached to the abutment predesigned on the base of the dental
prosthesis. This method substantially eliminates the delays
due to the dental lab processes and save time in fabricating the
dental prosthesis. Accordingly, the design and fabrication of
the dental prosthesis can be finished in a single patient visit.
[0057] The design of the metal framework for partial den-
tures is prescribed by the restoring dentists. The metal frame-
work can be cast using the traditional casting method, which
allows the melted metal to flow into a preformed space. Also,
the acrylic material can be molded by injecting and pouring
the acrylic material into a preformed space of the three dimen-
sional print of the refined digital dental prosthesis model for
fabricating the dental prosthesis.

[0058] FIG. 8 exemplarily illustrates a milling chamber 800
for milling the dental prosthesis. The milling process is pre-
cision guided by the three dimensional image of the milling
object in the milling chamber 800. Before milling, the pre-
milled dental prosthesis 802 is required to be firmly mounted
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for processing. Three holding arms 806 are programmed
based on the three dimensional images to clamp the fabricated
dental prosthesis 802 on the front and the back sides without
causing any distortion to the fabricated dental prosthesis 802
by the holding force. FIG. 9 exemplarily illustrates a method
of subjecting the fabricated dental prosthesis 802 to a milling
process for gross cutting and fine detailing. A separate three
dimensional scan is performed to acquire and record 901 a
three dimensional image, the spatial location, orientation and
shape of the pre-milled fabricated dental prosthesis 802 using
a digital image scanning device 801. The scanned image of
the pre-milled fabricated dental prosthesis 802 is compared
with the designed and refined digital dental prosthesis model,
and an automated milling sequence is generated and pro-
grammed or configured 902 based on the exact spatial loca-
tion of the pre-milled fabricated dental prosthesis 802. The
fabricated dental prosthesis 802 is milled 903 into the exact
shape of the refined digital dental prosthesis model.

[0059] The final details of the dental prosthesis 802 are
created in the milling process. Two milling motors 803, each
with gross milling and fine milling burs 804 and 805 are
engineered to following the milling sequence, with water
spray to cool down the heated material. After the milling is
completed, the milled dental prosthesis is manually examined
and polished with a polish agent, for example, pumice for
ensuring a polished and smooth prosthesis base is produced to
reduce irritation and increase retention through the air seal. In
anembodiment, the acrylic material of the dental prosthesis is
milled using a laser. Laser milling is precise, clean and easy to
manage. However, laser milling is suited for flexible and soft
material but not the solid dense material.

[0060] The method and system disclosed herein also
enables repairing of old poorly fit prefabricated dentures and
partial dentures. In this case, the digital images of the prefab-
ricated prosthesis, the oral cavity of the patient, and three
dimensional cone beam X-ray images 202 are acquired. A
digital analysis and redesign of the prefabricated prosthesis
enables dentists to improve the retention, esthetics, and func-
tion of the prefabricated prosthesis using the method dis-
closed herein. The milling process is used to reshape the
prefabricated prosthesis to an ideal condition according to the
digitally generated improved dental prosthesis with better
retention, function and esthetics. The base of the existing
prosthesis is modified to enhance the retention and function
by precise adaptation to the soft tissue through an air tight
seal. The metal frame work of existing partial dentures is
modified to attain precise anchorage with existing natural
dentition to provide passive and strong retention.

[0061] In an embodiment, a detachable implant-supported
removable prosthesis is designed and fabricated for patients
with implants, with precise attachment and ideal tissue seal.
For patients with temporomandibular joint (TMJ) pain and
discomfort, the accurate digital information of the condylar
position during lower jaw movement is used to fabricate
functional bite appliances to correct jaw relation and relieve
the TMJ symptoms. In many cases, the TMJ related disorders
are caused by dislocated discs or condyle due to the way the
teeth occlude with each other. Using three dimensional (3D)
X-ray imaging, the dislocation of the disc or condyle is deter-
mined and a new position for the lower jaw is digitally gen-
erated to move the discs or the condyle back to their proper
position, and then design appliances that will place the lower
jaw to the proper position. This may take multiple small steps
to move the discs or condyle from a disordered position to the
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proper position. A series of functional bite appliances can be
fabricated in a sequence to correct the dislocated disc over a
period of time, until the disc returns to the proper location.
[0062] In an embodiment, by using accurate three dimen-
sional (3D) images 201 and 202 with correct jaw relations,
provisional esthetic appliances that enhance the esthetic
appearance of the teeth, and orthodontic aligners that correct
misaligned teeth can also be digitally modeled and fabricated
according to the multiple digitally aided methods disclosed
herein. For patients with discolored or malformed teeth who
desire an instant makeover for the appearance of their teeth, a
precise custom-made orthodontic esthetic appliance, for
example, a hard tray that covers all the teeth from the facial
side with white and straight appearance can be modeled from
the high resolution 3D scan of the patient’s teeth. These
modeled esthetic appliances are more precise than lab fabri-
cated appliances and are free of errors. For orthodontic align-
ers, the 3D cone beam X-ray images 202 of the jaws and the
high resolution digital scanned images 201 of the teeth are
used to propose a sequence of teeth movement, digitally
generate the new positions of the teeth, and fabricate func-
tional orthodontic appliances, for example, C-Guard appli-
ances to reposition the teeth to their proposed positions.
[0063] FIG. 10 illustrates a system 1000 for designing and
fabricating a dental prosthesis for a patient. The system 1000
disclosed herein comprises a digital image scanning device
801, a cone beam X-ray image device 1001, a three dimen-
sional (3D) printer 1003, and a fabricator 1004. The system
1000 disclosed herein further comprises an image integrator
10024, a digital simulator 10025, and a digital modeler
1002¢, and an image database 10024 provided on the com-
puting device 1002. The digital image scanning device 801
acquires one or more high resolution digital scanned images
201 of one or more oral structures of the patient. The cone
beam X-ray image device 1001 acquires one or more three
dimensional cone beam X-ray images 202 ot hard oral tissues
and soft oral tissues of the patient. The image integrator
10024 provided on the computing device 1002 integrates the
high resolution digital scanned images 201 of the oral struc-
tures with the three dimensional cone beam X-ray images 202
of'the hard oral tissues and the soft oral tissues of the patient
in a three dimensional space to obtain combined three dimen-
sional images 203 of the oral structures.

[0064] The digital simulator 10025 provided on the com-
puting device 1002 digitally simulates an occlusal relation-
ship between upper oral structures and lower oral structures
using the combined three dimensional images 203 for digi-
tally articulating the upper oral structures and lower oral
structures. The digital simulator 10025 digitally simulates the
occlusal relationship between the upper oral structures and
the lower oral structures at different functional condylar posi-
tions for digitally reproducing bite registration, centric occlu-
sion, and centric relation.

[0065] The digital modeler 1002¢ provided on the comput-
ing device 1002 digitally models the dental prosthesis based
on the digitally articulated upper oral structures and lower
oral structures to generate a digital dental prosthesis model
for planning intra-oral positioning and structure of the dental
prosthesis. The digital modeler 1002¢ establishes a prelimi-
nary digital model of the dental prosthesis using pre-scanned
digital models stored in the image database 1002d.

[0066] The image database 10024 comprises pre-scanned
and pre-stored digital models of different dental prostheses
based on multiple forms of dentition and upper and lower jaw
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configuration. The digital modeler 1002¢ establishes a pre-
liminary digital model of the dental prosthesis by matching
the pre-stored digital models with jaw morphology and con-
figuration of the patient by characterizing arch form and size
ofupper and lower jaws, ridge height and form, and inter-jaw
space and relation. In an embodiment, the digital modeler
1002c¢ establishes the preliminary digital model of the dental
prosthesis by simulating and parameterizing, for example,
elastic response of the soft oral tissues, occlusion force inter-
action between the upper teeth and the lower teeth, condylar
guidance, lifting force of the upper lip and the lower lip,
tongue motion, and oral muscles during primary motions of
the oral structures of the patient. The digital modeler 1002¢
refines the digital dental prosthesis model based on simulated
force tests performed for assessing interference and retention
of the digital dental prosthesis model. The digital simulator
10025 performs the simulated force tests for reducing inter-
ference and enhancing retention of the digital dental prosthe-
sis model by simulating predetermined motions of the oral
structures.

[0067] The three dimensional printer 1003 creates a pro-
spective dental prosthesis model based on the refined digital
dental prosthesis model. The prospective dental prosthesis
model is tested in the dental clinic in a try-in session with the
patient for verifying predetermined functions, for example,
retention, esthetics, occlusion, and phonetics of the prospec-
tive dental prosthesis model. The fabricator 1004 fabricates
the dental prosthesis based on the tested and verified prospec-
tive dental prosthesis model. The system 1000 disclosed
herein is used to fabricate a removable complete denture
dental prosthesis, a removable partial denture dental prosthe-
sis, or a detachable fixed dental prosthesis anchored on natu-
ral oral structures or implanted oral structures. In an embodi-
ment, the fabricator 1004 fabricates precision-driven
removable temporomandibular joint appliances, esthetic
appliances, and orthodontic aligners. The milling sequence in
the milling chamber 800 is digitally programmed and preci-
sion-guided by digital scanning of the milling object, for
example, the removable esthetic or functional appliance, the
fabricated dental prosthesis 802, etc. in the milling chamber
800.

[0068] The digital modeler 1002¢ also digitally models an
acrylic base of the dental prosthesis based on the simulated
force tests. The digital modeler 1002¢ configures the acrylic
base for establishing a complete peripheral air tight seal with
the hard oral tissues and the soft oral tissues to achieve suction
based retention of the dental prosthesis.

[0069] The fabricator 1004 fabricates a partial denture den-
tal prosthesis by first casting metal into a preformed space of
the prospective dental prosthesis model, then molding acrylic
material into a preformed space of the prospective dental
prosthesis model. In another embodiment, the fabricator 1004
fabricates the dental prosthesis by rigidly attaching pre-
formed prosthetic teeth to predesigned abutment on an acrylic
base of the dental prosthesis. The preformed prosthetic teeth
in the shape of a dental crown are attached to the predesigned
abutment on the dental prosthesis via mechanical locks, per-
manent adhesives or cements. The fabricator 1004 fabricates
the base of the dental prosthesis by precision milling of pre-
formed blocks of high density and high strength acrylic mate-
rial.

[0070] FIG. 11 exemplarily illustrates the architecture of a
computer system 1100 used for modeling and fabricating a
dental prosthesis for a patient. The computer system 1100






