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A Method for Improving Dental Crown Fit-
Increasing the obustnes
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Abstract—The introduction of mass-customization has enablellowever, new problems have occurred at the sanme tilwe

new ways to treat patients within medicine. Howevéne

introduction of industrialized treatments has alswmant new
obstacles. The purpose of this study was to intedwand

theoretically test a method for improving dentabven fit. The

optimization method allocates support points ineortb check the
final variation for dental crowns. Three differéppes of geometries
were tested and compared. The three geometries alevedivided

into three sub-geometries: Current method, Optichimeethod and
Feasible method. The Optimized method, using thelevburface for
support points, provided the best results. The ltessupport the
objective of the study. It also seems that the etppptimization

method can dramatically improve the robustness esftal crown

treatments.

Keywor ds—Bio-medicine,
Optimization and Robust design.

Dentistry,

|. INTRODUCTION

Mass-customization, application.

to mass customization [7-11]. There are severahaust on
the market today for treating the patient with démrowns
[12-15].

Seen from a general perspective, a high-quality icakd
treatment is important for both the patient and tileatment
provider. Many aspects can be covered within thasement.
We have limited our study here to geometrical dquali

The objective of this study is to propose a newhoetto
minimize the geometrical variation for mass-custedi dental
crowns, thus converging the treatment method, apéaally
the final assembly of the crowimto a more robust treatment.
However, the method presented is not limited te #pecific
Rather, it can be used in severalttnents and
applications within medical rehabilitation. By uginthe
method proposed in this study, greater control rod fit
between the tooth and crown can be achieved. Aré¢tieal
method for minimizing the geometrical variationthé final

OT many areas within medicine have eluded the laassembly is presented in this study.
decade's technological wave. One good example amonglhere are several motivations for increasing theeiinfit
many medical areas that have adopted the possibilitbetween the tooth and crown. Less tooth/crowndgmin (due

technological advantages afford is dentistry. Theaaof
prosthetic dentistry, and especially crowns, haggirated
many professions and different technologies, botall-w
established and novel [1-3].

The introduction of novel technologies has alscoéathnew
possibilities for optimizing treatments, in ternfsyoality, time
and treatment method. This
geometrical quality has improved significantly sinche
introduction of CAD/CAM [4-6].
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to poor inner fit during the final rehabilitatios&embly)
means that the patient can be treated faster. Ebéng
provided the dentist of assembling a crown witlighttfit can
also be seen as an important aspect. In additesgarch has
revealed that the stress associated with a nowrumi€ement
layer (space between the crown and ground tooth) is

is the case, even though
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Fig. 1 Cause and effect diagram for the critical producheshsior
[Soderberg, 1998], in this study the focus is settloe Assembl
variation minimization
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Fig. 2 lllustration of the Procera tooth restoratfocess

considerably higher than that associated with éotmi layer
[16]. This means that control of the cement spaae be
achieved by introducing the method proposed ingtidy.

Geometrical variation in critical product dimenssoand
features results from a number of different soufseg Figure
1). Size and form variation in the geometry of theividual
parts originates from the manufacturing processl,usdich
varies over time. The assembly process also camdsbto the
discrepancies. They originate from a variation langing
tools, which may also vary over time. The tolerant¢lat
contribute to the final variation, from preparatimntreatment,
design and manufacturing, and clinical proceduczs) be
defined by different types of probability distrilris.

An important contributor to the final variation #dso the
robustness of the design of the treatment methrod; fnitial
examination to finalizing the treatment. A robustsign
suppresses variation, while a sensitive design ifiexit [17].
For this study, a virtual crown from Procera® Alf@m
(Procera® AllCeram, Nobel Biocare AB, Goteborg, Sem),
treatment method was used as an example in oraeinimize
the geometrical variation theoretically. The op#ation was
accomplished using virtual variation simulation teaifre
RD&T (RD&T; RD&T Technology AB, Mdindal, Sweden).

The Procera® AllCeram method (rigid body) is used
manufacture all-ceramic crowns for single-toothtorsions.
Figure 2 illustrates the Procera tooth restorati@thod. Using
computer aided design/manufacturing
technology, a densely sintered pure high strengttamic
framework is constructed [7, 14]. First, the padtieis
examined, and x-rays are taken. The wounded pdhieafooth
is then prepared, according to guidelines. Nexgypsum
model based on the tooth impression is made inrotole
enable scanning. Based on the results of that swgnan
outer form for the coping is designed in a compméet
environment. The ceramic coping is manufactured, #ren

finalized to a crown. Finally, the crown is cemeht® its
place on the prepared tooth by initially guidingigually to its
final position.

Support point optimization has been an obvious phthe
product development process within mass-productifam,
example finding the optimal positions for door hesglts goal
has been to help realize robust design [18]. Howeleés is a
new method within medical device manufacturing amass-
customization. Recently, robust design methods hasen
introduced to implant surgery (mass-customizatigitfin the
aspects of variation simulation [2, 19]. Since imeoduction
of industrialization, one of the main difficultiesvithin
prosthetic dentistry has been accomplishing a rothesign of
a mounted crown where each case is individual Jf.until
now, the solution has been that the ceramic cofriggl body
crown), manufactured on the basis of the scanrasglt, has
been enlarged over the inner surface and decreashd base.
The idea has been to guide the crown to its thieatigt
planned position at the base of the tooth and geoiti with a
close fit. This simultaneously enables the fixatidrihe crown
to the tooth through cementing. However, if thipmach is
employed, the crown will rest on a set of pointe (allocation
of the points are unknown) that lock the objecbyan) to its
six degrees of freedom. Six degrees of freedonrgefe the

tmotion of a rigid body in three-dimensional spagegeneral
rule of thumb involves support points being spraadnuch as
possible over the surface and locking the objecitgosix

(CAD/CAM)degrees of freedom in space in order to increasedhustness

of the assembly.This means that if the current method
explained in the Procera® AllCeram method sectibove is
used, the final variation cannot be checked. Tloeegfa new
method is proposed that increases the ability exkthe final
variation, hence converging
geometrically robust rehabilitation.
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Fig. 3 Workflow of the study
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Fig. 4 Box example of the theoretical assembly weth
locking the object to the six degrees of freedorsgace

Il. METHOD

Three prosthetic restoration models (gypsum modetbe
wounded tooth) were scanned with the help of ahquobe
scanner (Procera® Forte, Nobel Biocare AB, Gothembu

The optimization algorithm proposed by Wang and
Pelinescu is based on a method of optimum expetidesign.
The problem is solved by selecting optimal supgaoints
from an initial number of positions at each node af
triangulated surface.

The support points (gs in Fig. 4, A1, A2, A3, B1, B2, C
in Figure 6- Figure 12) were allocated with thephef the
following method: translation in three perpendicuxes, X,
Y and Z, combined with rotation about three perpeuiér
axes (Fig. 4). This is done in order to lock thgeobto its six
degrees of freedom in space. As the movement aaoh of
the three axes is independent of each other amgh@rdient of
the rotation about any of these axes, the moti@rshadegrees
of freedom.

The algorithm iteratively improves the robustnegsthe
surface until the most robust solution is found:sFall six
points are randomly generated and distributed thessurface,
then iteratively the point contributing least to rabust design
is found an new location is found until this Hncalso be
expected that the surface with no boundary conditiwill
give the best result, i.e. smalless @and RMS (root mean
square), also known as the quadric mean (the nesenéal

Sweden). This was done in order to obtain a V'rtu%sult to focus on), the statistical measure ofrtiagynitude of

representation of the geometry of each individuaumded
tooth. Then a virtual crown was designed as arebfsrface
on the basis of the scanning result. The restoratiepresent
three typical basic geometries, FZ1: Canine, FZdiav] and
FZ3: Pre-Molar. In order to minimize the actual gedtrical
variation, the inner surface of the virtual crowasaprovided
with support points. The support points that guttecrown to
its theoretical and planned final position werdribsited by an

a varying quantity.

For statistical results, each case is virtually nfactured
10,000 times according to the Monte Carlo metho§l [1
Statistics are then derived from each triangle naeohel
summarized for each case. The Monte Carlo methadbraly
generates numbers for all input parameters acapridirpre-
defined distributions and creates distributions e output
parameters (critical product dimensions). Then thece

algorithm proposed by Wang and Pelinescu [29.] e thfoIIowing simulations are conducted for each restion, see
software RD&T, (RD&T, RD&T Technology AB, Mdindal, Ei

Sweden). Each support point was given a spherically™

distributed 0.1 mm tolerance, meaning that theati@mm does
not represent the actual tolerance from the matwiag. The
effect of support point allocation is analyzed loynparing the
results between the three geometries.

Current method

Optimized method

1.The current method simulates the actual assemilgyto
Today the crown is mounted by planned connectiongl
the finish line (i.e. the bottom edge of the crowmhe

Feasiblehuodt

Fig. 5 One example of the three surfaces useddioulations. From left to right: Current methodiding the best possible assbly along th
finish line. Optimized method, using the whole ag# for allocating support points. Feasible methsidg a part of the surface for allocating
support points, an area along the finish line dfagethe top area is excluded for support poilucation
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simulation is carried out by allocating support rnisi

TABLE | RESULTS OF10000VIRTUAL SIMULATIONS

according to optimum experiment design over an area

along the finish line, based on machining toolse st Case 6ow.Cc. 6ob.c RMS
possible solution of the conditions in theory, adiag to
present manufacturing and assembly method, is fotmd 71 Current Method 155 0.37 1.07
statistical results, the whole virtual crown isdise o

2. The optimized method allocates the support paimes the FZ1 Optimized Method 1.37 017 0.64
whole surface, without restrictions. This meanst tihe FZ1 Feasible Method 1.06 0.21 0.73
most optimized solution in theory regarding robasgis FZ2 Current Method 1.12 0.16 0.65
found. This is also the most preferable methodde ifi FZ2 Optimized Method 091 0.18 0.64
possible. )

3.The feasible method allocates the support to am are |22 Feasible Method 131 048 177
between an upper and lower area. The upper area is FZ3 Current Method 1.44 0.54 1.12
defined by a shoulder area. The lower areas aitetino FZ3 Optimized Method 0.89 0.15 0.61
the radii of milling tool, around and above theidimline. FZ3 Feasible Method 1.10 0.17 0.70

It is worth noting that the feasible method is onged as
a possible solution area for allocating the supportts,
might not be needed, for the application in hand.

Ill. RESULTS

The results of the study have been summarized bieTh
The figures (Figures 6-14) in appendix presentrésilts as
color figures.

Table 1 presents the summarized results from the000
conducted simulations for each case aswec. (worst case)
and b.c. (best case) as well as RMS (Root Meanr8gaest
important result to analyze). Thes Gv.c. was found in FZ1
Current method 1.55 mm. Thec6b.c. was found FZ3
Optimized method, 0.15 mm. If a comparison betweach
case is done, the greatest deviation was found&g Gurrent
method — Optimized method, RMS factor 0.54.

The colored figures visualize the variation, ane denoted
in the bar at the side of each figure. Visuallgan be difficult
to realize where the largest variation occurs, hawet is
known that the variation grows with the distancéti® support

points. The averagesfw.c. for the current situation was 1.3

mm. For the whole surface situation, it was 1.06, while it

was 1.16 mm for the feasible solution. Meanwhite, average
6o b.c. for the current situation was 0.35 mm. Fa whole

surface situation, it was 0.18 mm, and for the Béas
solution, it was 0.29 mm. Finally, the average RK8 the

current situation was 0.95 mm, while it was 0.63 mamthe

optimized situation and 1.07 mm for the feasibletson.

IV. DISCUSSION
The objective of this study has been to proposeppat

Three basic tooth geometries were used for thidysfFig. 6 -
Fig. 14): FZ1: Canine, FZ2: Molar and FZ3: Pre-Mdtanust
be kept in mind when analyzing the results thattffier current
method, the
something unlikely to be found in an actual cadésTs due to
the fact that the connection is determined onlgloge fit and

where the contact points occur cannot be known.thero

important aspect when analyzing the results isegpkin mind
that the feasible method results in support poltdcation

results present the best possible iojut

above the base of the base of the surface, conducti

sometimes in worse results than for the currentotet That
effect is due to that the circumference sometimselariger at
the base of the surface.

An upper limit was set for the support point looas for the
feasible method. There was no unambiguous defingit for
the boundary. However for this study the feasibtthod was
studied in order to increase the knowledge of sswitiace
compromise. Such compromise might be needed if
example minimization of dislodging risk is required@he

slower area was not either used for support poliotation, the
main reason for the boundary condition was to enaklidy

the effect of such limitation. If such limitations needed is

often a give and take balance, meaning that théaliions
often decreases the robustness of the assemblhobugver
there might be some other reasons for such conditio

On the other hand, thanks to the increasing kragdeof
manufacturing processes and improved machines,

possibilities to distribute support points over theole surface

might be possible in the future.

for

new

The optimized method utilizes the whole surface aas

distribution area. If the method is proven to dlatte the
support points in such a manner that the geoméyriozost

point optimization method in order to minimize the,ohyst solution is found, the best solutions rearcRMS
ought to be found in the optimized method. However,

geometrical variation for mass-customized dentahvas, and
in that way converge towards a more geometricadlyust

sometimes the results of the various methods cacldse to

treatment. As mentioned earlier, the method preseitt this  g5ch other. One such example is found when conpahia

study is not limited to the application in hand.efé are £z> current method and the FZ2 Optimized methodthis

several applications (especially within mediciriegjan be used ¢ase, the w.c. is smaller for the optimized metiddreover,

for. This is because of the individual geometries. as mentioned, the Current method represents thepbssible
situation, meaning that it is unlikely to occur time actual
assembly.
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Applying the proposed method to medical
manufacturing achieves new possibilities for insipec the
final geometrical variation. This in turn providesiditional
quality to products which is a benefit for patieimsgeneral.

Employing the method could also be supported from a

economical point of view: all that needs to be atite an
already flexible manufacturing process is a suppgmint
optimization.

Finally, future work mainly consists of two scidittiphases
in the line of this work.

The first phase is to set up a pilot study in oretest the
proposed method of this study. Roughly, it woulahsist of
collaboration with a dental crown manufacturer ey to
enable the manufacturing of a set of crowns withpsut
points. In that case, both the optimized and thsilde method
would be provided with support points. The curner@thod in
that case would be represented by the actual
manufacturing today without modifications. An iaitifit test
would then be done.

The second phase would be verifying the methoolutiin
clinical tests. That would require collaborationttwimedical
device manufacturers as well as clinicians.

V.CONCLUSION

A new method for optimizing the inner fit for mass-

customized dental crowns has been presented. Thigalso
support the objective of finding the best resuttsthe whole
surface and, in that way, converge toward more gdacally
robust solutions. Within the limitations of thisudy, the final
variation is not static, nor were the support pofiound in the
same locations. This means that unique solutioesl ne be
found for each geometry.

Ultimately, it appears as the optimization metipodposed
can dramatically improve the fit for dental crownas
presented in the results the variation was neaebal
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APPENDIX
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Fig. 10 FZ1 results, side vie
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Fig. 11 FZ2 results, top view, maximum distancéjrection: 10.26 mm
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Fig. 14 FZ3 results, top view, maximum distancejrection: 7.18 mm
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