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Purpose: The purpose of this study was to investigate the biomimetic principle in porcelain
veneer reconstruction, or in other words, to assess the extent to which the restoration can
mimic the biomechanics and structural integrity of the original tooth. Using an optimized
luting procedure, porcelain veneers are expected to present such features even when
bonded to an extensive dentin surface. Methods and Materials: Dentin-bcnded porcelain
veneers were assessed using functional and cyclic thermal loads with respect to two
parameters: coronal stiffness (investigated using experimental strain gauges and finite
element analysis) and morphology of the tooth-resto ration interface (scanning electron
microscope evaluation). Two different application modes of the same dentin-bonding agent,
Optibond FL, were evaluated: a traditional method (dentin adhesive applied when
proceeding to luting the veneer) and an alternative method (dentin adhesive applied to
dentin and cured before taking the impression for the veneer). Results: In the finite element
model, the crown compliance increased hy a factor of 2,16 after facial enamel removal and
returned to 96% of its original value after the placement of the veneer. The finite element
values showed a good correlation with strain gauge experimental results (one-sample 1 test,
P>0.35 after facial enamel removal and P> 0,19 after veneer placement). The dentin
adhesive application mode was not critical to the recovery of tooth stiffness (analysis of
variance, P- 0,10), However, qualitative scanning electron microscope observations
demonstrated that the traditional dentin adhesive application was associated with bonding
failures behveen the hybrid layer and the overlying resin, whereas unbroken and
continuous interfaces were obtained with the new method using the same dentin adhesive.
Conclusion: The results of this study definitely favor the biomimetic behavior of porcelain
veneers bonded to teeth using an optimized application mode of dentin adhesives, because
this treatment modality proved to restore both the mechanical behavior and microstructure
ofthe intact tooth. Ml Prosthodont 1999:12:111-121.

MOdern concepts in medical research invoive
the investigation of both structures and
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physical functions of biologic "composites" and
the designing of new and improved substitutes,'
This newly emerging interdisciplinary material
science is called "biomimetics," The primary
meaning refers to material processing in a manner
similar to the oral cavity, such as the calcification
of a soft tissue precursor. The secondary meaning
of biomimetics refers to the mimicking or recov-
ery of the biomechanics of the originai tooth by
the restorative material. Tbis of course is tbe goal
of restorative dentistry.

It is assumed that tbe bardness of enamel protects
the soft underlying dentin. On the other band, the
crack-arresting effect of dentin and of the thick col-
lagen fibers at the dentinoenamel junction^ com-
pensate for the inherently brittle nature of enamel.
This structural and physical interrelationship

Volume 12, Numbers, 1999 The Inleinational tournai of Prosthodontii



Dentin Bonding íind Crown Recovery in Porcelain Veneers Magne/Douglas

Fig 1 (Left) Typical situation of dentin eKposure as a result of tootti position. Initial situation favors the indication of porcelain ue-
neers: large Ciass IV composite resin restorations are worn down and need to be replaced, and an increase in central incisor pre-
dominance is requested by the patient. ¡Center) Maxiilary right centrai incisor, iett lateral incisor, and ieft canine have a tavorabie
position and the preparations remain confined fo enamel. However, because of its buccal position and thin enamel, the left central
incisor shows extensive dentin exposure after preparation. The use of a dentin bonding agent is indicafefl. ¡Rigiil) Postoperative
view. Mandibular right central and lateral incisors were aiso treated with porcelain veneers.

between an extremely hard tissue and a more pli-
able, softer tissue provides the natural tooth with its
unique ability to withstand masticatory and thermal
loads during a lifetime. Because of the improvement
of adhesive procedures, it is expected tbat the bio-
mechanical and structural integrity of the enamel-
dentin complex could be partially mimicked using
porcelain veneers. The success of bonding to teeth
relies on adequate preparation and conditioning of
the surfaces involved, ie, the ceramics and the min-
eralized dental tissues. For both enamel and ce-
ramic surfaces, etching procedures combined with
the use of a liquid resin have demonstrated their effi-
ciency and ability to surmount extreme condi-
tions,^-'' If a substantial accessible area of dentin has
been exposed by the preparation (Fig 1 ), application
of a dentin-bonding agent (DBA) is recommended.
In spite of encouraging results, the absolute reliabil-
ity and clinical performance of the dentin bond is
still impaired by the composite polymerization
shrinkage and stresses resulting from thermal dimen-
sional changes,^'^ The choice of the restorative
method will have a critical impact on the behavior
ofthe dentin-resin interface.' In addition to the
aforementioned variables, dentin is a heterogeneous
substrate and it is difficult to predict the overall be-
havior ofthe dentin-resin interface. Multiple para-
meters may be involved within the same tooth, such
as the preparation depth, previous pathologies, and
contamination by dental products applied to the
tooth.8.9

Clinically, 2 methods may be applied to pro-
mote dentin adhesion when placing indirect
bonded restorations. The first and conventional ap-
proach consists of delaying the application of the
DBA (eg, acid etching followed by tbe application
of the primer liquid and the bonding resin) until
the last treatment stage, when proceeding to luting
the veneer. To avoid incomplete seating of tbe

restoration, it is usually recommended to keep the
adhesive resin uncured when placing the veneer.
It is assumed that the pressure of the luting com-
posite during the seating of the veneer may create
a collapse of demineralized collagen fibers and
subsequently affect the adhesive interface cohe-
siveness,'" More recently, another approach was
proposed to optimize the DBA application,"'-^
Because the DBA appears to have a superior po-
tential for adhesion when applied to freshly
prepared dentin, its application is recommended
immediately after the completion of tooth prepara-
tion, before the final impression itself. A substantial
clinical advantage is that this measure protects the
pulpodentinal organ and prevents sensitivity and
bacterial leakage during tbe provisional phase,

Dentin-bonding agents have been widely evalu-
ated using standard shear bond and microtensile
tests combined with scanning electron microscope
(SEM) observations. However, it is assumed that
the structural performances of brittle dental materi-
als cannot be directly correlated to their nominal
strength values.^^ Consequently, tbe simulation of
the tooth-restoration complex should be included
during mechanical testing because it may signifi-
cantly influence the behavior of the adhesive.
Among other factors, stress and strain measure-
ments open new perspectives in this matterJ"" This
study, which used both experimental strain gauges
and numeric analysis, proposed tbe application of
the criteria of bioinimetics to incisors subjected to
extensive preparation (total facial enamel removal)
and restored with dentin-bonded porcelain ve-
neers. The efficiency of the 2 different application
methods of the DBA was evaluated. Qualitative
and quantitative microscope evaluations ofthe in-
terface were used to access essential information
about the thickness of the luting materials and the
possible failure modes of tbe dentin bond.
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Fig 2 Experimental condi-
tions. The arrows show the
force application point, about 3
mm above the center ot the
strain gauge. Condition lOOOx
is not illustrated because it cor-
responds to condition W/PROX
after thermocyciing. NAT = in-
tact natural tooth; PREP = pre-
pared tooth with facial enamel
completely removed: VEN =
tooth restored with a porcelain
veneer; W/PROX = elimination
of proximal enamel and proxi-
mal surfaces.

Methods and Materials

Experimental Strain Gauge Model

Extracted maxillary incisors were collected, scaled,
and stored in saline solution and azide 0.2%. Tbe
teeth were mounted in a special positioning device
with an orlhodontic rosin (Ortho Resin Caulk,
Dentsply) embedding tbe root up to 2 mm below tbe
cementoenamel junction. A small depression was
created 1 mm from tbe incisai edge and centered
mesiodistally on the palatal surface. This allowed
the standardized positioning of the load tip of a
servohydraulic universal testing machine'"* (iMTS
Systems). A strain gauge (type CEA-06-032UW-120,
Measurements Group) was bonded ¡n the palatal
concavity of each anatomic crown following the
longitudinal axis of the tooth. Each test specimen
was wired in a Wbeatstone bridge circuit with an in-
tact reference tooth to allow tbe use of the common
rejection mode. Loading was applied perpendicular
to the long axis of the tootb, in the direction of the
facial surface. The force was controlled with a digital
function generator to allow a ramp loading from 2 to
42 N in 5 seconds. The measurement was repeated
5 times for each specimen and each experimental
phase. The recorded force/strain curves were linear,
and were reproducible during the repeated runs.
This allowed the calculation of the relative locai
compliance at the 5 different experimental steps: (1/
intact natural tooth INAT); (2) prepared tootb witb
facial enamel completely removed (PREP): 13) tooth
restored witb a porcelain veneer (VEN); (4> elimina-
tion of proximal enamel and proximal surfaces
(W/PROX); and (5) thermocyciing of the restored
tooth (W/PROX) at lOOOx between 5 and 55°C with
30 seconds of dwel l t ime (Eig 2). Tbe last

experimental condition (lOOOx, thermocyciing) was
included to simulate clinical aging. Cyclic mechani-
cal loading combined with thermocyciing definitely
represents the best experimental design to simulate
clinical aging. Such a situation was indirectly repro-
duced in the simple design of the present experi-
ment; it seems reasonable to assume that thermal
variations generated the cyclic mechanical load re-
sulting from differential thermal expansion ofthe lut-
ing composite^'' (in the range of 30/°C x 10"̂ ) when
compared to the traditional feldspathic porcelain
(13.5/'C X 10-&)andthetooth'Ml1/''C x 10"*').

The teeth were maintained in a wet environment
during all Ol the preparation and restorative steps.
Two experimental groups (I-DBA and D-DBA, with
Optibond EL as the dentin-bonding agent) and a
control group (NO-DBA) were investigated, each
group comprising 6 specimens. Eor the traditional
approach, I-DBA (indirect curing of the DBA), the
dentin-bonding procedures were realized just prior
to the placement ofthe veneer. The adhesive resin
was therefore not cured immediately, but only in-
directly through the veneer after the seating ofthe
restoration. The alternative approach was also in-
vestigated in D-DBA (direct curing of the DBA), in
which the dentin-bonding procedures were carried
out immediately after the completion of the tooth
preparation, before taking the final impression.
This allowed the immediate and direct curing of
the adhesive resin. In this case, the surface of the
adhesive was later roughened (using a coarse dia-
mond bur at low speed) and dried witb alcohol just
before luting procedures.

After the preparations were completed (the DBA
being applied at this stage for group D-DBA), im-
pressions were made with addition silicon material
(Express, 3M) and poured in a vacuum-mixed
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Fig 3 Numenc model. Original single mesh that was used
for the 3 numeric conditions (NAT, PREP, and VEN) by delet-
ing or changing the propetiies of the sets "ceramic" and "com-
posite." 6 represents the nodes corresponding the strain
gauge location in the experiment.

improved stone (Vel Mix Stone, Kerr). The ceramic
laminates were fabricated using a refractory die
technique (Ducera-Lay Superfil refractory die mater-
ial, Duceram) and a feldspathic porcelain (Creation,
Klemal. For each specimen, the volume of the origi-
nal tooth was used as a reference for the definition
of the ceramic thickness. However, because the
enamel was initially thin for some teeth, a slight
overcontour was eventually created. The veneers
were tried on the teeth and traditional luting proce-
dures were performed, including etching of purce-
lain for 90 seconds using 10% ammonium bifluoride
gel (Biodent Retentionsgel, Dentsply/DeTrey). The
same primer and filled-dentin adhesive (Optibond,
Kerr) was used for both experimental groups, with a
photopolymcrizing composite ¡Herculite Incisai LT,
Kerr). The restorations were seated with finger pres-
sure. After the removal of excess luting material, the
margins were covered with a glycerin jelly and the
polymerization tip was applied for 120 seconds on
each side of the tooth (palatal first, then facial). The
margins were then finished with a scalpel to remove
excess resin and with carbide finishing burs.

Qualitative and Quantitative Microscope
Evaluation

At the end of the experiment, the teeth were sub-
jected to a dye infiltration test by immersion ofthe

restored crown into a 0.5% cresyl blue solution for
24 hours. The samples were then embedded in a
clear epoxy resin (PL-I, Measurements Croup).
Each specimen was sectioned incisogingivally in
the center of the tooth and mesiodistally, with a
low-speed diamond saw (Isomet, Buehler). The
sectioned surfaces were imrrtediately etched for 2
minutes with HjPO, 37% and replicated with a
polyvinylsiloxane material for the fabrication of
gold-plated resin samples. The gold-plated replicas
were analyzed under an SEM for a qualitative eval-
uation of the dentin-resin interface. Since the 2
DBA application methods were assumed to create
different luting thicknesses, quantitative evalua-
tions of the luting agent thickness and related lay-
ers (composite, bonding resin) were performed di-
rectly on the sample sections at the middle third of
the tooth using a charge-coupled device camera
(Suny DXC-151A) attached to a stereomicroscope
(Olympus SZH10) and an image-analysis software
program (Óptimas 5.22, Óptimas).

Finite Element Model and Analysis Definitions

An extracted maxillary central incisor was selected,
embedded in a clear epoxy resin (Ortho Resin
Caulk), and sectioned longitudinally in the bucco-
lingual plane. The sectioned surface was digitized
with a computer scanner device (UMAX, Umax
Data System). The contour of enamel, dentin, and
pulp chamber were manually traced using graphic
software (Freelance Graphics, Lotus). Additional
lines were included to simulate the restorative de-
sign, namely a facial preparation without incisai
overlap. The luting composite thickness varied
along the interface between 100 and 200 |jm,
whereas 50-[jm thicknesses were produced for both
buccai and incisai margins. The lines were then
transferred to a Silicon Graphics workstation and a
single mesh was developed (Fig 3). The 3 experi-
mental conditions NAT, PREP, and VEN were simu-
lated. For VEN, a perfect adhesive interface was
modeled because all nodes corresponding to the
interface were shared by elements of both the lut-
ing composite and the dentin. The root was only
partially modeled, as it may be assumed that the
overall stress distribution Is restricted to the coronal
restoration. Fixed zero-displacement in both hori-
zontal and vertical directions was therefore applied
at the cut-plane of the root. The stress distribution
was solved using the MARC Analysis solver (MARK
K7.2, MARC Analysis Research). The simulation
was performed with plane strain elements (linear,
4-node, isoparametric, and arbitrary quadrilateral).
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Three mechanical material properties were required
for this finite element simuiation: the coefficient of
linear shrinkage, the Poisson's ratio, and tbe modu-
lus of elasticity (Table 1]- The surface tangentiai
strain was caiculated for the 5 nodes corresponding
to the iocation of the strain gauge in the expérimen-
tai setup (Eig 3), using the vaiues of strain in the x
and y directions and the xy-shear strain, integrated
in a transformation equation.'^ Simiiariy, the sur-
face tangential stress for each node iocated on the
paiatai surface of the tooth was caicuiated from the
vaiues of stress in the x and y directions and the xy-
shear stress.

Analysis of Strain Gauge Measurements

The natural variations of teeth strongly affect the
absolute strain gauge measurements. Accordingly,
normalized results were used for comparisons be-
tween the different specimens. The absolute mea-
surements supplied by the strain gauges were con-
verted to a relative value given by the following
equation:

Relative complianoe =

Compliance given at selected test condition
Compliance given by the unaitereO tooth

Maximum strain given at selected tesl conditJorL/tuiaximum load
Maximum strain given by the unaltered toothiWaximurr load

_ Maximum strain at seieoted test condition
~ Maximum strain given by the unaltered tooth

Note that the compliance was here defined as
strain/load. The differences in the relative compli-
ance were compared using an analysis of variance
(ANOVA), specifically, a between- and within-sub-
jects design where:

" The between-tooth factor was the DBA appiica-
tion mode (NQ-DBA vs I-DBA vs D-DBA).

• The within-tooth factor was the experimental
step (NAT vs PREP vs VEN, etc).

The common logarithm of the relative compli-
ance was analyzed to homogenize the variance
and to make the anaiyzed measurements more
normaiiy distributed. After using the ANQVA to
determine the significance of DBA application
mode, experimental step, and the interaction of
DBA appiication mode and expérimentai step, the
expérimentai steps and the interaction were exam-
ined to see why each effect was significant. The
iatter was done using standard errors from the
ANQVA and by appiying Bonferroni's method

Table 1

M ate nal

Composite
Ceramic
Enamel
Dentin

Material Properties

Elastic
modulus (GPa)

20 ' '
69-
50
12

Poisson's
ratio

0.24"
0.28^'
0.30"
0.23^

Linear
shnnkage

0.0022^''

•Data from Klema (marulaclurer of Creation Dental Porcelain).

separately within the experimental step effect and
the interaction. In comparing the 4 experimental
steps, 6 comparisons were made, each with a type
i error rate of o; = 0.05/6 = 0.0083, ie, a compari-
son was declared significant if P < 0.0083.
Simiiarly, in examining the interaction, o: =
0.05/18 = 0.0028 was used, aiiowing for ali 18
possibie interactions between a pair of experimen-
tal steps and a pair of DBA application modes.
Measured relative compliances were aiso com-
pared to compliances from the finite eiement
anaiysis using one-sampie ttests.

Results

The mean locai compliance was at least doubled
after enamel removal (Fig 4). Eor all groups, the pa-
rameter was back to normal (87% to 97% of the ini-
tiai vaiue) after the piacement of the veneers. No
major changes were observed after the removal of
proximal surfaces for any expérimentai group or
after thermocycling for the experimental groups i-
DBA and D-DBA, although thermocycling caused
increased compliance for the expérimentai group
NO-DBA.

In the ANQVA, the main effect for DBA appli-
cation modes was not significant across experi-
mental steps (P = 0.10). The main effect for exper-
imental steps was highiy significant {P < 10"^), as
was the interaction between DBA application
mode and expérimentai step (P < 10"^), ie, the 3
DBA appiication modes did not have the same
pattern across the expérimentai steps. Post-hoc
tests showed that when averaged across DBA ap-
piication modes, PREP had the highest reiative
compiiance (2.3 to 2.7) and lOOOx was next
highest; VEN and W/PRQX, whiie iower than
lOOOX, did not differ from each other. Further
post-hoc tests showed that the interaction be-
tween DBA appiication mode and expérimentai
step arises entirely because NQ-DBA was radi-
caiiy affected by thermocyciing, whiie 1-DBA and
D-DBA were not (Fig 4).
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Fig 4 fLerti Reiative compli-
ance results (± SD), Finite ele-
ment anaiysis (FEM) results
are represented only for condi-
tions NAT, PREP, and VEN,
1000x= thermocycling of the
restored tcolh (W/PROX]
1000X between 5 and 55°C
with 30 seconds ot dweil time.

Fig 5 (Below) Graphic repre-
sentation of the palatal surface
tangential stress tor the 3 nu-
meric conditions. The plot c(
tangential stresses (gray line)
proceeds for each tooth along
Ihe palatal súrtaos trom the
cervical area (left) to the incisai
edge (right).

Surtace palatal tangential stress (MPa

Finite Element Analysis Simulation

The results of relative compliance calculations for
fbe finite element model are represented in Fig 4,
In the finite element model, the relative compli-
ance increased by a factor of 2,16 after prepara-
tion, and returned to 96% of its original value after
tbe placement of the veneer. Tbe finite element
values showed a good correlation witb experimen-
tal results for tbe conditions PREP (P > 0,35) and
VEN {P> 0,19).

Figure 5 displays the tangential stresses of the
palatal surface and shows the dramatic effect of fa-
cial enamel removal on the stress distribution
throughout the remaining palatal enamel, especially
at the level of the fossa, where maximum tensile
stress of 274 MPa was encountered for condition
PREP, The tooth sbowed a complete recovery after
the placement of the veneer because both tangential
and principal stresses are similar for conditions NAT
and VEN, Both conditions exhibited a maximum
tensile stress of 115 MPa at the level of the fossa.
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Fig 6 Typical SEM views of demineralized sampie section repiica for grcup i-DBA ILeñl
Luting composite (CPR) is weli connected to the ceramic (CER). but a gap is detectable be-
tween the composite and the dentin (D¡. (Center) Higher magnificaticn reveáis the acid-resistant
composite and hybnd layer (HL). Some resin tags (rt) are protmding because cf the dentin de-
rrineralization, (Right) Verv high magnificatioh shows the continuity between tfie hybrid layer
(HL) and dentin (D), and the gap af the tcp of the hybrid layer.

Fig 7 Typical SEM view of demineral-
ized sample section replica for group D-
DBA, CER = ceramic; HL = hybrid
layer. (Leñ) Junction between the iuting
composite (CPR) and the precured aö-
hesive (ADH) is barely visible (arrows)
and no gap can be detected between
the adhesive and the dentin (D).(Right)
Higher magnification shows the acid-
resistant adhesive and hybrid layers
ttghtiy related to each other and reveals
the presence of long resin tags (rt) in
dentin.

Microscope Evaluation

No measurable microleakage could be detected
in the interface of either I-DBA or D-DBA sam-
ples. However, the dentin-resin interface showed
notable differences when observed under an SFM
(Figs 6 and 7). Both DBA application modes gen-
erated a well-organized hybrid layer of 3 to 4 [¡m
thickness and resin tags. This "interdiffusion
zone" was always in continuity with the dentin
underneath. However, for 1-DBA specimens the

hybrid layer systematically presented a partial dis-
ruption with the overlying resin (Fig 6). In con-
trast, D-DBA specimens exhibited longer resin
tags and did not show any discontinuity either in
the dentin-resin interface or between the pre-
cured adhesive and the luting composite (Fig 7).
Only the cervical marginal area sometimes exhib-
ited a disrupted interface. The specific morpho-
logic aspects described above were very consis-
tent for all samples within the same experimental
group.
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•§• 200 T

1
1

125 203

T
1

122 81

I-DBA D-DBA D-DBA D-DBA
composite adhesive

Fig 8 Total luting thickness
for D-DBA samples is consti-
tuted of the preoured adhesive
thickness (D-DBA adhesive)
and the luting composite thick-
ness (D-DBA composite).

The luting agent thicknesses are presented in Eig
8. Significant differences (ttest, P= 0.0001) could
be detected between I-DBA (125 ± 22 pm) and D-
DBA specimens (203 ± 23 |jm). However, in the
latter the luting space was composed of 2 distinct
layers: the precured adhesive and the luting com-
posite itself. On average, the precured adhesive
was thin (81 ± 5 [jm) compared to the luting com-
posite (122 ± 22 |jm). The thickness of the luting
composite alone was similar for D-DBA and 1-DBA
samples (Í test, P=0.82).

Discussion

The design of this study allowed us to explore both
the mechanical behavior of the restored tooth and
the morphologic aspects of the dentin bond. The fi-
nite element analysis was an important comple-
mentary tool for understanding the stress distribu-
tion. Observations made with the numeric model
were successfully validated by the experimental
setup. By design, the most important mechanical
events of our experimental setup appeared within
the buccolingual plane, which supports performing
the numeric analysis in a 2-dimensional plane
strain model. The numeric simulation of a bucco-
lingual cross-section was clearly demonstrated by
Morin et aF^ and validated in a companion paper
by experimental strain measurement.^"^ Figure 9
strengthens this validation because it reveals the
numerous cracks that were generated in the palatal
enamel. Such flaws were typically found at the
level of the fossa, which happens to be tbe area of
maximum tensile stresses in the numeric model. It
may be assumed that the different patterns of these
cracks created some variations during the strain

gauge measurements. Opening of these cracks cer-
tainly occurred during the measurement that was
made after the tooth preparation, and it can possi-
bly explain the higber standard deviation observed
for all samples at this step (Eig 4). Because the
tooth stiffness was restored after the placement of
the veneer, the effect of these cracks was attenu-
ated during further measurements.

The results of strain measurements demonstrated
that the tooth totally recovered its stiffness when a
porcelain veneer was placed as an enamel substitute.
The use of ceramic as a restorative material was cer-
tainly a key element in this regard since the elasticity
modulus of feldspathic porcelains presents a good
match with enamel. In a similar study, Reeh and
Ross''' concluded that tbe tooth stiffness could not be
totally restored when using composite veneers
bonded to enamel. To support tbis fact, our model
was used to calculate the surface tangential and prin-
cipal stresses tbat would have been generated in the
situation of a composite veneer using the mechanical
properties of current miniparticle hybrids (Eig 10).
The maximum stress encountered in the palatal fossa
is 172 MPa instead of the 115 MPa at the same loca-
tion for the natural tooth or tbe tooth restored with
porcelain, Tbis emphasizes the biomimetic behavior
of porcelain bonded to tootb with regard to mechan-
ical loads, because both the tangential stresses along
the palatal surface and the principal stress proved to
be highly similarto the original tooth. One could de-
plore tbe fact that ceramic is a brittle material and
presents a low tensile strength. Enamel is even more
fragile. Nevertheless, in the situation of facial veneers
placed on maxillary teeth, both ceramic and facial
enamel are mainly subjected to compressive forces,
as demonstrated by the principal stress distribution

The Internalionai lournal of Prosthodoiitii 118 • 12, Number 2,1999
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Fig 9 (Above) SEM view of palatal enamel craoks above the
strain gauge ¡G). This specific location appears to be the area
of maximum tensile stresses in the numeric model. The fuli
thickness of enamei (E) is cracked but the flaws never propa-
gate into dentin (DJ.

Fig 10 ÍRighfj Graphic representation of the palatai surtace
tangential stress for a tooth restored with a composite veneer.
The plot of tangentiai stresses ¡gray iine) proceeds along the
palatal surface from the cervical area (left) to the incisai edge
(right). Tfie originai stress distnbution ot NAT (blacii line) is re-
ported as a reference.

Surface palatai tangential stress (MPa)

during loading. This may explain in part the very
good clinical behavior of facial porcelain lami-
nates-"*" '̂ and the increased porceiain crack propen-
sity reported by some clinicians when placing ve-
neers on mandibular teeth. The facial half of
mandibular incisors may be put under tension by
functional loads. The elimination of proximal enamel
did not influence the palatal compliance for any of
the experimental groups, although it could have
been assumed that the removal of the strong bond to
marginal enamel would afi'ect the tooth stiffness. Our
result is in accordance with previous work on natural
teeth,^- which states that the reduction of proximal
enamel does not seriously increase the crown defor-
mation. It is concluded that removal of facial enamel
may more seriously affea the strength of the tooth
than the removal of interproximal enamel.

Even the unbonded veneer without proximal sur-
faces (NO-DBA in condition W/PROX) exhibited a
normal compliance. This unexpected fact may be
attributed to the test design and especially to the di-
rection of force application. For this reason, the
maximum tensile stresses along the resin-dentin in-
terface were calculated using the values of stress in
X and y directions and the xy-shear stress. These did
not exceed 8 to 9 MPa for most of the interface.
The unbonded veneers in our experiment (NO-
DBA) were placed without proceeding to dentin
etching and priming, but the tooth preparation was
coated with an adhesive resin (Optibond FL

Adhesive) prior to the placement and seating ofthe
restoration. It is presumed that the use of the adhe-
sive resin alone can initially create a significant
bond by frictional forces that is at least able to with-
stand the interfacial stresses generated in the pre-
sent experimental setup. However, this weak bond
did not seem to survive the cyciic thermal load be-
cause the compliance increased in the last experi-
mental Step for the NO-DBA teeth. In spite of their
ver)' similar mechanical behavior and the absence
of significant microleakage, the 2 DBA application
modes showed very diflerent properties under SEM
examination. For samples luted with the traditional
method (l-DBAi, a partial debonding systematically
occurred on extensive areas of the interface be-
tween the hybrid layer and the composite. Similar
failure modes were observed in a previous investi-
gation'°: they were explained by the collapse of the
uncured dentin-resin hybrid layer caused by pres-
sure that was a result of the seating of the restora-
tion. The hybrid layer may be weakened superfi-
cially as a consequence of the lower resin content
of the compacted collagen fibers. Such structural
defects and the intrinsic weakness of the hybrid
layer have been shown to be associated with han-
dling conditions of the DBA.̂ ^ Since the dentin re-
mains sealed in areas of debonding, such failure is
not detectable in microleakage.

Our study demonstrates that the phenomenon of
hybrid layer collapse can be avoided in vitro when
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the adhesive is appiied and cured before impression
taiiing, because the resuiting interface appeared
without discontinuity (D-DBA sampies). Using this
optimization method, it can be assumed that the im-
proved bond will better withstand long-term expo-
sure to thermal and functional loads when compared
to the bond generated by the same adhesive using a
traditional application method. In addition, the new
DBA application technique may prevent the devel-
opment of bacterial leakage and dentin sensitivity
during the temporary phase, and the technique is as-
sociated with improved bond strength in vitro." '- '• '

Another significant difference between experi-
mental groups was found in the luting agent thick-
ness. Thicker interfaces l> 200 \^m] were found
when the adhesive was applied and cured before
impression taking when compared to the classic lut-
ing method (= 125 \im). This was logically ex-
plained by the fact that the thickness of this addi-
tional adhesive coating (about 80 \im with Qptibond
FL) was added to the traditionai luting space gener-
ated by the lab procedures (about 120 [jm). This hy-
pothesis was validated because the thickness of the
luting composite aione was not significantiy differ-
ent between groups (125 vs 122 pm). This fact has
clinical relevance, as both the clinician and dental
technician are continuously chailenged by the prob-
lem of tooth reduction and restorative material buik.
A confined and superficial dentin exposure gives
oniy a iimited space for the restorative materiais, in-
ciuding the bonding agent. The application and cur-
ing of the DBA would significantly reduce the space
left for the ceramic buildup. Considering that a low
ratio of ceramic to luting agent thickness can nega-
tiveiy infiuence the stress distribution within the
porcelain,^^-'^ the new DBA appiication method
may not be indicated for superficiai dentin expo-
sure. On the other hand, deeper preparation sur-
faces (ie, in the presence of Class III cavities) can be
lined with the DBA before impression taking be-
cause sufficient space will be left for the restorative
material to maintain a reasonable ratio of thick-
nesses between the ceramic and the luting agent.
The adhesion between the precured bonding agent
and the newly applied luling agent was not an issue
in the present experimental conditions because they
could barely be differentiated under SEM examina-
tion (Eig 7). Qniy the slereomicroscope aliowed the
successful evaluation of their respective thicknesses
because of their different optical behaviors. We can
therefore recommend roughening the adhesive
(using a coarse diamond bur at low speed) just be-
fore luting procedures and drying the surface with
aicohol. It should be remembered that all recom-
mendations mentioned in the present article are

based on the use of a fi l led adhesive such as
Qptibond FL. Our clinical experience has shown
that the use of an unfilled resin is not adapted to the
new application mode; because i>f the reduced
thickness and stiffness of the resin (related to the ab-
sence of filler), the roughening proceduie can easily
destroy the hybrid layer and expose dentin.

Conclusions

Experimental strain gauge, optical and SEM evalua-
tion, and finite eiement analysis were used to char-
acterize both the mechanicai behavior and interfa-
ciai properties of dentin-bonded porcelain veneers
that were subjected to functional and cyciic ther-
mai ioads. Observations made with the numeric
modei were successfuiiy vaiidated by the expéri-
mentai setup.

• Maximum tensiie stresses were found on the
paiatai surface, especiaily in the palatal fossa,
where enamel cracks were detected.

• The removai of faciai enamel negativeiy af-
fected the stress and strain distribution, whereas
the removal of interproximai surfaces did not
seriously increase the crown deformation.

• The facial half of the tooth, including the ve-
neer, was mostly subjected to compressive
stresses. The use of the porcelain as an enamel
substitute proved to be essential to restore tbe
original stiffness and mechanical behavior of
the intact tooth.

• The application mode of the DBA was not critical
to the recovery of tooth stiffness. However, SEM
observations clearly demonstrated that the tradi-
tional DBA application method (DBA applied to
dentin just before the piacement of the veneer
and cured through the porceiain, with the iuting
composite) was associated with bonding failures
between the hybrid iayer and the overiying resin.

• Unbroken and continuous interfaces were ob-
tained with an aiternative DBA application mode
(same DBA applied to dentin and cured before
taking the impression for the veneer). The iatter
generated enlarged luting thicknesses (> 200 pm)
because of the presence of the precured adhe-
sive (thickness = 80 pm) when compared to the
traditionai method (thickness = 125 [jm).

The biomimetic behavior of porcelain veneers
bonded to teeth using an improved application
mode of DBAs was demonstrated by the present
experimental trial; this promising treatment modal-
ity seems to restore the biomechanicai and struc-
tural integrity of the tooth.
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