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Abstract
The interfacial microstructure and spatial distribution of the modulus of elasticity have a profound
effect on load transfer at the dentin/adhesive (d/a) interface. The microstructure is influenced by
the varying degree of demineralization of intertubular and peritubular dentin during etching as
well as the depth of adhesive penetration into the hybrid layer. These factors lead not only to a
unique microstructure in the vicinity of the dentinal tubules, but also to a mechanically graded
hybrid layer. This article investigates the micromechanical stress distribution at a d/a interface
with the use of finite element analysis (FEA). Such analysis is now feasible given the newly
measured moduli of elasticity at micro- and nanoscales. The results indicate that the
morphological and micromechanical properties of the d/a interface affects the stress field such that
the fracture/failure is likely to initiate in the stress-concentration zone of peritubular dentin next to
the hybrid/exposed-collagen layer. The results suggest that devising a full-depth high modulus
hybrid layer may considerably reduce the stress concentration zone and the magnitude of stress
concentration in the peritubular dentin next to the hybrid/exposed-collagen layer.
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INTRODUCTION
Replacement of failed restorations accounts for nearly 75% of operative dentistry,1,2 and this
emphasis on replacement therapy is expected to grow as the public’s concern about mercury
release from dental amalgam forces dentists to select alternative restorative materials, for
example, composite resin. The failure rate for large to moderate posterior composite
restorations can be 2–3 times that of high copper amalgam.3 The higher failure rate means
increased frequency of replacement with loss of additional tooth structure; that is, sound
tooth structure is inevitably removed with each replacement.4,5 Results from previous
clinical studies have suggested that the durability of composite restorations, particularly
Class II composites, depends on the quality of the bond formed at the dentin/adhesive
interface (d/a).

Current adhesives attach to dentin via a hybrid layer (HL).6,7 The ideal HL is formed when
adhesive resin penetrates the demineralized dentin, infiltrating the exposed collagen to
create a continuous integrated collagen/resin biopolymer that bonds the bulk adhesive to the
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intact dentin.8 –10 Demineralized dentin is 30% collagen and 70% water; adhesive must
diffuse through water to form a HL.7 Use of micro-Raman spectroscopy (μRS) and scanning
acoustic microscopy (SAM) led to the determination, for the first time, of the in situ
molecular composition and micromechanical properties of the HL.11–15 The results
indicated a serious limitation of BisGMA/HEMA adhesive–physical separation upon mixing
with water in the demineralized dentin, leading to partitioning of the adhesive into
hydrophobic BisGMA-and hydrophilic HEMA-rich phases.16 The critical dimethacrylate
(BisGMA), the component contributing most to the cross-linked polymeric adhesive,
infiltrated only a fraction of the wet, demineralized intertubular dentin. Nearly half of the
interface was predominantly collagen, with contribution from the hydrolytically unstable
monomethacrylate HEMA.

Because of the nondestructive, noninvasive nature of the μRS technique, it was possible to
analyze the same specimens described above with the use of SAM.13]. SAM was used in the
burst mode to study the micromechanical properties of the d/a interface. The elastic moduli
of the components of the interface were determined by comparing the recorded acoustic
impedance values to a set of calibration curves generated on standard materials. The elastic
modulus for dentin ranged from 13 GPa (partially demineralized) to 28 GPa; adhesive 5
GPa; and for unprotected collagen at the interface, <2 GPa. These data were correlated with
the μRS results and based on this correlation, the lowest value correlates with the region of
the interface that was spectroscopically dominated by features associated with Type I
collagen from the demineralized dentin matrix. As described in recent publications,13–15,17

by combining the unique capabilities of μRS, SAM, and optical microscopy, chemical,
mechanical, and morphologic characterization over the same small region of the d/a
interface can be performed. The combination of μRS and SAM allowed the determination of
the molecular structure and elastic properties of the d/a interface in situ; because both of
these techniques are nondestructive, the measurements were completed on the same small
region of the interface of the same specimen. Figure 1 shows examples of images of the
same small region, obtained from μRS, SAM, and an optical microscope.

Based upon the chemical, micromechanical, and morphologic characterization derived from
the use of μRS, SAM, and optical microscopy, the dentin/adhesive interface may be
idealized as depicted in Figure 2. In this idealization, the dentin/adhesive interface is
considered to be composed of the dental composite, the hybrid layer, the demineralized
dentin collagen, and the adhesive. It is well known that the adhesive penetrates the tubule
orifice, forming adhesive tags that form imperfect bonds with the lumen walls. Furthermore,
the adhesive infiltrates the demineralized dentin forming the hybrid layer. There are two
phenomena that are noteworthy with respect to the formation of the hybrid layer:

1. The demineralization due to etching is considerably more in the intertubular dentin
as opposed to peritubular dentin, such that the adhesive infiltration in the
demineralized intertubular dentin is at greater depths as seen from the dentin/
adhesive interface analysis with the use of μRS (see Figure 1 and discussion in
Spencer et al.11).

2. The adhesive infiltration into the demineralized dentin diminishes with depth, such
that the adhesive– collagen hybrid layer is graded with depth.11–17

These phenomena result in a unique structure in the vicinity of the tubules and a
mechanically graded hybrid layer. Moreover, in the cases where the adhesive infiltration is
not to the full depth of the demineralized intertubular dentin, an exposed-collagen layer may
exist below the hybrid layer, as observed by Katz et al.13 through SAM measurements. SAM
measurements have also shown that the intertubular dentin below the exposed-collagen (or
fully demineralized) zone may also experience partial demineralization, such that in the
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vicinity of the interface, the intertubular dentin may also be considered to be mechanically
graded.

Table I compiles the elastic and geometrical properties of the interface components based
upon published values. Kinney et al.18 have measured the elasticity modulus of peritubular
dentin to have a mean value of 28.6 GPa, and that of intertubular dentin to have a mean
value of 20 GPa. As mentioned previously, more recent measurements by Katz et al.,13 have
shown that in the vicinity of the interface, the intertubular dentin may have elasticity
modulus as low as 13 GPa because of partial demineralization. Thus, the intertubular dentin
below the hybrid/exposed-collagen layer is expected to have a modulus gradient from 13
GPa ramping up to 20 GPa. Similarly, based upon limited mechanical properties measured
by Katz et al.13 and morphological arguments, the hybrid/exposed-collagen layer is expected
to have a modulus gradient from a modulus of 5 GPa close to the adhesive layer down to the
exposed-collagen modulus of ≍1 GPa. The thicknesses of various components have large
variations depending upon the dentin location, preparation method, and the adhesive and
composite utilized.

In bonded joints such as the d/a interface, fractures generally initiate at sites where stress
tends to concentrate (e.g. flaws, defects, or voids). With the use of finite element analyses,
previous authors have demonstrated that it is very likely that defects dominate the
propagation of fracture at d/a interfaces.19,20 Adhesive phase separation could simulate a
defect or stress concentrator. Potentially, stress would concentrate at the boundary between
the relatively stiff BisGMA-rich phase and the very weak HEMA-rich phase. Bond failure in
an otherwise ideal adhesive joint would initiate at these sites of local stress concentrations.
The structure of the dentin/adhesive interface, as well as the modulus of elasticity of the
dental composite, the hybrid layer, the demineralized dentin collagen, and the adhesive,
profoundly affects the load transfer at the dentin/adhesive interface. This article examines
the hypothesis that the moduli of elasticity at the interface will lead to stress concentrations
that will result in failure initiation at the interface. The in situ microstructural and
micromechanical property measurements obtained from μRS, SAM, and optical microscopy
are used in FE analyses to predict stress concentrations and distributions at the interface
under tensile loading.

MATERIALS AND METHODS
For the purposes of a two-dimensional FE analysis of stress distribution at the dentin/
adhesive interface, a conceptual thin sample of restored tooth subjected to tensile loading is
considered, as depicted in Figure 3. Plane stress or axisymmetric elements may be used in
the analysis to mimic the tension test, depending upon the orientation of the thin sample.
Thin samples from two potential orientations may be considered as shown in the tooth cross
section in Figure 3: (a) along the circumferential plane, and (b) along the radial plane. The
sample extracted from the circumferential plane may be reasonably modeled with plane
stress condition, such that out-of-the-plane stresses are zero, whereas the sample extracted
from the radial plane is expected to experience axisymmetric loading conditions. For the
circumferential sample, plane stress elements are considered appropriate in all d/a interface
components, including the peritubular dentin, as out-of-plane stress may be shown to have a
minimal influence on the stress distributions. For the radial sample, axisymmetric elements
maybe used for all d/a interface components. FE analyses were performed for both plane
stress and axisymmetric conditions; however, this article reports the results obtained from
the analysis under plane stress conditions. It is noted that qualitatively identical results were
obtained for analysis under axisymmetric conditions. The stress distributions within the
dentin/adhesive interface were computed based upon the schematic interface structure
shown in Figure 2. For computational efficiency, a computational unit cell, which is
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representative of the interface, was identified as depicted in Figure 1. Elastic stress analysis
of the two-dimensional unit cell subjected to a tensile load in the direction of the tubules was
performed with a widely used commercial finite element (FE) package—I-DEAS. The finite
element components and discretization mesh for this analysis are also shown in Figure 3.

Based upon the geometrical properties of the interface components, the computational unit-
cell sizes are selected to be 14.0 –22.0 μm high and 5.2–9.0 μm wide, depending upon the
width of the peritubular and intertubular dentin. For accuracy of calculations, element size is
chosen to be 0.1 μm. The dental composite represented by yellow zone is taken to be 6.0
μm thick, and the adhesive and adhesive tags represented by the red zone are 2.0 and 1.0
μm thick, respectively. The intertubular dentin is divided into two 2.0-μm-thick zones of
elastic modulus 13 and 20 GPa, respectively. The width of the peritubular dentin represented
by dark green zone is varied from 0.6 –1.0 μm, whereas that of the intertubular region is
varied from 2.0 to 5.0 μm. Furthermore, the thickness of the hybrid/exposed-collagen layer
is varied from 2.0 to 10.0 μm. The elastic moduli of the hybrid/exposed-collagen layer are
taken to be graded from 4 GPa close to the adhesive layer to 1 GPa in the exposed collagen
at the bottom of the hybrid layer. The gradation in the elastic moduli of the hybrid/exposed-
collagen layer is represented in the FE model by considering this layer to be composed of
several sublayers of equal thickness and varying the elastic moduli of the sublayers from 4
GPa to 1 GPa. Perfect bonding is assumed among the various d/a interface components,
except for that between the adhesive tags and the tubule walls. The imperfect bonding
between the adhesive tags and the tubule walls is represented by a thin layer of extremely
low modulus material.

For the circumferential sample (plane stress condition), the periodicity of the computational
cell in the horizontal direction is considered by applying periodic boundary conditions on
the nodes along the boundaries in the horizontal direction, given by:

(1)

where u and v are the nodal displacements along x and y directions, respectively, and B is
the width of the unit cell. For the radial sample (axisymmetric condition), the horizontal
boundaries are restrained as follows:

(2)

The bottom boundary nodes of the peritubular and intertubular dentin are restrained in the
vertical directions. The bottom boundary nodes of the adhesives tags are unconstrained, as
these are not attached at their base. A tensile force equivalent to 20 MPa is applied on the
top boundary nodes of the dental composite. This applied stress is chosen to investigate the
stress distributions close to the tensile strength of dentin/adhesive interfaces. Phrukkanon,
Burrow, and Tyas21 have reported that the dentin/adhesive interface tensile strength ranges
from 15 to 30 MPa, depending upon dentin position.

RESULTS
Effect of Adhesive Infiltration on Stress Distribution

As discussed earlier, adhesive may not completely or, in some cases, effectively infiltrate
into the demineralized dentin. The effect of adhesive infiltration upon stress distribution may
be illustrated by considering the following two infiltration profiles:

1. Linear profile: hybrid layer is linearly graded with underlying exposed collagen
because of partial adhesive infiltration
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2. Full infiltration: hybrid layer is uniform and extends to the partially demineralized
dentin as a result of full adhesive infiltration.

For the case of linear profile, the elastic moduli of the hybrid/exposed-collagen layers are
linearly graded from 4 GPa at the top to 1 GPa at the bottom. For the case of full infiltration,
the hybrid layer is considered to be homogeneous with elastic modulus of 4 GPa. Figure 4(a,
b) give the major principal stress distribution and the Von Mises stress distribution in the
unit cell for both linear profile and full infiltration. Although the major principal stress is a
good index for identifying fractures that may initiate at small defects, the Von Mises stress
may be useful in identifying plastic yielding within the material. Because the failure
mechanisms that occur at the microscales within the d/a interface are as yet unclear, the FE
analysis results are presented in terms of both the major principal stress and the Von Mises
stress. From the stress distributions in Figure 4(a, b), it can be seen that the stresses
concentrate in two zones: Zone 1—the peritubular dentin in the proximity of the hybrid
layer, and Zone 2—at the adhesive/peritubular dentin interface. The stress concentration in
Zone 1 is caused by the presence of the stiff peritubular dentin in proximity of a relatively
soft hybrid layer. In contrast, the stress concentration in Zone 2 is a consequence of the
assumption that there is a perfect bond between the adhesive layer and top of the peritubular
dentin.

The major principal stress distribution for the linear-profile case shows that tensile stresses
in the peritubular dentin near the hybrid layer (Zone 1) could be as high as 78 MPa, which is
3.9 times the applied tensile stress of 20 MPa. If this tensile stress is compared to the
measured tensile strengths of dentin based upon uniaxial tension tests,22 it can be seen that
this stress greatly exceeds the demineralized human dentin tensile strength, which has been
reported to range from 24.5 to 39.5 MPa, and approaches the mineralized dentin tensile
strength, which has been reported to vary from 90 to 130 MPa. Furthermore, the Von Mises
stress, which is obtained as the square root of the second invariant of the deviatoric stress
tensor and is proportional to the shearing stress on the octahedral plane, also concentrates in
the same location within the peritubular dentin and has a magnitude as high as 3.80 times the
applied stress. In contrast, the maximum stresses are up to 10% smaller for the full-
infiltration case as compared to the linear-profile case, even though the stress concentrations
occur in similar locations. It can also be observed that the stress concentration zones are
visibly smaller for the full-infiltration case as compared to the linear-profile case. The
contrast between the two cases is more notable for the major principal stress distributions in
the peritubular zone next to the hybrid layer (Zone 1). As can be seen from Figure 4(a) for
the full-infiltration case, the major principal stress concentration zone in this region is
considerably smaller. Moreover, for the full-infiltration case, the maximum major principal
stress in this zone is in the range of 54–63 MPa, which is 2.70–3.15 times the applied stress.
In contrast, for the linear-profile case, the maximum major principal stress in the same zone
is 2.70–3.90 times the applied stress. Similar stress conditions are seen from the Von Mises
stress distributions in Figure 4(b). Thus, for the full-infiltration case, wherein the hybrid
layer has full adhesive penetration, the likelihood of failure initiating in this peritubular
region is much less than that for the linear-profile case, wherein the adhesive penetration is
partial, such that there is a presence of exposed-collagen layer.

The effect of adhesive infiltration is further investigated by examining the stress
distributions for four different adhesive infiltration profiles such that the hybrid/exposed-
collagen layer elastic moduli is given by Figure 5. The full-infiltration and Profile 2 curves
represent the cases in which the adhesive infiltration through the hybrid layer is successful,
whereas the linear-profile and Profile 3 curves represent the cases in which adhesive
infiltration is partial. In these calculations, the thickness of the hybrid/exposed-collagen
layer is taken to be 10 μm. Table II tabulates the maximum Von Mises and major principal
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stresses at the two stress concentration zones within the d/a interface for the four adhesive
infiltration profiles. As expected, the maximum stresses are the lowest for the full-
infiltration profile and are the highest for Profile 3. It is also noted that the stress
concentration will be further exacerbated for cases with lower elastic moduli or nonlinear
gradation of elastic moduli in the hybrid/exposed-collagen layers that could result from a
poor adhesive penetration or adhesive phase separations.

Effect of Hybrid/Exposed-Collagen Layer Thickness on Stress Distribution
Next the effect of varying hybrid/exposed-collagen layer thickness upon stress concentration
is examined. In these computations, a linear profile is assumed for adhesive infiltration and
the hybrid/exposed-collagen layer thickness is taken to vary from 2 to 10 μm. Figure 6(a, b)
gives the variation of stress concentration factors, defined as the ratio of maximum stress
and applied stress at the two stress concentration zones, with hybrid/exposed-collagen layer
thickness. It is observed that the stress concentration factor at the adhesive/peritubular dentin
interface decreases with the hybrid/exposed-collagen layer thickness. The stress
concentration factor in the peritubular dentin shows marginal variation with the hybrid/
exposed-collagen layer thickness.

Figure 7(a, b) gives the distributions of the Von Mises stress and the major principal stress
in the unit cell with 4-and 10-μm hybrid/exposed-collagen layer, respectively. From the
stress distributions in Figure 7, it can be seen that a thicker hybrid/exposed-collagen layer
results in a visibly larger stress concentration Zone 1, even though the maximum stresses are
about the same as the case with thinner hybrid/exposed-collagen layer. The larger stress
concentration Zone 1 indicates an increased likelihood of failure initiating in this peritubular
region for the cases with thicker hybrid/exposed-collagen layer caused by poor adhesive
penetration or adhesive phase separations.

The effect of hybrid/exposed-collagen layer thickness upon stress distribution is illustrated
by quantifying the nominal area of the stress concentration Zone 1 in the peritubular dentin.
The nominal area is obtained by considering the region within the peritubular dentin, which
has stresses larger than 60 MPa. Table III tabulates the stress range and the corresponding
concentration zone area. It is noted that although the stress range in the concentration zone is
similar for all the cases, the concentration-zone area increases with the hybrid/exposed-
collagen layer thickness.

In Figure 8, the nominal area of the peritubular stress concentration zone is plotted against
the hybrid/exposed-collagen layer thickness. Interestingly, the area of the peritubular stress
concentration zone becomes increasingly bigger with the hybrid/exposed-collagen layer
thickness. This stress distribution behavior indicates that the depth of dentin
demineralization during etching clearly exacerbates the stress concentration problem within
the peritubular dentin, and further suggests that the likely d/a interface failure initiation point
lies within the peritubular dentin.

Effect of Peritubular and Intertubular Dentin Width on Stress Distribution
Because the density of tubules gradually decreases away from the internal pulp chamber, it
is expected that the peritubular and intertubular dentin widths vary with distance from the
pulp chamber. The effect of peritubular and intertubular dentin widths upon stress
concentration in Zone 1 is illustrated in Figure 9, which gives a plot of the stress
concentration factor, defined as the ratio of maximum major principal stress and the applied
stress, and the intertubular dentin width. In these calculations, the thickness of the hybrid/
exposed-collagen layer is taken to be 2 μm, and a linear profile is assumed for adhesive
infiltration, such that the elastic moduli of the hybrid/exposed-collagen layer is graded from
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4 to 1 GPa. All other micromechanical and microstructural parameters are kept the same. As
seen from Figure 9, the stress concentration increases with the intertubular dentin width,
whereas the other factors, such as the hybrid-layer thickness, are held constant. Furthermore,
the stress concentration is found to be increasingly higher for thinner peritubular dentin
width. Thus, the locations within the d/a interface that have the thinnest peritubular dentin
and the widest intertubular dentin are the most vulnerable and the likely failure initiation
points.

DISCUSSION
The premature failure of moderate to large composite restorations can be traced to a
breakdown of the bond at the tooth surface/composite material interface3,23,24 and increased
levels of the cariogenic bacteria, Streptococcus mutans, at the perimeter of these
materials.25,26 The breakdown of this bond has been linked to the failure of current materials
to consistently seal and adhere to the dentin.27 Acid etching provides effective mechanical
bonding between the composite restoration and treated enamel, but breakdown at the dentin
surface continues to threaten the long-term viability of large posterior composite
restorations.24,25,28

Current theories on dentin bonding suggest that two fundamental processes are involved in
bonding an adhesive to dentin. First, the mineral phase must be extracted from the dentin
substrate without altering the collagen matrix, and second, the voids left by the mineral must
be filled with adhesive resin that undergoes complete in situ polymerization; that is; the
formation of a resin-reinforced or hybrid layer. The ideal hybrid layer would be
characterized as a three-dimensional collagen–resin biopolymer that provides both a
continuous and stable link between the bulk adhesive and dentin substrate.

The hybrid layer has been described as the weakest link or Achilles heel of the d/a bond.29

This characterization is based on the results of several in vitro investigations and a recent in
vivo study, which point to breakdown of the hybrid layer in wet environments.29 –31 These
results suggest that the hybrid layer does not form an impervious three-dimensional
collagen/polymer network throughout the breadth of the demineralized dentin. Instead, the
adhesive may undergo a physical oil-and-water separation as it interacts with the wet
demineralized dentin.16 The critical dimethacrylate component (BisGMA), which
contributes the most to the cross-linked polymeric adhesive, infiltrates a fraction of the total
demineralized, intertubular dentin layer.12,16,32 A poor-quality hybrid layer can leave
unreinforced and exposed collagen at the composite margin and/or beneath the restoration.

Understanding the role of the interface in dentin/adhesive bond failure requires in situ
structure and property characterization, but there are limited techniques that provide this
capability at the resolution of the hybrid layer. Two techniques that meet these requirements
are: micro-Raman spectroscopy and scanning acoustic microscopy. Micro-Raman
spectroscopy provided d/a interfacial structural analysis in situ at ≍1-μm spatial
resolution.11,12,16,32 The scanning acoustic microscopy provided in situ micromechanical
property analysis of the d/a interface at ≍2.5-μm resolution.13,14,33 The empirical data from
these microstructure/property analyses were used in a two-dimensional elastic FE modeling
to predict stress concentration and distribution at the d/a interface under tensile loading.

The finite element results indicate that the stresses concentrate in the peritubular dentin in
proximity to the hybrid/exposed-collagen layer. As the thickness of the hybrid/exposed-
collagen layer increases, the area of stress concentration zones increases. The stress
concentrations in peritubular dentin are exacerbated for cases with lower elastic moduli or
nonlinear gradation of elastic moduli in the hybrid/exposed-collagen layers. Based on the
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results of the μRS and SAM investigations, the exposed-collagen layer is a result of
incomplete adhesive infiltration and/or adhesive phase separation.11–14,16,32,34 The larger
stress concentration zones for interfaces with a thicker hybrid/exposed-collagen layer
indicates an increased likelihood of failure initiating in the peritubular region close to the
hybrid layer. The stress concentration is found to be higher for wider intertubular dentin and
narrower peritubular dentin, illustrating the effect that modulus of elasticity and
microstructure has upon stress distribution and concentration at the d/a interface.

The conventional opinion that the low elastic modulus as a result of phase separation in the
adhesive could offer a mechanical advantage to the system is not true. In other words, based
on previous investigations, a commercial adhesive with a relatively high concentration of
hydrophobic components undergoes phase separation in the presence of water with the
demineralized dentin matrix.16 In a bonded joint such as occurs under ideal conditions at the
d/a interface, the globules of resin (as a result of adhesive phase separation) distributed
within the demineralized dentin matrix would potentially reflect defects within the joint that
would inhibit an even transfer of stresses across the d/a interface. Although this may be true,
one might expect that the stresses would dissipate quickly in the low modulus region. The
results from the finite element analyses indicate this is not true, because the low modulus
regions lead to stress concentration in relatively high elastic modulus regions.

In conclusion, even though the applied stress is considerably smaller than dentin strength,
the stress concentration caused by interface geometry and interface-component elastic
moduli will likely lead to an overall d/a interface strength that is considerably less than the
individual strengths of the interface components. For the simple mode and loading case
considered in the preliminary calculations, complex multiaxial stresses exist at the
microscopic level; consequently, a mixed-mode fracture mechanism is more likely. Devising
a full-depth-high modulus hybrid layer may considerably reduce the stress concentration
zone and the magnitude of stress concentration in the peritubular dentin next to the hybrid/
exposed-collagen layer. Further investigations are ongoing to better define the
microstructural and mechanical properties of the d/a interface, refine the model assumptions,
and develop a 3D viscoelastic FE model.
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Figure 1.
Images obtained from μRS, SAM and optical microscope of the same small region different
magnifications. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 2.
Schematic view of dentin-adhesive interface.
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Figure 3.
Thin rectangular sample of restored tooth subjected to tensile loading, and the FEM mesh of
a unit-cell of dentin-adhesive interface subjected to a tension load of 20 MPa. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4.
(a) Major principal stress distribution in a unit cell of dentin/adhesive interface subjected to
a tension of 20 MPa (stress units on the scale bar are in 103 MPa). (b) Von Mises stress
distribution in a unit cell of dentin/adhesive interface subjected to a tension of 20 MPa
(stress units on the scale bar are in 103 MPa). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 5.
Hybrid/exposed-collagen layer elastic moduli for different adhesive infiltration profiles.
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Figure 6.
Stress concentration factor variation with hybrid/exposed– collagen layer thickness: (a) Von
Mises stress, and (b) major principal stress.
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Figure 7.
(a) Major principal stress distribution in a unit cell of dentin adhesive interface with (1) 4-μ
m hybrid layer, and (2) 10-μm hybrid layer (stress units on the scale bar are in 103 MPa). (b)
Von Mises in a unit cell of dentin/adhesive interface with (1) 4-μm hybrid layer, and (2) 10-
μm hybrid layer (stress units on the scale bar are in 103 MPa). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Figure 8.
Stress concentration Zone 1 nominal area variation with hybrid/exposed-collagen layer
thickness.
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Figure 9.
Stress concentration factor variation with intertubular and peritubular dentin width.
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TABLE I

Elastic and Geometrical Properties of Dentin/Adhesive Interface Components

Interface Component Elastic Modulus (GPa) Thickness (μm)

Composite ~30

Adhesive ~5 2–5

Peritubular dentina 26–30 0.6–1

Intertubular dentinb 13–20 2–5

Graded hybrid layer/exposed collagenc 5–1 2–10

a
Based upon measurements by Kinney et al.18

b
Based upon measurements by Kinney et al.18 and Katz et al.13 The intertubular dentin modulus was measured to be 20 GPa by Kinney et al.18

Subsequently, Katz et al.13 found that the intertubular dentin close to the interface has a lower modulus of 13 GPa due to partial demineralization
during etching. Therefore in the vicinity of the interface, the intertubular dentin is considered to have a modulus gradient from 13 GPa ramping up
to 20 GPa.

c
Based upon measurements by Katz et al.13
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TABLE II

Effect of Adhesive Infiltration Profiles on Stress Concentration at the d/a Interface Subjected to a Tension of
20 MPa

Adhesive Infiltration Profile Von Mises Stress (MPa) Major Principal Stress (MPa)

Full Infiltration

 Peritubular Dentin (Zone 1) 60.3 60.7

 Adhesive/Peritubular Dentin Interface (Zone 2) 69.1 78.4

Profile 2

 Peritubular Dentin (Zone 1) 72.1 73.2

 Adhesive/Peritubular Dentin Interface (Zone 2) 69.1 78.4

Linear Profile

 Peritubular Dentin (Zone 1) 75.6 76.7

 Adhesive/Peritubular Dentin Interface (Zone 2) 70.1 79.4

Profile 3

 Peritubular Dentin (Zone 1) 75.0 76.0

 Adhesive/Peritubular Dentin Interface (Zone 2) 72.1 81.6
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TABLE III

Effect of Hybrid/Exposed Collagen Layer Thickness on Stress Concentration at the d/a Interface Subjected to
a Tension of 20 MPa

Hybrid Layer Thickness
(μm)

Von Mises Stress Maximum Principal Stress

Concentration Zone Area
(μm2) Stress Range (MPa)

Concentration Zone Area
(μm2) Stress Range (MPa)

2 0.48 76.4–61.2 0.39 78.0–62.4

4 1.45 75.6–60.5 1.38 76.7–61.4

6 2.59 75.9–60.8 2.28 76.9–61.6

8 4.28 76.8–61.4 4.00 77.7–62.2

10 6.00 77.1–61.7 5.60 78.0–62.5
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