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ABSTRACT

Objectives: Dentin microstructure undergoes changes with age and its materials properties
degrade over time. In the present study, we investigate the coupled influence of increased
filled tubules and decreased materials properties on the fracture behavior of human
dentin.
Methods: We assume degraded materials properties are linked with increased advanced
glycation end-products (AGEs) crosslinks in dentin tissue. We use morphological data of
human molars to create 2D and 3D models of dentin microstructure, and utilize a phase
field fracture framework to study crack growth trajectories. We construct aged dentin
samples (i.e., filled tubules and degraded properties) and compare the fracture results with
the samples without age-related changes.
Results: The simulations show an increase in the number of filled tubules can deactivate
the toughening mechanisms such as crack deflection and microcracking. In addition, filled
tubules have adverse impacts on the ability of peritubular dentin to shield microcracking.
We further show how the dentinal tubules’ orientations affect the crack surface growth.
We also investigate that an increase in the AGEs level can result in increased brittleness.
Significance: The developed model and findings of the present study provide region-de-
pendent information on crack growth trajectories as well as more understanding of crack
surface growth at the presence of filled tubules.

© 2022 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

collagenous matrix and within dentinal tubules of aged
dentine [2]. It is suggested that AGEs accumulation can bring
about morphological and mechanical changes in dentin [3].

With aging, non-enzymatic advanced glycation end-products
(AGEs) crosslinks can accumulate in human hard tissues
such as dentin [1]. AGEs content is found in the intertubular
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Dentinal collagen can become more fragile and stiffer with
the accumulation of AGEs and aging, which can also increase
the fracture risk [2]. It is reported that the flexural strength of
aged dentin with high AGEs levels is lower than that of young
dentin, as examined for various regions [4].
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In addition to AGEs accumulation, another important
change in dentin with age is the occlusion of tubules. Due to
the continuous deposition of minerals with aging, the dia-
meter of dentinal tubules gradually reduces, and conse-
quently, the tubules are completely filled [5]. It is reported
that aged dentin with a high density of filled tubules has a
lower fracture toughness than young dentin [6]. It is also
shown that the fracture surfaces of young and old dentin
specimens after failure are not similar, and cracks can break
peritubular dentin (PTDs) with ease in aged dentin [7].

Another important factor influencing the toughening
mechanism in dentin is the orientation of the dentinal tu-
bules [8]. In crack propagation parallel to the long axis of
tubules, collagen fibrils and mainly uncracked ligaments are
responsible for crack bridging [8]. However, such crack brid-
ging mechanisms have not been recognized in crack growth
perpendicular to the long axis of the tubules. Additionally, it
is reported that the fracture toughness of the inner dentin
layer is considerably less than that of the outer dentin layer.
This is related to remarkable changes in the microstructural
features from the outer layer to the inner layer [9]. For in-
stance, the density and diameter of tubules increase and the
PTDs thickness decrease from the outer to the inner
dentin [10-12].

Such distinct features can change crack growth trajectory
and affect toughening mechanisms in dentin microstructure.
For example, tubules have essential impacts on major
toughening mechanisms such as crack deflection and un-
cracked-ligament bridging [5,8]. However, these mechanisms
become mostly inactive with aging due to an increase in the
occlusion of tubules [6]. In addition, by conducting finite
element simulations, Wang et al. [13] showed that PTD has
an important role in shielding the formation of microcracks.
In another study on local fracture around tubules by a da-
mage plasticity model, it is indicated that the rate of micro-
cracking in PTDs increases with a reduction in tubules'
diameter and PTD thickness [14].

In the present study, we are interested in finding the
combined influence of increased AGEs levels and filled tu-
bules on the fracture behavior of human dentin. To do so, we
report crack growth in the outer and inner layers of dentin.
We also analyze the effect of tubules’ orientations on crack
propagation surface. To reach our purpose, we use a phase
field fracture framework to simulate crack growth in dentin
microstructure. The phase field method is a diffuse approach
that is appropriate for simulating different crack growth
trajectories such as crack branching, crack bridging, and
merging [15]. The phase field framework also offers less nu-
merical instability in handling crack initiation and propaga-
tion in comparison with discrete fracture methods [16,17].
Additionally, the phase field model presented in our study
uses an energetic formulation to predict crack evolution
during fracture processes and it does not incoperate no fur-
ther criteria [18]. This diffuse method has been employed to
analyze the fracture behavior of different materials such as
human bone and dentin [19-22,23], brittle biomaterials [24],
and polymeric nanocomposites [25].

2. Materials and methods

2.1. Constructing finite element models of dentin
microstructure

2.1.1. 2D models

To build the 2D models, we utilize the morphological in-
formation of inner and outer layers in human dentin in-
vestigated by Chu et al. [12]. The 2D models consist of
dentinal tubules, PTD, and the intertubular matrix (ITD).
Circular voids with diameter d; are modeled as tubules and
PTDs with thickness t, surround the tubules as shown in
Figs. 1 and 2. PTDs and tubules are then embedded in ITD and
PTDs are perfectly bonded to the ITD matrix. Figs. 1 and 2
show the distribution of tubules for the models in inner and
outer layers, respectively. Using the randomization proce-
dure in MATLAB, tubules are placed in the ITD matrix. A
minimum distance of 0.1 um between PTDs is also assumed
to prevent any intersections. We also consider a pre-crack
(1.5 um length) in the 2D models. The models’ dimensions are
30 um X 30 um. The sizes of the tubules’ diameter and PTD’s
thickness differ from the inner layer (d; = 2 um, t, = 0.5 um) to
the outer one (d; = 0.75 um, t, = 1.25 um) [12].

To simulate the occlusion of dentinal tubules with age, we
assume that the circular voids in the models are filled as
depicted in Figs. 1 and 2. In the first step, we construct three
different random 2D models for each region. As shown in
Figs. 1 and 2, models R1, R2, and R3 are for the inner layer and
models R4, RS, and R6 are for the outer layer. In the next step,
we assume three cases for the percentage of occluded tubules
such that 10 %, 30 %, and 50 %. The purpose of these three
percentages is to show the increased occlusions with aging
and compare their fracture behavior with the model that has
0 % occluded tubules.

2.1.2. 3D models

Figure 3 illustrates the three-dimensional (3D) models of
dentin microstructure, which have a uniform distribution
with an equal distancing of tubules. As shown in Fig. 3, the
tubules are extruded in four different directions to simulate
four possible orientations of tubules with a pre-crack surface.
The four orientations are anti-plane parallel (model R7),
perpendicular (model R8), in-plane parallel (model R9), and
inclined parallel (model R10).

In addition to the presented 3D models in Fig. 3, we build
four other 3D models as shown in Fig. 4 that have different
orientations for tubules (anti-plane parallel and perpendi-
cular). The anti-plane parallel models are R11 and R12 and
the perpendicular models are R13 and R14 in Fig. 4. In models
R12 and R14, three tubules are filled to simulate occlusion of
the tubules. Tubules are non-uniformly distributed with un-
equal distancing in the 3D models in Fig. 4.

All 3D models in the present study consist of sixteen tu-
bules with di=1.5um surrounded by PTDs with t, =0.5um.
The dimensions of all 3D models are 12 um x 12 um x 12 ym. A
pre-crack surface is cut in all models.
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Fig. 1 - Three 2D models (R1, R2, and R3) representing the inner layer in dentin based on the morphological data investigated
by Chu et al. [12]. The horizontal arrow shows the aging influence on dentin: increased occluded tubules and decreased
energy release rates (G of individual features (PTDs and ITD matrix). In all models, tubules are randomly distributed.

2.2.  The relationships between AGEs and G,

In human hard tissue like cortical bone, increased AGEs can
lead to decreased energy release rate, G, (a fracture property
indicating the resistance to fracture) [26]. Dentin also has a si-
milar composition to bone where AGEs can accumulate with
age [4] and the aged dentin has a lower fracture toughness
compared to the young dentin [27]. However, there is no clear
data in the literature to show the relationship between elevated
AGEs and G, (or fracture toughness) in dentin. Based on the
decrease in the fracture toughness and an increase in AGEs
levels with age [4,27], we assume that increased AGEs in dentin
with age can lead to a reduction in G, and degrade its property
in the present study. In addition to increased AGEs, another
assumption is that the occlusion of tubules can change the
crack growth trajectories and eventually result in a reduction in
G.. It should be noted that an increase in AGEs levels and oc-
clusion of tubules can alter the elastic modulus of dentin.
However, we do not include such changes in our study because
changes in the elastic moduli do not affect the crack growth
trajectories and it only alters the stress values.

2.3.  Mechanical properties of dentin microstructural
features

To simulate fracture in dentin, it is required to have the
elastic moduli (E) and critical energy release rates (G.) of PTD

and ITD. As reported by experimental studies in the literature
[28,29], the elastic moduli of the ITD and PTD are in the
ranges of ~ 8-28 GPa and ~ 17-42 GPa, respectively. Here, we
consider 12 GPa and 18 GPa as the elastic moduli of ITD and
PTD, respectively. The Poisson’s ratio for ITD and PTDs is
assumed to be v =0.3.

The fracture properties of the ITD matrix and PTD have
not yet been reported in the literature. In the present study,
we assume a ratio of 0.8 (Gprp/Grp) between critical energy
release rates of ITD (Gprp) and PTD (Girp) based on sugges-
tions proposed by An and Zhang [30]. Here, the ITD matrix is
tougher than PTDs due to a high content of protein in the
matrix [31,14,30]. We assume Gip =0.55 N/mm based on
calculations by G = (1 — v?)K2 /Ep,x where K. =3.4 MPa. m®*®
for the outer dentin layer reported by [9]. Epui = 19 GPa is the
elastic modulus of the whole bulk of dentin [9]. We also
consider all the materials are homogeneous and isotropic.
We also assume that the filled tubules are stiffer (elastic
modulus 10% more) but not tougher (Gc 10% less) than PTDs.

2.4. Numerical simulation sets

In the present study to evaluate the fracture behavior of
dentin, we perform three sets of studies:

(I) In this set, we evaluate the combined influence of high
AGEs levels and increased occlusions on the fracture



1792

DENTAL MATERIALS 38 (2022) 1789-1800

0% Occluded
0.96G,

-

5]

: 0 00 o %0

m,.\‘_\o © o O

£~ 0 O o o

o9 P o©

o°° o°°

o= 0°% "o
@ o o

10% Occluded 30% Occluded 50% Occluded

0.8G, 0.6G,

Aging: occluded tubules increase & G, decreases

Fig. 2 - Three 2D models (R4, RS, and R6) representing the outer layer in dentin based on the morphological data investigated
by Chu et al. [12]. The horizontal arrow shows the aging influence on dentin: increased occluded tubules and decreased
energy release rates (G) of individual features (PTDs and ITD matrix). In all models, tubules are randomly distributed.

behavior of dentin (inner and outer layers). To reach this
aim, we use the 2D models as presented in Sec. 2.1.1. We
consider the filled tubules as occlusions: three cases for
the percentage of occluded tubules such that 10 %, 30 %,
and 50 % (Figs. 1 and 2). To simulate elevated AGEs levels
in the models, we assume a 10 %, 20 %, and 40 % decrease
in energy release rates of the ITD matrix and PTDs (Gyrp)
and Grp) based on Sec. 2.2. To combine these two age-

related changes, 10 %, 20 %, and 40 % decrease in G;rp and
Grrp are assigned to 10%, 30%, and 50% increased occlu-
sions, respectively. We apply this combination for all 2D
models (R1 to R6). We compare the fracture results of
these models with their reference models which have 0 %
occlusions and no change in Gc. We also evaluate the ef-
fects of two factors (increased AGEs and increased oc-
clusions) separately on the fracture behavior of dentin.
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Fig. 3 — Four 3D models representing different directions that a crack surface can have with the tubules’ orientations. In all

models, tubules have the same uniform distribution.
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Fig. 4 - Two different tubules’ orientations with a pre-crack surface in 3D models. The models with filled tubules represent as
aged dentin microstructure with degraded energy release rates (G.) of individual features (PTDs and ITD matrix). (a) and (c):
tubules are not occluded. (b) and (d): three occluded tubules. In all models, tubules are randomly distributed.

(II) In the second set of studies, we investigate the influence
of tubules’ orientation on crack growth trajectories in
dentin. To do so, we use the 3D models (R7 to R10) pre-
sented in Fig. 3 in Sec. 2.1.2. These models have a pre-
crack surface and we apply a tensile loading as shown in
Fig. 3. The results of this study report the possible rea-
sons for different crack surfaces in the simulations from
these models.

(I1II) In the third case of study, we analyze the crack growth in
the 3D models with the random distribution of tubules
as explained in Sec. 2.1.2 and shown in Fig. 4. These
models have a pre-crack surface and we apply a tensile
loading as shown in Fig. 4. G, of models R12 and R14
(with some occlusions) are 10 % less than that of model
R11 and R13 (with no occlusions). We compare the frac-
ture results of the models with filled tubules (R12 and
R14) with those of without occlusions (models R11 and
R13). The aim is to understand how crack surface pro-
pagation in models R12 and R14 differs from that of
models R11 and R13. Here, the results of these fracture
simulations show two changes in dentin with age: de-
creased G, (due to possible elevated AGEs) and increased
occlusions.

2.5. Phase field fracture framework

To analyze the fracture behavior of dentin, we use a diffusive
fracture framework presented by Miehe et al. [32]. In this
framework, to simulate crack growth, we establish the
minimization problem of an energy functional of a body
such that

It = E(u, d) + Wim9(d), (1)

where IT™, E(u, d), and WM9(d) are the total potential energy,
the elastic energy, and the required energy to form cracks,
respectively. d introduces a damage field variable d € [0,1]

where d =0 and d =1 describe the unbroken and broken
material, respectively. u is the displacement field in the body.
The elastic energy in the damaged body takes the form

E(u, d) = fg w(z(u), d) dQ, @

where ¥(e(u), d) defines the strain energy density and e(u) is

the symmetric strain tensor in the body. More details on the

relationship between the stress tensor and the degraded

strain energy can be found in the work of Miehe et al. [32].
The term of W¥™9(d) in Eq. 1 forms such that

Wimg(d) = ./; G. y(d, Vd) dQ, 3)

where G, is the critical energy release rate and y(d, V d) is the
crack density function defined by
1

y(d, Vd) = —d + Zvd. vd,

21, C))

where 1. is the length scale parameter defining the damaged
zone width between the unbroken and fully broken states of
the material (the crack width) [33]. In the phase field ap-
proach, the diffusive crack is defined by the regularized crack
surface function.

To solve the fracture problem, the energy functional for
the phase field part takes the form

mé = fg (Gey(d, Vd) + (1 — d2) #)dQ, ©)

where .7 is strain history functional, which relates the dis-
placement field to phase field and satisfies the irreversibility
of the damage formation progress. We refer the readers for
more details on the strain history functional to the work of
Miehe et al. [32].

By having d variable from the previous functional, we es-
tablish the energy functional for the displacement field

4 ~ E(u, d) — W, (6)
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where W' (the external work) forms by body forces and
boundary tractions
WeXf:LB.udQ+£QE.udaQ, @
where b and t are body forces and the boundary tractions,
respectively. By substituting Egs. 2 and 7 into Eq. 6, we obtain
m= [ (wew,d-bwde- [ tudq. ®
Having Egs. 5 and 8, the strong forms for each field (the phase
field and displacement) can be found by instructing the var-
iations of the two energy functionals. More details on de-
riving the strong forms, the readers are referred to the
studies by Miehe et al. [32] and Nguyen et al. [15].

We use a staggered scheme in a user-defined element
subroutine (UEL) into Abaqus to solve the phase field and
displacement problems suggested by Molnar and Gravouil
[34]. More details on the finite element discretization are in-
structed based on the work of Molnar and Gravouil [34]. All
2D and 3D models contain four-node and hexagonal ele-
ments, respectively. The number of elements approximately
are between ~ 200,000 and ~ 250,000 for 2D models and be-
tween ~ 3 million and ~ 3.2 million for 3D models. We also
perform mesh convergence tests for all models. As presented
in Fig. 1, we apply the tensile displacement loading on the top
edge of 2D models (and surface for 3D models shown in Fig. 3)
of the models. We use 1x107® mm increments for the first
400 steps and 1 x 10”7 mm increments for the remained steps

to observe complete fracture in each model. As depicted in
Fig. 1, we fix the bottom edge (surface for 3D models as pre-
sented in Fig. 3) along the y direction, and the bottom left
corner (edge for 3D models) along the x and y directions. We
also use the same length scale parameter in all simulations
(Io = 1.2x10™* mm) to present the thickness of the crack
(presented in Eq. 4).

3. Results

To investigate the fracture behavior of dentin, we calculate
the total absorbed energy (W), damage initiation load (DIL),
and crack length (or density). W™ is the total toughness of
the models until complete fracture. Figure 5 presents the
fracture response of the random models (R1, R2, and R3) in
the inner region of dentin. Here, we consider the models
without filled tubules as healthy, and the models with filled
tubules as aged samples with an increase in their AGEs level.
Microcracking, crack deflection, and uncracked ligament
bridging occur in our simulations on both healthy and aged
models. One of the toughening mechanisms that frequently
happens is the microcrack formation in PTDs. The rate of
microcracking decreases and the fracture pattern alters with
an increase in filled tubules. Our simulations also indicate
that crack deflection is another important toughening me-
chanism. Tubules attract and deviates the main crack from
its original path due to the high stress concentration of

0% Occluded 10% Occluded

30% Ocecluded 50% Occluded

Aging: occluded tubules increase & G, decreases

/\' . . .
|| Microcracking fCrack deflection 'Mcl'glllg

>
" ' Crack bridging

t Crack breaking filled tubules

Fig. 5 - The fracture results of the presented 2D models (R1, R2, and R3) in Fig. 1. Microcracking decreases with an increase in

filled tubules, forming relatively more straight cracks.
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Fig. 6 — The fracture results of the presented 2D models (R4, R5, and R6) in Fig. 2. Cracks form in a more straight shape in the
outer dentin region, and filled tubules have negligible impacts on cracks formations.

tubules. In the aged samples in the inner dentin region, the
cracks deviate to the non-filled tubules.

Fig. 6 depicts the fracture behavior of the random models
(R4, RS, and R6) in the outer region of dentin. The main crack
in the outer models (both healthy and aged) initiates from
the precrack and grows straightly without any significant
deflection (Fig. 6). In addition, the cracks in the outer dentin
mostly can break the filled tubules in aged samples. However,
microcracks in the inner models (Fig. 5) can nucleate from
tubules. This shows that there are more microcracks in the
inner models than the outer models and in the outer dentin
there are more long cracks.

We also calculate the energy absorption (the area under
the curve) until the complete fracture for all aged and healthy
models in both inner and outer dentin. With increased filled
tubules and decrease in G, (i.e., increase in AGEs level), the
total energy absorption in models with filled decreases as
well. Fig. 7 shows the decrease in the total energy of inner
and outer models by increasing the filled tubules (10 %, 30 %,
and 50 %) and reduced G.. The DIL of models is also reduced
with the combined influence of an increase in filled tubules
and decreased G.. In addition, cracks in the inner models
initiate sooner than in the outer models (lower DIL in the
inner models). This is in agreement with experiments where
the resistance to crack initiation in inner dentin is lower than
that of outer dentin [9]. Thus, the load for crack initiation in
inner dentin is lower than that of outer dentin.

In addition, we investigate the influence of increased oc-
clusions as a single factor on the fracture response of all 2D

0 10% increased occlusion & 0.9Gc
H 30% increased occlusion & 0.8Gc
i [ 50% increased occlusion & 0.6Ge

o

R1 R2 R3 R4 RS5 R6
Inner & Outer 2D Models

Toughness Reduction Percentage (%)
| &) L] [

Fig. 7 - The decreased percentages in the total toughness
value of each 2D model (R1, R2, R3, R4, R5, and R6) with
respect to their initial model without filled tubules (0 %
occlusion and Gc).

models (R1 to R6). For each model, we find that the patterns
of crack growth trajectories of this case (considering the
single factor of increased occlusions) are the same as the
damage patterns in Figs. 5 and 6 for each scenario. However,
there are some differences in their mechanical response from
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0 % occlusions to 50 % for each model (force-displacement
curve, post-yielding response). The reason for such differ-
ences is the different crack paths that are formed by adding
more occlusions, which eventually alter the energy required
to break the samples. We also evaluate the influence of the
other individual factor, decreasing G. due to increased AGEs,
on the fracture response. If we only decrease the G, of each
2D model without any filled tubules, the crack growth tra-
jectories remain the same in that model (for each model si-
milar to its initial case) because there are no changes in the
proportion of fracture properties of ITD to PTD nor alterations
in the geometrical features. However, the absorbed energy
(W*™") decreases with the reductions in the G. values because
Gc has a direct relationship with the absorbed energy. The
decreased energy for each case of reduced G, (0.9G., 0.8G,
and 0.6G.) in each model is nearly similar to those

proportions presented in Fig. 7, with only a 4-5 % difference.
These small differences are due to excluding the filled
tubules.

Fig. 8 shows the influence of tubules’ orientations on crack
growth trajectories. In Fig. 8, we observe four cases of inter-
actions between the crack surface and tubules’ orientations.
In the first case (anti-parallel), the crack surface nucleates
from the precrack and then propagates toward the tubule
ahead. Afterward, the crack surface breaks the tubules ahead
without deflection. In the second case (perpendicular), the
crack surface initiates from the precrack and breaks per-
pendicularly the entire tubule fibers. In the third case (in-
plane parallel), damage nucleates from the precrack and
gradually grows in the ITD matrix. But the crack surface de-
viates toward the tubules and propagates along the tubules’
direction. In the last case (inclined perpendicular), the crack

a) Anti-plane Parallel b) Perpendicular

3D view

(o (@)

Complete fracture

b | =220

feam i)

¢) In-plane Parallel

d) Inclined Perpendicular

-
T

;"‘Q

»
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Fig. 8 - The fracture results for four 3D models presented in Fig. 3 different directions that a crack surface can have with the
tubules’ orientations. In all models, tubules have the same uniform distribution. In all simulations, the crack surface initiates
from the precrack. Different tubules’ orientations lead to different crack patterns.
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surface forms from the precrack and breaks some inclined
tubules. But it changes its direction and grows gradually
along the inclined tubules.

The difference in fracture patterns and tubules’ orienta-
tions in the 3D models cause different total toughness values.
The ratios for the total toughness of perpendicular, in-plane
parallel, and inclined perpendicular cases to that of the anti-
plane parallel case are 0.82, 1.15, and 0.94, respectively.

Fig. 9 depicts fracture simulations of the 3D models with a
random distribution of tubules. In Fig. 9, we observe how
filled tubules can change the crack surface growth in the anti-
plane parallel and perpendicular cases. In the anti-plane case
without filled tubules (Fig. 9a), the crack surface initiates
from the precrack and propagates to the adjacent tubule. In
this model, microcracks also nucleate from other tubules and

merge. In the anti-plane case with filled tubules (Fig. 9b),
microcracks initiate from tubules and then merge and form
the total crack surface. The crack surface density and the
total toughness of the case with filled tubules (Fig. 9b) are 16
% greater and 20 % lower than those of the case without filled
tubules (Fig. 9a), respectively.

As shown in Fig. 9c and d for the perpendicular mode, the
crack surface grows perpendicular to the tubules’ directions.
In the case without filled tubules, damage initiates from the
precrack. However, in the case with filled tubules (Fig. 9d),
the crack initiates from inside of a filled tubule ahead of the
precrack. In addition, the crack surface density and the total
toughness of the case with filled tubules (Fig. 9d) are 5%
greater and 12% lower than those of the case without filled
tubules (Fig. 9¢), respectively.

Anti-plane Parallel

3D view

Complete fracture

Crack initiation

Crack surface growth

Perpendicular

--w-‘
- g
-
.

Fig. 9 - The fracture results for four 3D models are presented in Fig. 4. The filled tubules alter the crack surface growth in the
anti-plane parallel case (compare (a) and (b)). Crack surface growth is perpendicular to the tubules’ orientations in the
perpendicular case (c and d). However, the crack surface initiations are different from (c) to (d).
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4, Discussion

In the present study, we simulate the fracture behavior of
dentin using a phase field fracture framework. Our aim is to
investigate the coupled influence of increased filled tubules
and decreased G, on crack growth trajectory within dentin.
We also evaluate the influence of these two factors in-
dividually on the fracture behavior of dentin microstructure.
We consider two factors as aging factors in our study where
we assume decreased G, is linked to increased AGEs level in
dentin based on the study conducted by Shinno et al. [4]. In
the presented simulations, we also assume dentin as a fiber-
reinforced material. In such a tissue, PTDs are hollow fibers
and ITD is a matrix. The tubules are circular and cylindrical
voids in our 2D and 3D simulations, respectively. With these
assumptions, we can simulate a justifiable microstructure of
dentin to investigate crack growth. To analyze the aging ef-
fects on crack growth trajectories, we evaluate the total en-
ergy absorption, the damage initiation load (DIL), and crack
surface density for models with and without filled tubules.

One of the main toughening mechanisms observed in the
dentin microstructure is PTD microcracking. Microcracking
occurs occurred in both 2D and 3D models. In agreement with
other studies [14,35,30], our results show that the presence of
the tubules at the head of crack and microcracking in the
tubules can control the crack propagation trajectory. The si-
mulations also show that nucleated microcracks from tu-
bules can merge and eventually form the main crack surface.
In addition, the distribution of tubules can alter the main
crack propagation. For instance, in the inner dentin region
with a high density of tubules, microcracking in PTDs can
result in uncracked ligament bridging and crack deflection,
similar to experimental reports [5,9].

The microcracking, however, is affected by increased filled
tubules. Our simulations show that an increase in filled tu-
bules leads to a decrease in PTD microcracking. In addition,
increased filled tubules can change cracks deflection. As in-
dicated in Fig. 5, we observe that cracks are less deviated and
tend to have a more likely straight formation in the inner
dentin. Figure 5 also presents that cracks can break the filled
tubules in some cases. Moreover, in the outer dentin as
shown in Fig. 6, there are fewer microcracks than in the inner
dentin models (Fig. 5). Cracks in the outer dentin models
grow straightly with less deviation. Even with filled tubules,
cracks still are in straight formations but some cracks can
break the PTDs as well (Fig. 6). This shows that increased
filled tubules have no influential impacts on crack growth
trajectories in the outer dentin regions. The main reason for
such straight cracks in the outer dentin (with or without filled
tubules) is the low density of tubules in the outer dentin,
which eventually result in less occurrence of cracks devia-
tion. Another important factor to explain such crack growth
trajectories can be also related to changes in material prop-
erties of dentin with aging. For instance, AGEs level increases
with age and alters the collagen matrix of hard tissues such
as dentin and bone [4,3,36]. With such an increase in AGEs
levels, it is suggested that the glycated tissue becomes more
fragile [36]. Thus, in brittle condition, cracks can have
straight formations with no deflection.

It should be noted that tubules have an essential influence
on important toughening mechanisms such as crack deflec-
tion and uncracked-ligament bridging [5,8]. However, with
age-related changes in dentin microstructure such as the
occlusion of tubules, these mechanisms become mostly in-
active. Our simulations reveal this trend of inactivation
which is in agreement with the study conducted by Montoya
et al. [6]. In addition, PTDs can shield the propagation of
microcracks [13,14]. However, with filled tubules, micro-
cracking in PTDs decreases in dentin microstructure and
there is a higher chance for a crack to propagate into the
matrix. The influence of the increased AGEs and increased
occlusions are also individually evaluated. The current si-
mulations show that only decreasing Gc due to the increased
AGEs can result in a reduction in the total absorbed energy
(W'Y, This result is expected because reducing G, of mate-
rials eventually causes decreased absorbed energy by the
materials until the complete fracture. In addition, decreasing
G, as a single factor cannot change the crack growth pattern.
The other factor, increasing the filled tubules, can result in
changes in crack growth trajectories and some minor
changes in the post-yielding response.

Another important factor in studying of crack growth tra-
jectory in dentin is the tubules’ orientations. Our 3D simula-
tions show that the absorbed energy highly depends on the
tubules’ orientations. Here, in aged dentin, our results reveal
that increased filled tubules can change the crack surface
growth with respect to the tubules’ orientations. In the anti-
plane parallel mode (Figs. 9a and b), our simulations show that
filled tubules can entirely alter the crack surface pattern.
However, in the perpendicular mode (Figs. 9c and d), the crack
surface breaks all filled and non-filled tubules with a perpen-
dicular angle. Increased filed tubules can also change the lo-
cation of crack surface initiation in both 2D and 3D models.

Such information on crack growth trajectories in aged
dentin is useful for the production of adhesives and bonding
restorative materials to dentin. However, it should be noted
in-depth investigations are still required for understanding
micromechanics of fracture in aged dentin, and the present
study has some limitations as well. The fracture properties of
the PTD and ITD in the present study are based on the sug-
gestions by other numerical studies [30,37], and these prop-
erties have not been yet experimentally characterized. It
should be also noted that our simulations do not include the
delamination at the interface between the PTD and ITD ma-
trix, which is a toughening mechanism in dentin micro-
structure. Additionally, the length scale parameter I. in the
phase field method impacts the mechanical response, and
experiments are required to investigate a suitable damage
thickness for crack growth study in dentin microstructure.
The morphological data for dentin microstructure differs
from one tooth to another (density and diameters of tubules
and PTDs thickness) [12]. In addition, the tubules’ directions
can have curvy formations from the outer surface of dentin
to the inner surface, and the spacing between the tubules is
not necessarily equal the same as the presented 3D models.
Therefore, the results in the presented 2D and 3D models
cannot be considered as dentin microstructure for all human
teeth. Additionally, all inputs in our study have uncertain
measurements. Therefore, uncertainty factors in such
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composite materials can influence the prediction of fracture
patterns [38]. In the current study, it should be noted that
there are differences between the size of the current simu-
lations and those of the experimental specimens of dentin in
the literature. Thus, for practical applications, it is not fea-
sible to compare the mechanical response of the experiments
in literature with the current simulations.

5. Conclusion

In the present study, we evaluate the influence of age-related
changes (increased occluded tubules and degraded energy
release rate) in dentin on crack growth trajectories. The main
conclusions are

(i) Our results show that increased filled tubules can deac-
tivate the toughening mechanisms such as crack de-
flection and microcracking.

(ii) The simulations indicate that cracks can break PTDs
ahead in the models with filled tubules. In addition, the
PTD shielding effect of microcracking is impaired in aged
samples with filled tubules.

(iii) The filled tubules in the outer dentin models have minor
impacts on crack growth trajectories.

(iv) Brittleness increases with degraded G, property of dentin,
which possibly can be related to elevated AGEs level.

(v) The 3D simulations show the crack surface and the crack
density undergo changes with elevated filled tubules.

(vi) The phase-field fracture framework is a powerful nu-
merical tool to investigate crack growth trajectories in
dentin.
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