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Abstract: fracture resistance in dentin is crucial for maintaining the structural integrity of a vital or
endodontically treated tooth, particularly as aging and restorative interventions exacerbate mechanical
vulnerabilities. This article explores the biomechanical properties of dentin, focusing on intrinsic toug-
hening mechanisms such as crack deflection, bridging, and microcracking, which act to diminish crack
propagation. The composite-like structure of dentin, comprising mineralized collagen fibrils within a
heterogeneous matrix, facilitates a balance between stiffness and flexibility, resisting multiple cyclic
loads under complex intraoral environments. The impact of dentin dehydration, age-related changes,
and the formation of sclerotic dentin on fracture resistance in dentine is discussed. A thorough under-
standing of toughening mechanisms in dentin is essential for optimizing clinical approaches aiming to

ensure the durable success of dental treatment.
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Introduction

Human dentin cannot regenerate but undergoes
multiple structural changes over decades of
functioning and aging, even when clinically
intact. Modern restorative procedures, being
highly predictable (Seltzer, 1999), from simple
fillings to complex interventions like endodontic
therapy and post-and-core or crown placement,
can initiate microscopic flaws and microcracks in
dentin (Arola et al., 2017; Reeh, 1989; Dietschi,
2007, 2008). Over time, these defects can develop
and lead to catastrophic failures in tooth structure
(Tonami & Takahashi, 1997; Carter, 1983; Kerekes
& Tronstad, 1979).

With the rising elderly population and an
increasing number of dentated aged individuals
seeking reliable dental services (United Nations,
2003), understanding crack propagation and

toughening mechanisms in dentin is crucial for
preventing irreversible mechanical failures and
selecting or developing the most predictable
solutions for reconstruction (Pietrokovski &
Lantzman, 1973). Dentin is a composite-like
material made of mineralized collagen fibrils
embedded in a three-dimensional matrix, organized
into inter- and peritubular dentin. Its heterogeneous
structure at both nano- and microscopic levels
contributes to its toughness by allowing different
regions to respond differently to stress during
function (Berkovitz, 2002). The interactions
between the collagen matrix and hydroxyapatite
mineral crystals play a critical role (Kishen, 2006).
The collagen matrix provides flexibility, while
the minerals provide stiffness and strength, aiding
energy dissipation and fracture resistance. This
allows the dentin to undergo plastic deformation,
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absorbing energy and preventing fractures from
extensive growth. Additionally, dentin tubules
running from the pulp to the outer layers can act as
crack arrestors and deflectors, increasing the energy
required for crack propagation and contributing to
the anisotropy of dentin's mechanical properties
(Kinney, 1999).

Aim

This review aims to bring more light on the
mechanical properties of dentin, specifically on its
toughening mechanisms and their changes with age.

Results

Types of Toughening Mechanisms in Dentin

Clinically, the risk factors for tooth fracture
can be classified as iatrogenic and non-iatrogenic.
Non-iatrogenic factors are primary (due to the
anatomical position of a tooth or prehistory of
recurrent disease) and secondary (due to dentin
aging) (Kishen, 2006). From a biomechanical
perspective, fracture formation and propagation
are a complex process that depends on the structure
and properties of the body and involves the
formation, nucleation, and spreading of micro- and
macro-cracks (Kinney, 2002). Microscopic cracks
can accumulate and grow over time, eventually
leading to critical fracture and structure collapse
with time or given number of repeated mechanical
load cycles (Bajaj, 2006).

Several factors must be present simultaneously
for a fracture to occur: (1) stress concentrators,
such as a crack or a geometric notch (e.g., sharp
corner, thread, hole), and (2) tensile stress of
sufficient magnitude to cause microscopic plastic
deformation at the stress concentration tip (Kishen,
2006). Tensile stress may not be applied externally
but could be a normal residual stress within the
structure due to compressive loads. Most known
material properties, such as yield strength and
tensile strength, do not influence the vulnerability of
a material to crack extension and fracture (Kishen,
2006). However, an increase in tensile stresses and
stress concentrations renders the remaining tooth
structure prone to fracture. It is important to note
that the tensile strength of dentin is much lower than
its compressive strength - compressive and shear
strengths are about 250 MPa, while tensile strength
is around 50 MPa (Gupta et al., 2006). Fracture
resistance can change and even increase with crack
extension, particularly when involving different
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toughening mechanisms in dentin (Koester, 2008).

Two main principles of toughening mechanisms
in dentin have been suggested: (1) intrinsic, where
mechanismsoperateahead ofthecracktiptoenhance
the material’s inherent resistance to microstructural
damage and cracking, and (2) extrinsic, where
mechanisms operate primarily behind the crack
tip by promoting crack-tip shielding, reducing the
concentration of local stress intensities at the crack
tip (Kishen, 2007). Toughness in dentin increases
through mechanisms that raise the energy required
for fracture or methods that prevent strain energy
from reaching the crack tip. In normal hydrated
dentin, both factors are well-presented, which is
not the case for dehydrated or aged dentin (Kinney
et al., 2005). It is suggested that the viscous effects
in within hydrated dentin can slow down the rate of
energy delivery to the crack tip, allowing the crack
to be shielded and propagated slowly.

Three major toughening mechanisms are known
to be present in dentin: (1) crack deflection, (2)
crack bridging, and (3) microcracking (Kruzic et
al., 2003). Crack deflection occurs when cracks
deviate from the plane of maximum driving force
or tensile stress, reducing the stress intensity at
the crack tip, and thereby providing toughening.
Crack deflection is promoted by features in the
microstructure that deviate from the crack path.
For dentin with tubules in a parallel orientation,
there is practically no out-of-plane deflection,
implying minimal contribution to toughening in
this orientation. The same is true macroscopically
for the perpendicular orientation. However, small
local deflections (up to 20 um) may occur along
the tubule axis.

In crack bridging, as the crack opens, fibers
or filaments extend across it, dissipating energy
through their own deformation or by friction as
they pull out from the bulk material (Bajaj, 2006).
Crack bridging is the most common form of crack-
tip shielding, especially in fiber composites where
intact fibers tend to bridge the crack and oppose
its opening. Crack-path observations indicate
possible bridging by collagen fibers. Another
type of bridging occurs when the dominant crack
links with smaller cracks ahead of the tip to form
uncracked ligaments. These mechanisms are only
observed in the parallel orientation in dentin (Nalla
& Kinney, 2003).
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Microcracking causes dilation and increases
the compliance of the region surrounding the crack.
The sharpness of the crack tip focuses strain energy
onto the next susceptible bond, a critical factor in
fracture propagation. Micro-cracks ahead of the
main crack initiate from the stress concentration
associated with dentin tubules and form in the
more highly mineralized peri-tubular region.
This mechanism is not represented in dehydrated
dentine.

In aged dentin, tubules accumulate minerals
inside their lumens, decreasing microcracking
formation in intertubular dentin and lowering the
toughening ability of aged dentin (Kinney et al.,
2005). The orientation of dentin tubules has been
proposed as another toughening mechanism (Nalla
& Kinney, 2003). They showed that dentin fracture
resistance is anisotropic. Elephant dentin was used
due to limitations in human sample preparation.
They emphasized that, except for the root, human
dentin tubules do not run straight from the enamel
to the pulp; instead, they have a complex, S-shaped
curvature from the cervical margin through the
crown. Their research showed that cracking
perpendicular to the tubules occurs with the lowest
toughness while cracking parallel to the tubules
occurs with the highest. The anti-plane and in-plane
parallel orientations are, respectively, 55% and
65% tougher than the perpendicular orientation.
Clinically, tuber fractures can contribute to this due
to the structure of mantle dentin and the low density
of dentin tubules in the peripheral layers of crown
dentin (Bajaj, 2006). While these mechanisms are
well documented, the role of mineral-collagen
interactions, dentin hydration, and water content,
especially in aged dentin, are not well-defined and
require further investigation.

Impact of Dehydration

The presence of water in dentin affects its
mechanical properties. Water acts as a plasticizer,
increasing the dentin's ability to deform plastically
and absorb energy. Hydrated dentin is generally
tougher than dry (Kishen & Vedantam, 2007). A
study demonstrated significantly higher fracture
values for hydrated dentin compared to dehydrated
dentin, and rehydration substantially restored
these values (Kahler, 2003). During loading, a
region of hydrostatic tension and superimposed
shear stresses develop around the crack tip. In
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hydrated and porous dentin, these stresses can
induce dilation around the crack tip, with energy
consumed by fluid inflow and egress in this region.
The collagen within this area also extends when
moist, accommodating such dilation and shear
strains. In the absence of fluid, dilation must be
solely accommodated by shear or cavitation of the
existing fluid (Kishen & Vedantam, 2007).

There are still many questions regarding the
role of dehydration in changes in collagen and
mineralized collagen fibers, as well as in mineral
content in dental tissue due to dehydration (Kinney
et al., 2004; Weber, 1974). The highly mineralized
peritubular dentin, along with the less permeable
enamel and cementum on the outer aspect of bulk
dentin, creates a confined environment for free
water in dentinal tubules and pulp space. The
mechanism of dentin dehydration, considering that
pulpless teeth remain in a water-based environment
(saliva in the mouth and blood/tissue fluid
surrounding the root), has not been fully explained
(Van der Graaf & Ten Bosch, 1990). While
cementum is permeable without tubules and there
is considerable evidence of enamel permeability,
the full extent of dehydration's effects on dentin
needs more investigation (Kinney et al., 2004).

The extracellular matrix proteins of the pulp
have high water-holding properties, with the
total water content of the pulp exceeding 90%.
Physiological intrapulpal pressure of 10-28 mm
Hg constantly drives pulpal fluid outward along
the dentinal tubules (Pathways of the Pulp, 2005).
The loss of water-rich pulp tissues and free water
from dentin surface porosities and dentinal tubules
can contribute to a reduction in the mechanical
integrity of endodontically treated teeth (Hayashi
et al., 2008). The water content of normal dentin
is believed to vary with location. Tubules contain
75% of the moisture in dentin, with the rest being
associated with the mineralized matrix (Angker et
al., 2004).

Types of Dentin Fluids

There are two main types of fluids in dentin.
Type one, or ‘bounded’ water, is associated with
the apatite crystal of the inorganic phase and
collagenous and non-collagenous matrix proteins
of the organic phase. The second type is the free
or ‘unbound’ water that fills the dentinal tubules
and other porosities in the dentin matrix. Free
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water is associated with inorganic ions such as
calcium and phosphate, aiding in their transport
within the dentin matrix (Kishen, 2006). When
dentin is compressed, the water-filled dentinal
tubules are compressed, and the water is squeezed
out in the direction of the dentinal tubules. This
water movement within the material is a possible
mechanism for toughening dentin (Kishen &
Asundi, 2001). Water has a viscosity, requiring
additional energy to carry it through the dentinal
tubules, leading to dual effects in hydrated dentin:
(a) aninherent plasticity effect and (b) distinct strain
responses in directions parallel and perpendicular
to the dentinal tubules. Loss of water from the
dentinal tubules and pulp space diminishes these
water-induced effects, increasing dentin stiffness
and reducing plasticity. Fully hydrated dentin
demonstrates significantly higher crack-initiation
toughness and crack-growth toughness compared
to dehydrated dentin (Kinney et al., 2003).

Collagen Hydration and Mechanical

Properties of the Tooth

Collagen  microstructure and  hydration
are critical factors contributing to the fracture
toughness of dentin. Moisture content profoundly
impacts collagen's properties, with dry collagen
being brittle and stiff, exhibiting an elastic modulus
of about 6 GPa. Rehydration progressively softens
the collagen (Kinney et al., 2004). Studies have
shown that during rehydration, a monolayer
of water molecules adsorbs to the surface of
hydroxyapatite via hydrogen bonds, with additional
water held by weak van der Waals forces and laws
of intermolecular attraction and repulsion (Kinney
et al., 2003).

In normal dentin, the interacting water molecule
is an integral part of the collagen structure.
When water content exceeds two molecules per
tripeptide, the molecule starts to swell. At this level
of hydration, water acts as a plasticizer, keeping
the matrix soft and flexible. The collagen fibrils
in the dentin are made up of smaller microfibrils
separated by spaces filled with water (Kishen
& Asundi, 2001). The surface tension forces of
water and other molecular forces like interpeptide
hydrogen bonds and van der Waals forces allow
the collagen fibers to slide along each other and
deform plastically under load. After the end of the
masticatory force, these forces pull the collagen
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fibers back, restoring the spatial shape of the dentin
and ensuring tooth elasticity (Huang, 1992).

Dehydration leads to the loss of these
interfibrillar spaces and shrinkage of the overall
fibril diameter. Collagen fiber chains contact each
other, forming molecular associations that cannot
be formed in an aqueous environment. These
interpeptide forces stabilize the structure of dried
collagen and increase its stiffness. It has been
shown that the loss of free water compromises
the viscoelastic behavior of dentin (Bajaj, 2006).
Kinney et al. (2004) used nanoindentation-based
experiments showing that dry dentin exhibited
an elastic modulus of 23.9 GPa, while wet dentin
exhibited an elastic modulus of 20 GPa. Kishen
and Asundi (2001) concluded that the presence
of water in hydrated dentin resulted in a stress-
strain response characteristic of tough material,
while the loss of free water resulted in stiffening
and brittle material response. A significant increase
in stiffness and a decrease in toughness were also
reported after dehydration at 20°C for seven days
(Huang, 1992).

Dentin Aging and Sclerotic Dentin

Dentin aging and the formation of sclerotic
dentin also influence dentin's mechanical properties
and toughening mechanisms (Kinney et al., 2005;
Weber, 1974). A comparative study of normal,
dehydrated, and sclerotic dentin showed no
significantdifferences in elastic parameters between
normal and sclerotic dentin, though the level of
hydration in both groups was similar. Sclerotic
dentin showed no plasticity and significantly
higher brittleness, with a 20% reduction in fracture
toughness (Kinney et al., 2005). This could be
partially explained by mineral changes in dentin
followed by the occlusion of dentin tubule lumens.
Filling the tubules reduces stress concentration
in intertubular dentin, lowering the tendency for
microcrack nucleation, which in turn reduces
dentin's fracture toughness.

Conclusion

Human dentin is a dynamic, complex
composite-like structure. Its multiple elements at
the nano and microscopic levels provide unique
mechanical behavior in response to occlusal loads.
Hydration of dentin is one of the critical factors
affecting its mechanical parameters. Changes in its
structure due to aging or clinical intervention have
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Omip TpimuHaM i MeXaHi3MHU 3MIITHEHHS B JIIOICHKOMY J€eHTHHI:
NMOTJISA/L 3 MO3UIiNM OioMexaHiKH
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Anomiuia: onip ymeopeHHIO MPiWuH y OEHMUHI € 6A2OMUM MEXAHIZMOM O NIOMPUMAHHSL
CMPYKMYPHOI yinichocmi 8iManbH020 ab60 eHOOOOHMUYHO NIIKOBAHO20 3)0a, 0COONUBO 8 YMOBAX, KOMU
CMApIiHHA | pecmaspayiiii 8mpyuyanHs NiOGUWYIOMb U020 MeXauiuHy epaziugicme. Y yiu cmammi
00CTIONHCYIOMbCL  OIOMEXAHIUHI  81ACMUBOCMI  OeHMUHY, 30CepedAHCyIodU  y8azy HA 6HYMPIUIHIX
MEXAHIZMAX 3MIYHEHHs, MAKuX 5K GIOXUNEeHHS MPIWUH, MOCMYBAHHA MA MIKPOPO3MPICKYBAHHS,
AKI CHpUusAOms 3MeHuleHHI0 nowupenuss mpiwun. Komnosumonodiona cmpykmypa OeHmuHy, uo
CKIA0AEMbCA 3 MIHEPANI308aHUX KOLA2EHOBUX (iOpUN y 2emepo2eHHiti Mampuyi, 3a0e3neuye 6aiaunc mixe
HCOPCMKICMIO MA 2HYUKICMIO, YUHAYU ONip 0A2amOKPAMHUM YUKTIYHUM HABAHMANCEHHAM 8 YMOBAX
cneyugiunoeo cepedosuuya y pomogii nopoxcruti. Ob2080pioemuvcs 6nauUe 0e2iopayii 0eHmumHYy, IKOBUX
3MiH | YMBOPEHHA CKAEPOMUYH020 OeHMUHRY HA 11020 onip ymeopennio mpiwu. Ipynmoene posyminns
MEXAHIZMI8 3MIYHEHHS OeHMUHY € BANCTUBUM O ONMUMI3AYIT KIIHIYHUX NIOX00I8, CNPAMOBAHUX HA
3abe3neyenHs mpusano2o yCnixy Cmomamono2iuno2o iiKy8aHHs.

Koarouosi ciioBa: nenTuH, OloMexaHika, (pi310510r1s, €T100T1s, JIKyBaHHS
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