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ABSTRACT

Human dentin is one of the main components of human tooth. It shows a hierarchical

structure from a multi-scale point of view. Generally speaking, dentin can be seen as

a hard biomaterial consisting in 3 phases: the porous phase made of tubules, the inclusion

phase made of peritubular dentin and the matrix phase made of intertubular dentin. These

hierarchical structures strongly determine its mechanical properties. The knowledge of its

structure, its mechanical property and its deformation behavior due to the variation of the

external environment may be useful to improve the dentin restoration process. In this work,

four observation techniques (µCT, optical microscope, ESEM and confocal microscope) have

been used and compared. Particularly, confocal microscopy is proposed to allow 3D visual-

ization of the complex dentin porous network. Compared with usual 2D observation tool, it

may provide new information. For example, near the DEJ, tubules show a more complex tree

structure than the Y-shaped deduced from 2D observations. These findings may also allow

to achieve more realistic modeling considering the complex porous structure inside human

dentin.

Later on, compression test associated with DIC was carried out within an integrated system

which can control simultaneously the humidity and the temperature of the environment. Using

this system, the elastic modulus of human dentin was measured to be 16.7GPa with a standard

deviation of 5.1GPa. And the Poisson’s ratio was found to be 0.31. The dilatation behavior of

human dentin due to relative humidity was also explored. Furthermore, resonant ultrasound

spectroscopy was performed in order to compare the results with these mechanical testing. At



the micro-scale, the mechanical properties of peritubular dentin and intertubular dentin were

characterized by nanoindentation. The two methods used in this work (dynamic CSM method

and the static unload method) present the same trends of elastic moduli for the two compo-

nents. Peritubular dentin has a higher elastic modulus (26.7GPa with a standard deviation

of 3.1GPa) than intertubular dentin (16.2GPa with a standard deviation of 5.5GPa). Besides,

the creep behavior of dentin was assessed by nanoindentation. Four elements Maxwell-Voigt

model can be used to model dentin’s creep behavior.

To sum up, a morphological and mechanical study of the dentinal tissue has been per-

formed. New techniques, such as confocal microscopy have been used and showed their use-

fulness in order to give new insight into the dentinal tissue. The mechanical testing protocols

that have been set up at different scales will enable to better understand the structure-property

relationship by using them associated with the observation tools validated in this work.

Key words: mechanical properties, human dentin, multi-scale.
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INTRODUCTION

Dentin is one of the main tissue of the tooth. Its composition and complex hierarchical

structures allow it to support large stresses during the mastication process. Tissue

pathological changes (ex. tooth decay or cavity) or aging phenomenon can effect its strength.

Knowledge of intact dentin’s geometrical structures and mechanical properties is essential for

predicting the consequences of micro-structural alterations. Besides, in the field of restora-

tive dentistry, knowledge of its micro-structure and mechanical properties is also essential to

understand the effects of the restorative dental procedures.

Dentin has a complex composite structure arranged at different scales from micro to macro-

scale. In the literature, only a few studies are dealing with the relationship between structure

and mechanical properties of dentin. Since the last century, the micro-structure and the me-

chanical properties of the dentinal tissue have been investigated at different scales through

various techniques. Elastic property as one of the crucial parameters has been drawn a great

attention. Cavities inside tooth are repaired by the resin composites. The modulus of the

composite needs to match with the dentin substance in order to prevent stress concentration at

the dentin-restoration interface. Moreover, numerical predictions in dentistry require the thor-

ough knowledge of the elastic modulus of dentin. However, the reported Young’s modulus of

human dentin shows a great variability among all the measurements, based either on bending,

indentation, tension, compression or ultrasound techniques. Four causes of the variability

are inter donor, intra donor, technique artifact and experimental problems (wrong geometry).

Thus, a well established evaluation of geometrical structure and mechanical characterization



Contents

of human dentin is still needed. The aim of this thesis is to explore the protocols for geomet-

rical and mechanical characterization for human dentin, and then investigate its mechanical

properties at different scales.

In this manuscript, the following parts will be presented:

In part 1, a detailed bibliography is presented. The tooth structure is illustrated. Then,

dentin characteristics are presented. Hierarchical structures and mechanical properties evalu-

ated at different scales are reviewed. Finally, two techniques used in the thesis (digital image

correlation (DIC) and nanoindentation) are presented.

In part 2, different observation methods are described and used on dentin: micro computed

tomography, histology, optical microscope, confocal laser scanning microscope (CLSM), and

environmental scanning electron microscope (ESEM). Their advantages and disadvantages

for dentin imageing are then discussed.

In part 3, an in-situ experimental setup was built up. It combined a mechanical test sys-

tem with a controlled the environmental conditions (relative humidity and temperature). The

mechanical test refers to a compression device associated with a microscope to measure the

displacement by DIC. The elastic mechanical properties of human dentin are assessed by

uniaxial compression. Different environmental conditions are tested and their effect are dis-

cussed. Resonant ultrasound spectroscopy (RUS) is performed as a comparison.

In part 4, nanoindentation tests are carried out in order to have the elastic moduli for

each components of dentin at the micro-scale. The same approach is used to investigated the

viscoelastic behavior of dentin.

Finally, a conclusion chapter summarizes the relevant results. The perspective of this work

is addressed to some numerical calculations. The influence of tubules geometry and the im-

plicit numerical model constructions based on the confocal microscope are involved.
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CHAPTER 1

BIBLIOGRAPHY REVIEW

The microstructure of dentin is obviously influencing its mechanical properties. So to

understand those properties, it is important to start from the structural observations.

Before sailing towards a proper direction, an overall view of existing knowledge concerning

dentin structure and its mechanical properties is necessary. The first part of this chapter pro-

vides an overview of the dentinal tissue. It begins with an introduction to the tooth structure.

Later on, it focuses on the dentin as the main constituent of the tooth. More attention is then

paid to its hierarchical structures at different scales as well as its composition. The second

part reviews the reported mechanical properties determined by different techniques from a

multi-scale point of view. The last part presents briefly some techniques used in this work

(digital image correlation and nanoindentation). Finally, the difficulties and challenges of this

work are shortly discussed.



Chapter 1. Bibliography review

1.1 The tooth structure

1.1.1 The Global Structure of Human Tooth

A slice view of micro–computed tomography of a human tooth is shown in Fig. 1.1B.

Tooth is composed of multiple constituents mainly including: the dentin, enamel and pulp.

From a geometrical point of view, tooth can be divided into three parts: the crown, the neck

and the root. The root part is embedded into the maxilla (upper jaw) or the mandible (lower

jaw) and is covered by gums to keep its stability. A model of human mouth is shown in

Fig. 1.1A. The crown part is exposed in the mouth. The neck part acts as a link between the

crown and the root.

Figure 1.1 – (A) Photo of a human mouth model. (B) Slice view by micro–computed
tomography of one human tooth illustrating the three main constituents:dentin, enamel and

pulp.

Generally, the outermost part of the tooth is covered by enamel. It is the hardest and most

highly mineralized tissue among the tooth components. Enamel contains 96% of mineral,

and 4 % water and organic material [Cate-Ten 1998]. The mineral phase of enamel is mostly

4



1.1. The tooth structure

hydroxyapatite, which is a crystalline calcium phosphate [Johnson et al. 1998]. This large

content of minerals leads to its relatively high strength, but also a higher brittleness [Cate-Ten

1998]. Below the enamel "cap", dentin is the major part of the tooth. It is less mineralized

and brittle compared with enamel [Johnson et al. 1998]. Dentin plays a very important role

to endure and transfer the stresses during mastication. Under the dentinal tissue, the pulp

cavity is located at the center of the tooth, and is filled with soft connective tissue. This tissue

contains blood vessels and nerves so that pulp is referred as the "nerve" of the tooth.

When the tooth structure is damaged due to cavities or external trauma, a dental restoration

or dental filling is commonly used to restore the function,the integrity and the morphology

of the missing tooth structure. Thus, the performance of the interface between the dentin

and the restorative materials directly determine if the reparation is whether successful or not

[Nakabayashi et al., 1982; Pallesen & Qvist, 2003]. To be able to study this interface, a

profound understanding of the dentin structure is needed. In the following section, a detailed

introduction of dentin is presented.

1.1.2 The Structure of Human Dentin

Macro-scale: the organization of the tubules

Dentin contains microscopic channels which are called dentinal tubules. At macro-scale

point of view, the tubules radiate outward through the dentin from the pulp to the exterior ce-

mentum or enamel border [Roosen-Runge, 1976; Fehrenbach & Popowics, 2015]. The course

of the dentinal tubules is a slight S-curve in the crown, but the tubules are straighter in the

incisor ridges, cusps, and root areas (see Fig. 1.2). The ends of the tubules are perpendicular

to the dentinoenamel junction [Young et al., 2013].

Micro-scale

At micro-scale, dentin is composed of three parts: tubule lumen, peritubular dentin and

intertubular dentin as shown in Fig. 1.3. Tubules lumen represents the porous phase. The

5



Chapter 1. Bibliography review

Figure 1.2 – Sectional view of a human incisor. Course of dentinal tubules is a slight
S-curve in the crown, but straight at the incisive tip and in the root (fig. from Young et al.

[2013]).

peritubular dentin is the surrounding ring around the tubule lumen. The intertubular dentin

is the matrix surrounding peritubular dentin. Due to the dentin tubules, dentin can be seen

as a porous material. The difference between peritubular dentin and intertubular dentin is the

mineral content of the two components. Based on that tissue structure, dentin is often modeled

as a continuous fiber-reinforced porous composite with peritubular cuffs as reinforcement and

a matrix of intertubular dentin [Wang et al., 2015].

Due to its porous structure, the mechanical properties are likely influenced by its density

and the dimension of tubule lumen. These parameters show a very high inter-individual vari-

ation and a location dependence, as illustrated in Fig. 1.4. The values (tubule number density

and tubule diameter) are higher in the deep dentin near the pulp cavity than that near the

dentinoenamel junction. A bibliography survey of the density and diameter of the tubules is

shown in table 1.1. The number of tubules increases from 15000 - 20000 tubules/mm2 near

6



1.1. The tooth structure

Figure 1.3 – SEM images of dentin showing the tubule lumens (T) with surrounding cuffs
of peritubular dentin (PD) between the intertubular dentin (IT) matrix. The scale bar: 1µm.

the DEJ to 45000- 65000 tubules/mm2 near the pulp cavity. The diameter of the lumen of the

tubules also varies from the DEJ to the pulp surface. In coronal dentin, the average diameter

of tubules at the DEJ is 0.5 - 0.9µm, but it increases to 2 - 3µm near the pulp [Boushell &

Sturdevant, 2014]. The statistical structure characteristics have been reviewed by Marshall

et al. [1997]: the percentages of tubule area and diameter vary from about 22% and 2.5µm

near the pulp to 1% and 0.8 µm at the dentinoenamel junction (DEJ), and the area percentage

of peritubular dentin in crown dentin varies from 60% near the pulp cavity to 3% at the DEJ.

As a consequence, the intertubular matrix area varies from 18% at the pulp cavity up to 96%

near the DEJ. From the data above, one may infer that the thickness of the peritubular dentin

wall should vary from about 2.2 µm near the pulp to 0.3 µm near the DEJ.

As mentioned earlier, the dentinal tubules extend from the DEJ to the outer wall of the

pulp. Near the DEJ, the tubules divide into several terminal branches, forming an inter-

communicating and anastomosing network (see Fig. 1.5). As reported originally by Mjör &

Nordahl [1996], three types of branches were observed and named as major, fine and micro-

branches based on their sizes which appeared to be related to their locations. Major branches,

0.5−1.0µm in diameter, are found mainly near the dentinoenamel junction and cementumoe-

namel junctions. Fine branches, 0.3 − 0.7µm in diameter, are abundant in areas such as the

root dentin part. Microbranches which are even smaller (0.025− 0.2µm in diameter), present

7
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1.1. The tooth structure

Figure 1.4 – Cartoon of a tooth, showing the variation of the tubule organization in the
dentin. Tubules in superficial dentin close to the dentinoenamel junction (DEJ) (A) are
smaller and more sparsely distributed compared with deep dentin (B). The tubules in

superficial root dentin (C) and deep root dentin (D) are smaller and less numerous than
those in comparable depths of coronal dentin (Adopted from [Boushell & Sturdevant,

2014]).

everywhere in the dentin and prolong at right angles from the tubules.

Figure 1.5 – Histological section view showing dentinal tubules and their lateral branching
close to the DEJ. No scale bar was found. Image adapted from [Berkovitz et al., 2009]

It is then clear that the tubule structure of the dentin varies considerably through the dentin

thickness, this will necessarily lead to a location-dependent variations in mechanical proper-

ties. Furthermore, it may also affect the permeability and the restorative bonding properties.

Thus, a deep understanding of dentin structure may be crucial for predicting its mechanical

behavior.

9



Chapter 1. Bibliography review

Nano-scale

At nano-scale, dentin shows a well-organized and complex structure. Approximately 50%

(volume percentage) of dentin consists of nanocrystalline apatite mineral phase which is

a carbonate-rich hydroxyapatite. An additional 30% (volume percentage) is occupied by

a network of type I collagen fibrils, whereas the rest are mainly water [Marshall et al.,

1997]. The hydroxyapatite is a mineral form of calcium apatite with the chemical formula

Ca10(PO4)6(OH)2. Its crystalline structure is shown in Fig. 1.6. The c-axis is defined per-

pendicularly to its (002) atomic arrangement plan.

The peritubular dentin is a high mineral sheath, devoid of collagen fibrils [Gotliv & Veis,

2007], while, the surrounding intertubular dentin is a composite matrix made of protein fib-

rils and hydroxyapatite. The diameter of the collagen fibrils is approximately 50 − 100nm

[Scott & Symons, 1967; Boyde et al., 1984; Vennat, 2009]. The fibrils arrange in a plane

perpendicular to the direction of tubule (Fig. 1.6). In this plan, they are randomly distributed.

The mineral hydroxyapatite is mainly extrafibrillar (meaning, it is localized in the interstices

between the fibrils) [Pidaparti et al., 1996; Landis & Silver, 2002]. The shapes of the mineral

hydroxyapatites are location-dependent. They continuously vary from needle-like near the

pulp to plate-like near the enamel [Kinney et al., 2001]. The thickness of the crystallite is

roughly 5nm, independently of the location [Kinney et al., 2003]. In the peritubular dentin,

the crystals of hydroxyapatite have no overall preferred orientation [Weiner et al., 1999]. In

the intertubular dentin, the apatite c-axis of mineral crystallites prefers to orient along the axis

of the collagen fiber, as reported by Forien et al. [2015].

Study by Forien et al. [2015] has shown that the mineral particles aligned with collagen

compressed in the intertubular dentin. This distributed stress may act as a damage prevention

mechanism at nanoscale, protecting against crack initiation due to mastication loads. Various

man-made engineered structures, exhibiting improved strength and endurance, benefit from

incorporating residual strains/stresses. Understanding the structure of dentin may point us a

new thinking direction on how to develop a tough and defect-tolerance material.

10



1.1. The tooth structure

Figure 1.6 – Schematic representation of the dentin nanocomposite structure. (A) Highly
mineralized peritubular dentin (yellow hollow cylinder) surrounded by mineralized

collagen fibers. The fibrils arrange in a plane perpendicular to the direction of tubule. In
this plan they are randomly distributed. The mineral hydroxyapatite located in the

interstices between the fibrils. The c-axis of the mineral hydroxyapatite in the fibers is
aligned with the collagen axis (Image from [Forien et al., 2015]). (B) Crystalline structure

of the hydroxyapatite (adopted from Internet).

At nanoscale, bone and dentin are quite similar: they consist of an inorganic hydroxyap-

atite mineral and a collagen fibril matrix. Both bone and dentin have heterogeneous, hierar-

chical, composite structures [Boskey, 2007]. However, they are different from how they are

built to how they respond to injuries. The illustration of the micro-structure for the cortical

bone is shown in Fig. 1.7. It consists of structural unit (osteon), which is composed of a lamel-

lar cuff embedded in a disorganized matrix. Tubule-like structures (Haversian canals) exist at

the center of the osteons. Although it reminds the dentinal structures (tubule, peritubular and

intertubular dentin), the bone structures are in fact quite different in the organization. Another

major difference comes from the regeneration: while bones are dynamic structures constantly

developing, repairing by the cells inside it, the dentin seems to lack such regeneration capac-

ity. Unlike bone, if dentin is damaged, it can not heal itself or regrow the tissue that has been

lost. The regeneration of pulp tissue can be encased in dentin because the environment in

dentin can not provide sufficient blood. Thus, at the base of the roots of the teeth, cells in pulp

plasma system can provide a certain amount of repair for dentin. But the enamel doesn’t have

the regenerative power at all [Huang, 2009].
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Figure 1.7 – Illustration of cortical bone micro-structure (adopted from the free PowerPoint
image bank Servier Medical Art).

1.1.3 Dentinogenesis

Dentin formation (dentinogenesis) is accomplished by odontoblasts cells [Boushell & Stur-

devant, 2014]. Odontoblasts are considered as part of pulp and dentin tissues: their cell bodies

are in the pulp cavity, and their long, slender cytoplasmic cell processes (the so-called Tomes

fibers) extend well (100-200µm) into the tubules of the dentin (see Fig. 1.8). Because of these

odontoblastic cell processes, dentin has the capability to react to physiologic and pathologic

stimuli. Tomes fibers occasionally cross the DEJ into enamel. They may serve as pain recep-

tors, explaining the enamel sensitivity experienced by some patients during tooth preparation

[Boushell & Sturdevant, 2014].

Dentin formation begins immediately before enamel formation. Dentin formation begins

at areas subjacent to the cusp tip or incisal ridge and gradually spreads to the apex of the root.

Odontoblasts generate an extracellular collagen matrix as they begin to move away from the

adjacent ameloblasts (cells used for formation of enamel). Their secretion gradually modifies

the extracellular collagen matrix into a mineralized matrix. The most recently formed layer

of dentin is always on the pulpal surface. This unmineralized zone of dentin is next to the

cell bodies of odontoblasts (see Fig. 1.8). In contrast to enamel formation, dentin formation

12



1.1. The tooth structure

Figure 1.8 – Light microscope image of odontoblasts and forming dentin. On the right,
enamel (e) is formed by secretory ameloblasts (a). The mineralization front (arrows)

located at the edge of the dentin layer (d). Odontoblast processes (arrowheads) extend
through the predentin (pd). Hoehl’s cells inside pulp may differentiate into odontoblasts.

(Image from [Hand & Frank, 2014]).

continues after tooth eruption and throughout the life of the pulp. The dentin forming the

initial shape of the tooth is called primary dentin and is usually completed 3 years after tooth

eruption (for permanent teeth). Once the primary dentin is formed, the dentin deposition

continues at a reduced rate under physiological conditions: this new type of dentin is called

secondary dentin (see Fig. 1.9). In contrast to primary dentin, the tubules have a slightly

different orientation in secondary dentin. Secondary dentin is created on the whole surface of

the pulp cavity. More secondary dentin is deposited on the roof and floor of the coronal pulp

chamber than on the lateral walls [Avery & Steele, 2006]. Compared with primary dentin, the

tubules in secondary dentin are less numerous. The structure and composition of secondary

dentin are similar with primary dentin [Hand & Frank, 2014].

When moderate non-physiological stimuli are applied to dentin (as caries, attrition or

some operative procedures), some affected odontoblasts may die. Replacement odontoblasts

(termed secondary odontoblasts) that originate from the pulp start to synthesize reparative

dentin (called tertiary dentin). The reparative dentin usually appears as a localized deposit in

the pulp cavity immediately subjacent to the injured area in the tooth, just underneath the af-

13
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Figure 1.9 – Photomicrograph for the histological sectional view of dentin in pulp area. The
tubules have a slightly different orientation in secondary dentin. Arrowheads indicate the
junction between the primary and secondary dentin. The color in the image is resulted by
the histologic stains (The specific information is not mentioned). Image is adopted from

[Nanci, 2008]).

fected tubules (see Fig. 1.10). The tertiary dentin may be deposited rapidly, in which case the

resulting dentin appears irregular with sparse and twisted tubules. In contrast, if it is formed

slowly because of fewer stimuli, it appears more regular, much like primary or secondary

dentin [Avery & Steele, 2006].

1.1.4 Evolution with Age

The age-induced changes are much more obvious in dentin than in enamel. The dentin

of aging people is characterized by a continuous narrowing of the lumen of the tubules, an

increasing calcification in peritubular dentin resulting in a gradual reduction of the tubule

diameter [Ketterl, 1983]. This continued deposition often leads to complete closure of the

tubule (physiologic sclerotic). The dentin associated with physiologic sclerotic dentin is more

brittleness and less permeable [Nanci, 2008]. At some points, sclerotic dentin may arise

due to slowly advancing caries. It causes an alteration in the primary dentin composition.

The peritubular dentin becomes wider, gradually filling the tubules with calcified material,

progressing from the DEJ to pulp as shown in Fig. 1.11. These areas are harder, denser, less

14
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Figure 1.10 – Histological image shows the reparative dentin (rd) in response to a carious
lesion (d, dentin, p, pulp) adopted from [Trowbridge, 2003].

sensitive, and more protective of the pulp against subsequent attack [Boushell & Sturdevant,

2014].

1.1.5 Dental Restoration

Dental restoration or dental filling consist in the use of a dental restorative material to re-

store the function, the integrity and the morphology of missing tooth structure. The structural

loss typically results from caries or external trauma. It can be divided into two broad types:

direct restorations and indirect restorations [Stappert et al., 2006].

Direct restorations involve placing a soft or malleable filling into the prepared tooth and

building up the tooth before the material sets hard. The advantage of direct restorations is that

they usually set quickly and can be placed in a single procedure.

Indirect restorations are fabricated outside of the mouth (for example, using a CAD/CAM

system). The restoration is usually bonded permanently with a dental cement or resin. One of

the indirect restoration process is based on CAD/CAM technology. An optical impression of

the prepared tooth is taken using a camera. Next, a specific software takes the digital picture

and converts it into a 3D virtual model. A ceramic block that matches the tooth shade is
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Figure 1.11 – Photograph of the sclerotic dentin occurring under enamel caries(Image from
[Avery & Steele, 2006]).

placed in the milling machine. An tooth-colored restoration is machined and ready to bond in

place [Van Nieuwenhuysen et al., 2003].

Materials like casting alloys (gold, titanium and etc.), composite resin, glass ionomer ce-

ment and dental porcelain are often used in the restoration [Lange & Pfeiffer, 2009; Pallesen

& Qvist, 2003]. A key element is the interface between dentin and restorative material. In

particular, the standard method is to create a "hybrid layer" between a resin composite and

the dentin. This layer is reached firstly by removing the mineral phase at the surface of the

dentin (around 20µm of depth). In that layer, the collagen network is exposed. Then, the

restorative resin is infiltrated into the collagen network, and create this layer (see Fig. 1.12).

The restorative process is then completed by filling the remaining cavity by a photopolymeriz-

able composite. The durability of such restoration stems from the quality of the hybrid layer.

The thickness and mechanical properties will directly affect the restoration process and its

durability.
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Figure 1.12 – SEM image of hybrid layer. Labeling: hybrid layer (marked with H inside the
red rectangle), restorative resin (marked with R), dentin (marked with D), resin branch from

hybrid layer (marked with B). Image adopted from [Vennat, 2009].

Thus, a better understanding of the dentin structure, mechanical properties and the relation-

ship between them appears essential. Further issues, such as the influences of resin infiltration,

the bonding strength and durability of the hybrid layers will request further attention.

1.2 Review of Mechanical Properties of Human Dentin

In this section, mechanical properties of human dentin are reviewed from a multi-scale

point of view. The first part deals with the macro-scale properties. The anisotropic charac-

teristics are studied through tensile, compression and bending tests. Viscoelastic behavior is

also reviewed. Finally, the few fracture mechanics and fatigue studies are briefly presented. In

the second part, the properties of the local components (peritubular and intertubular dentin),

studied by micro-pillar compression test, nanoindentation and AFM are reviewed.

1.2.1 Macro-scale Mechanical Properties

Dentin is a composite made of oriented tubules, peritubular and intertubular dentin, as

presented in the previous section. Assuming the changes of the morphology of the tubules
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are small in the longitudinal direction, dentin can be approximately described as a transverse

isotropic material (see Fig. 1.13) [Kinney et al., 2003, 2004; Lees & Rollins, 1972]. Dentin

compression results from Peyton et al. [1952] have shown that the fracture occurs at a small

strain (around 2%), so a description limited to linear elasticity should be sufficient. The

relation between stress σ and strain ε for transverse isotropic materials can be described by

the classical relationship:
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where Et, El are the transverse and longitudinal modulus respectively, νtl, νtt are the associ-

ated Poisson’s ratios, and Gtl is the shear modulus in longitudinal direction.

These transverse and longitudinal moduli have been widely investigated experimentally

since the middle of the last century [Bowen & Rodriguez, 1962; Sano et al., 1994; Kinney

et al., 2003], using either compression or traction experiments, as summarized in table 1.2.

Through tensile tests, the elastic modulus was reported to be 19.3 GPa with a larger deviation

(28%) using an optical strain gauge to determine the strain [Bowen & Rodriguez, 1962]. The

elastic modulus (Et) have been estimated to be 13-15 GPa using a strain gauge [Sano et al.,

1994]. Through compressive tests, the elastic modulus of human dentin was determined to

be 11.6 GPa [Peyton et al., 1952]. In that paper, strain gauges were attached to the steel rods

used to apply the load on the dentin. Later publications report a compressive modulus value of

around 14 GPa [Stanford et al., 1960; Palamara et al., 2000]. A modulus of 18.5 GPa was re-

ported after load-unload cycles with the strain gauge directly onto the sample [Craig & Peyton,
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Figure 1.13 – (a) Idealized dentinal structure: the directions of longitudinal modulus (El)
and transverse modulus (Et) respectively aligned and perpendicular to the tubules main

orientation. (b) Scanning electron microscopy image from the top view of dentin, with the
identification of regions of peritubular dentin (PT), intertubular dentin (IT), and a tubule

(T). Scale bar: 10µm.

1958]. These large range of moduli obtained in compression may arise from the non-parallel

faces of the samples. Recently, Zaytsev & Panfilov [2014] reported elastic modulus values

within a range of 3 to 13 GPa as a function of the geometry of the sample. Unfortunately, they

did not indicate the method used for the strain measurement. Finally, diametrical compres-

sive and classical compressive tests were performed by Palamara et al. [2000] using digital

image correlation (DIC) for strain determination. They obtained moduli of 6.5 ± 2 GPa and

10.7 ± 2.4 GPa, respectively. The measured elastic moduli may be affected by the strain rate

if the dentin is viscoelastic. Jantarat et al. [2002] reported a linear dependence of the mea-

sured elastic modulus as a function of strain rate (see in Fig. 1.14). It was indicated that the

variations on the six decades of the strain rates (corresponding to the experimental range) are

lower than the inter-samples variability.

Bending tests seem to be more rarely used, probably due to the fact that small bending

setups are not common. Nevertheless, three-point [Rees et al., 1994] or four-point [Ryou

et al., 2011] bending tests were used to assess dentin mechanical properties. Rees et al. [1994]
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Figure 1.14 – Influence of strain rate on elastic modulus for eight dentin samples, each
subjected to six rates of loading (Image from [Jantarat et al., 2002]). The unites for Young’s

modulus and strain rate are GPa and s−1, respectively.

determined a static elastic modulus of 8.6 ± 0.86 GPa and dynamic storage modulus ranging

from 14.3 to 15.9 GPa in the frequency range of 0.1 to 10 Hz. Ryou et al. [2011] obtained an

elastic modulus (13-17 GPa) depending on the location.

Ultrasound spectroscopies were also used to determine dentin mechanical properties. Crit-

ical angle reflection technique gave a modulus of 36 GPa in the tubule direction (El) and

29 GPa in the perpendicular axis (Et) [Lees & Rollins, 1972]. Resonant ultrasound spec-

troscopy (RUS) measurements gave different values (from 23 to 25 GPa) [Kinney et al., 2004].

Table 1.2 summarizes the different values of dentin elastic modulus and ultimate strength

found in the literature. A wide range of values was obtained using great number of methods

for stress and strain assessments.

Fracture properties of dentin were less studied. The intrinsic fracture toughness was mea-

sured as 3.08 MPa
√
m with a deviation 10% for coronal dentin [El Mowafy & Watts, 1986].

It was shown that the fracture toughness was high for such a brittle material because either the

collagen fibrils or the tubules provide a toughening mechanism. Furthermore, Imbeni et al.

[2003] used three point bending test with different notches (a fatigue precrack or artificial
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notch with root radius ranging from 30 to 50mm) to test the fracture toughness. It was shown

to be 1.8 ± 0.1 and 2.7 ± 0.1 MPa
√
m for two notches, respectively. The shape of the crack

play a important role during this kind of test.

Due to the mastication of the tooth, the fatigue behavior of the dentin sounds important.

The frequency of the loading during the mastication is around 1 Hz, and stress amplitudes

about 20 MPa were estimated by Anderson [1956]. Fatigue loading at a constant load ratio

(0.1) and at two different cyclic frequencies (2 and 20 Hz) were used to determine the fatigue

behavior of human dentin by Nalla et al. [2003]. A fatigue limit at 106 cycles was reported

to be around 25 and 45 MPa at frequencies of 2 and 20 Hz, respectively. The initiation and

growth of a single, dominant crack is the main reason for the failure. A threshold stress

intensity of 1.1MPa
√
m was also estimated. It seems that the mastication stress would not

result in a fatigue failure in the dentin tissue.

Effect of Temperature and Relative Humidity

External environmental conditions (ex. temperature and relative humidity) play an impor-

tant role in dentin mechanical behavior. During a general dental operation, air relative humid-

ity is known as a key factor which determines the quality of bonding between the restoration

material and the dentin substrate [Plasmans et al., 1993]. It has been shown that the bond-

ing systems used in tooth reparation are highly sensitive to extrinsic dentin wetness, with a

very low adhesion at high air relative humidity [Plasmans et al., 1993; Burrow et al., 1995;

Plasmans et al., 1996]. The mechanical properties of dental restorative composites were ex-

amined under different the environmental conditions. No significative influence was observed

on flexural modulus or strength [Walker et al., 2006]. However, almost no study can be found

concerning the influence of different environmental conditions on the mechanical properties

of dentin.
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1.2.2 Micro-scale Mechanical Properties

Various techniques, such as nanoindentation, AFM or micro-pillar compression have been

used to determine the mechanical properties of human dentin at micro-scale. A summary of

the results is shown in table 1.3.

Nanoindentation is the natural choice to study the local moduli at the scale of tubules and

their peritubular cuffs [Kinney et al., 1996; Ziskind et al., 2011; Chien et al., 2012]. Kinney

et al. [1996] had measured the Young’s moduli of dehydrated peritubular and intertubular

dentins with a nanoindenter, using the unloading part of the load displacement curve. They

found an average elastic modulus of 29.8 GPa for the peritubular dentin Kinney et al. [1996],

and in the range of 17.7 to 21.1 GPa for intertubular dentin, with a lower value obtained

near the pulp. On dry dentin, a gradual decrease in Young’s modulus was observed from

the bulk of the peritubular region (values up to 40–42 GPa), to the intertubular dentin region

(approximately constant values of 17 GPa) [Ziskind et al., 2011]. The intertubular region can

be considered to be quasi-isotropic, with a slightly higher modulus value (22 GPa) when the

indenting tip axis is parallel to the tubular direction, compared to the values (18 GPa) obtained

when the indenting tip axis is perpendicular to the tubule direction [Ziskind et al., 2011].

Angker et al. [2004] studied the relationship between the mechanical properties of cari-

ous dentin, obtained by indentation, and the mineral content, determined using backscattered

scanning electron imaging. Their results show that the mechanical properties of dentin are

strongly correlated to its mineral content (see Fig. 1.15). They found an exponential increase

of the modulus with the mineralization. Thus, the decreases in mechanical properties of car-

ious dentin, namely hardness and elastic modulus, are directly linked to the reduction of its

mineral content.

Fracture toughness was also evaluated by indentation technique [Imbeni et al., 2005]. It

was found to be 3.75MPa
√
m at dentin enamel junction. This was 5 to 10 times higher than

in enamel but 75 % lower than in dentin.
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Figure 1.15 – Elastic modulus data of all specimens plotted on a logarithmic scale against
mineral content. The data are fitted to an exponential relationship (figure from [Angker

et al., 2004]).

Atomic Force microscopy (AFM) is also an interesting method to study the local mechan-

ical properties [Kinney et al., 1999; Balooch et al., 2004; Ryou et al., 2012]. Values of the

Young’s moduli of the peritubular and intertubular dentins were reported around 30 and 15

GPa respectively [Kinney et al., 1999]. Dynamic modulus maps were also drawn using AFM

[Balooch et al., 2004; Ryou et al., 2012]. The study by Balooch et al. [2004] reported that the

storage modulus of the intertubular dentin varied between 17 and 23 GPa with a mean value

of 21 GPa. Similar result was also found by Ryou et al. [2012] with a mean storage modulus

of 19.2 GPa for intertubular dentin and a storage modulus of 31.3 GPa for peritubular dentin.

AFM was also used to study the fracture properties by AFM as well [Marshall et al., 2001].

The fracture toughness values was reported as 0.6–0.9 MPa
√
m for enamel, and as 2.8-3.1

MPa
√
m for dentin.

More recently, anisotropic properties related to the tubule orientation were investigated

through micro-pillar compression tests [Ziskind et al., 2010; Han et al., 2012]. An array of the

dentin pillars ( size around 10-20 µm) were milled by ultra short laser pulses from a block of

dentin. These pillars could then be individually tested in compression with a flat nanoindenter.

The modulus was reported in the range of 13-16 GPa depending of the tubule orientation [Han
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et al., 2012], or in the range of 3.5 to 13.0 GPa [Ziskind et al., 2010]. One of the limitations of

these micro-pillar assays is that only ten tubules per pillar could be observed, which is slightly

lower than what should be to have a true Representative Volume Element (RVE) [Grimal et al.,

2011].
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1.3 Techniques Used in the Thesis

In this section, two of the techniques used in the thesis are briefly introduced: digital image

correlation and nanoindentation.

1.3.1 Digital Image Correlation

This section is largely based on the work of Allais et al. [1994], Doumalin & Bornert

[2000] and Bornert et al. [2009]. Precise strain measurement is necessary to determine accu-

rately the mechanical properties. One of the most frequently used method is the Digital Image

Correlation (DIC). It is an optical method based on image analysis to obtain accurate 2D and

3D displacements. DIC is now frequently used, especially in micro and nano-scale mechani-

cal testing applications, due to its relative ease of implementation and robustness [Chu et al.,

1985; Doumalin & Bornert, 2000; Sutton et al., 2009]. It has been used in engineering struc-

tures studies [Peters & Ranson, 1982; Chu et al., 1985; Sutton et al., 1993; Lu et al., 1997], the

engineering materials studies [Zhao & Jin, 1996; Zhang et al., 1999; Bastawros et al., 2000;

McGowan et al., 2001] even at large strain (greater than 50%) [Tong, 1997; Wattrisse et al.,

2001]. In recent years, the improvement of DIC has been focused on controlling the various

sources of errors [Schreier et al., 2000; Bornert et al., 2009; Wang et al., 2009]. Due to this

advantages and also to its contactless measure ability and its robustness, DIC has also been

widely used in the field of biomechanics [Verhulp et al., 2004; Zhang & Arola, 2004; Sztefek

et al., 2010].

Principle of DIC

DIC is used to measure the in-plane components of displacement field in the observation

zone by searching the same matching-subsets between the reference image and the deformed

one. To do so, a subset domain is selected in the reference image around a chosen position.

Then, the correlation is performed by searching the most alike subset in a predefined search
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zone of the deformed image (see Fig. 1.16). A parameter, known as "correlation coefficient",

quantifies the similarity level of the two subset domains, generally based on the comparison

of the grey levels. Its minimum determines the new position of the subset in the deformed

image.

Figure 1.16 – Principle of the DIC technique.

Correlation coefficient (CMV approach)

Correlation coefficient can be defined in different forms. The software we used Cor-

relManuv, developed by M. Bornert, was based on the normalized correlation coefficient

[Doumalin, 2000]:

C(Φ) = 1−

D∑
X∈D

[f(X)− f̄ ][g(x)− ḡ]√
D∑

X∈D
[f(X)− f̄ ]2

D∑
X∈D

[g(x)− ḡ]2

with x = Φ(X) (1.1)

where f(X) is the grey level at pixel X in reference image while g(x) is the grey level at

pixel x in deformed image, related to X by the tested transformation Φ. f̄ and ḡ are means

value of the grey level matrices, f and g, over these subsets.

In a digital image, the pixel limits the resolution. Nevertheless, sub-pixel resolution on the

displacement can be reached by interpolation. In practice, two kinds of interpolation are used:

28



1.3. Techniques Used in the Thesis

interpolation of grey levels and interpolation of correlation coefficients [Doumalin, 2000].

Material transformation

Performing the correlation on different subsets (at different localizations), we obtain a

discrete displacement fields between reference and deformed images. The next step is to

determine the material transformation Φ which gives the current position x from the position

X in reference configuration:

x = Φ(X) (1.2)

It can be rewritten as:

Φ(X) = X + u(X) (1.3)

where u is the displacement vector at pointX . ConsiderX0 is a point in the reference image

(the center of a correlation domain D), then the transformation of a point X near X0 can be

expanded by Taylor’s series:

Φ(X) = X+u(X0)+
∂u

∂X
(X0)·(X−X0)+

1

2
(X−X0)· ∂u

2

∂X2
(X0)·(X−X0)+. . . (1.4)

This equation expressed with different orders provides different approximation levels of

the transformation Φ on the correlation domain D. In practice, such an approximation is

exclusively performed at the orders of 0 (a translation) and of 1 (corresponding to a translation

and homogeneous deformation of the domain). Certainly, higher orders could be used to

describe more accurately the transformation matrix. The small size, of the order of few pixels,

of the domain D limits the accuracy on the higher order terms. The use of larger domains is

possible but the deformation of the domain in the current configuration prevents an accurate

positioning, apart by having an appropriate guess of the strain. Indeed, even the first order

approximations are often done iteratively: the strain is estimated by zero order method, which

is used as an input for the first order calculation.

29



Chapter 1. Bibliography review

Strain measurement

The Lagrangian transformation Φ has been defined in Eq. (1.4), and the gradient of this

transformation atX can be written as:

F (X) =
∂Φ

∂X
(X) = I +

∂u

∂X
(X) (1.5)

where I is the second order identity tensor. The Green-Lagrange strain is defined as follows:

E =
1

2
(F T ·F − I) (1.6)

where T denotes the transpose of a tensor. For the case of small deformation (|∂u
∂x
| << 1),

typically a few percents of strain and a few degrees of rigid rotation, the small strain tensor

can be expressed with a linearized expression:

ε =
1

2
(F T + F )− I (1.7)

Evaluation of transformation gradient and deformation

Evaluation of the transformation gradient is crucial but difficult in practice. First, the

displacement field is evaluated by DIC discretely (at each subset center). Thus, its derivate

has to be evaluated by finite difference methods or the finite element methods [Gaye, 2015].

In finite difference method, the theoretical derivative can be replaced by a finite difference

with respect to certain gauge length ∆l. The simplified displacement gradient tensor can be

calculated as [Germaneau, 2007]:

∂α

∂x
=
α(X0 + l, Y0)− α(X0 − l, Y0)

2l
∂α

∂y
=
α(X0, Y0 + l)− α(X0, Y0 − l)

2l

(1.8)
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where α = uorv and l0 is the distance of the regular grid. Eq. (1.8) allows calculating the

displacement gradient. Then, the Green-Lagrange deformation is obtained through eq. (1.6).

In finite element method, the local transformation gradient at point X can be defined as

the average of the infinitesimal gradient over a selected surface Ω [Allais et al., 1994]:

F (X) ≈ 〈F 〉Ω =
1

|Ω|

∫
Ω

F dw (1.9)

where |Ω| is the area of Ω. Using Green’s theorem, this transformation gradient can be cal-

culated from the displacement of its boundary (current position x and its outgoing normal

vector n in reference configuration):

F (X) =
1

|Ω|

∫
∂Ω

x⊗ nds (1.10)

In practice, the contour ∂Ω is chosen as a polygonal path coinciding with measurement

points nearby the evaluated positionX and the transformation is linearly interpolated between

two neighbor positions. Based on these assumptions, the integral eq. (1.10) can be expressed

discretely for each in-plane components of F (X):

Fxx = 〈Fxx〉Ω =
1

2|Ω|

M∑
n=1

xn(Yn+1 − Yn−1) (1.11)

Fxy = 〈Fxy〉Ω =
1

2|Ω|

M∑
n=1

xn(Xn+1 −Xn−1) (1.12)

Fyx = 〈Fyx〉Ω =
1

2|Ω|

M∑
n=1

yn(Yn+1 − Yn−1) (1.13)

Fyy = 〈Fyy〉Ω =
1

2|Ω|

M∑
n=1

yn(Xn+1 −Xn−1) (1.14)

where (xn, yn) are the coordinates of the nth contour point in the deformed configuration, and

(Xn, Yn) are the coordinates of the nth point in the reference configuration. Definition of the
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integration schemes can be found in the reference of [Bornert et al., 2009]. In addition, the

in-plane part of the deformation gradient can be decomposed into an in-plane rotation and a

extension. The eigenvalues and eigenvectors of the latter lead to the two in-plane eigenvalues

of the Green-Lagrange strain tensor (E1 and E2 withE2 > E1) and the angle θ between

the principal direction E2 and vertical axis of the reference image. The definition of these

quantities is presented in Fig. 1.17.

Figure 1.17 – Illustration of discrete measurement positions on an image associated with
various averaging domains computed with Correlmanuv software (Image from [Wang,

2012]).

The local transformation and deformation can be calculated approximately surrounding

the considered point within a selected integral scheme. Particularly, when Ω is selected to

be the whole region of interest (ROI), the global strain of such region can also be evaluated.

Furthermore, the average strain over a prescribed constituent of the heterogeneous material

can also be evaluated from DIC technique [Allais et al., 1994].
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1.3.2 Nanoindentation

This section is largely based on the work of Oliver & Pharr [1992]. Nanoindentation

was performed to evaluate the mechanical properties of human dentin at nano-scale. A tip

was used to contact with the sample surface (see Fig. 1.18), while recording the force and

displacement, which can be used to extract mechanical parameters. A Nano-indenter XP

indentation system (MTS Corporation, USA) with a Berkovich indenter was used in this work.

Figure 1.18 – (A) Illustration of the principle of indentation testing(Image from [den
Toonder et al., 2005]). (B) Photo of the Nano-indenter XP instrument used in this work.

A typical load-displacement curve of an indentation test is shown in fig. 1.19. The initial

stage of the unloading part is considered as an elastic process. From this elastic unloading

section, the modulus and hardness of the sample material can be extracted [Oliver & Pharr,

1992]: at the maximum load, the contact stiffness S is:

S =
dP

dh
= 2E∗

√
A

π
(1.15)

where A is the projection of the contact area and E∗ is the reduced modulus which is a

combination of the indenter mechanical parameters (Ei, νi) and the sample ones (Es, νs):

1

E∗
=

1− ν2
s

Es
+

1− ν2
i

Ei
(1.16)
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The modulus of the diamond indenter tip is 1141GPa and its Poisson’s ratio is 0.07 [Oliver &

Pharr, 1992].

Figure 1.19 – A schematic representation of load displacement curve during a indentation
process. Image was from the work of Oliver & Pharr [2004]

The indentation hardness can be defined as [Oliver & Pharr, 1992]:

H =
Pmax
A

(1.17)

where Pmax is the maximum indentation load and A is the projected area of the indentation

impression.

Continuous Stiffness Method (CSM)

The CSM measures continuously the applied contact force and the displacement of the

indenter during loading part of the indentation. A small harmonic oscillation is added on the

imposed force. The amplitude and phase of the corresponding displacements of the indenter

were measured [Li & Bhushan, 2002; Odegard et al., 2005; Oliver & Pharr, 2004, 1992]. A

illustration of the principle of CSM is showed in fig. 1.20.

The model of Oliver & Pharr [1992] gives the phase difference φ between force and dis-
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Figure 1.20 – Illustration of CSM loading cycles. A small oscillation is applied on top of
the force consignment during the loading process (Image from [Li & Bhushan, 2002]).

placement signals and the ratio between the force amplitude and the displacement amplitude:

| Pa
ha(ω)

| =
√

[(S−1 − Cf )−1 +Ki −mω2]2 + ω2D2 (1.18)

tan(φ) =
ωD

(S−1 + Cf )−1 +Ki −mω2
(1.19)

where Ci is the compliance of the load frame (1.13m/MN ),Ki is the stiffness of the indenter

frame (around 60 N/m) and D is the damping coefficient (around 54Ns/m). The contact

stiffness is computed using the above equations. The reduce modulus is determined by [Oliver

& Pharr, 2004]:

E∗ =
S

2β

√
π

A
(1.20)

where A is the projected contact area of the indenter, and β is the indenter shape factor (for

Berkovich indenter, β = 1.034). Using eq. (1.16), the sample modulus can be determined.

The method based on unloading part of the displacement curve measures the mechanical

properties of the material at small-scale. However, its accuracy of this method depends on the

calibration process and the determination of the indent area, which can be affected by imper-

fection, for example the tip geometry. Unlike the unload method, the CSM method evaluates

the mechanical properties in the loading part, and it offers several distinct advantages as re-
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viewed by Oliver & Pharr [2004]. First, it provides continuous results as a function of depth.

Second, the time required for calibration and testing procedures is dramatically reduced be-

cause there is no need for multiple indentations or unloading. Third, at high frequencies, CSM

avoids some complicated effects of time-dependent plasticity and thermal drift. Finally, the

CSM allows one to measure stiffness changes and damping changes with the point of con-

tact. However, the CSM is likely to be much more sensitive than the unload method to the

near-surface forces, like adhesion between the tip and the sample.

1.4 Summary of the Bibliographic Review

Dentin is an inhomogeneous, hierarchical biological material. From the structural point

of view, it is a three-phase porous composite material consisted of tubules (porous phase),

peritubular dentin (inclusion phase) and intertubular dentin (matrix phase). These hierarchical

structures strongly determine its mechanical properties.

At macro-scale, mechanical properties of dentin have been widely characterized using clas-

sical tensile, compression, bending and ultrasounds tests. According to the values reported,

the elastic modulus of human dentin falls in a broad range, between 6.0 and 36.0GPa. At

micro-scale, nanoindentation is one of the techniques used to characterize mechanically the

different components of dentin (i.e. peritubular and intertubular dentin). According to the lit-

erature review, elastic moduli of peritubular and intertubular dentin are in the range of 30-42

GPa and 15-22 GPa, respectively.

A possible reason for Young’s modulus variability is the small dimensions of the samples

(typical size of a compression sample is around 2− 3mm). At that scale, irregular specimen

geometry modifies strongly the results of the mechanical tests and make it difficult to analyze.

Thus, a well controlled sample preparation will be the first challenge of this thesis.

External environmental conditions, as air relative humidity, are important factors to de-

termine the quality of a restoration. Information on the evaluation of dentin properties with
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temperature or humidity will help to know the properties that should be possessed by restora-

tion materials or implants.

The next chapter deals with the observation protocols we used on dentin, including micro-

computed tomography (µCT), histology, optical microscopy, confocal laser scanning mi-

croscopy (CLSM) and environmental scanning electron microscope (ESEM).

In chapter 3, an in-situ experimental setup that was built up in this thesis is presented.

It combines a compression system with a control of the environment (relative humidity and

temperature). The elastic mechanical properties of human dentin were assessed by uniaxial

compression under different environmental conditions.

Chapter 4 focuses on the mechanical properties of dentin constituents at micro-scale.

Nanoindentation tests were carried out in order to measure the elastic moduli for each com-

ponents of dentin. Viscoelastic behavior was also investigated using the same approach.

Finally, a conclusion chapter summarizes the relevant results. The perspective of this work

will be addressed by some numerical calculations. It will be related to the influence of the

tubule’s geometry and the implicit numerical model based on local structural information.

37





CHAPTER 2

MULTI-SCALE OBSERVATION

Several protocols were used to observe dentin at different scales. At macro-scale, micro

computed tomography (micro-CT) was used to have an overview of the tooth com-

ponents. At micro-scale, techniques including histology, optical microscopy, environmental

electronic scanning microscopy (ESEM) and confocal laser scanning microscopy (CLSM)

were performed and are discussed. As conclusion, the advantages and disadvantages of each

technique are reviewed.

2.1 Micro-CT Observations

Micro-CT is a technique that provides three-dimensional images of the internal structure

of an object. Several radiographs of a sample are recorded at different angles, which are

then used to reconstruct its inner structure in 3D. Conventional tomography uses the X-ray

beam produced by high speed electron striking on a pure metal target. By moving the X-ray

source, a sectional image of the sample in the focal plan can be made as in medical imaging.

Consequently, structures in the focal plane appear sharper, while structures in other planes

appear blurred. By modifying the direction and extent of the movement, operators can select

different focal planes which contain the structures of interest [Langer, 2008].
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A non-carious human third molar was used here. The tooth was obtained in the faculty

of the dentistry of Paris Descartes University. The obtained molar was embedded in an

Epoxy resin. A micro-CT (X50CT, NSI, at LMT of ENS Paris Saclay) was used to scan the

specimen. The scanning parameters were set as: 14 watts, 150 kilovolts, 93 micro-amperes,

×10 magnification, resulting in an image of 958 × 1262 × 872 voxels with a voxel size of

15.3× 15.3× 15.3µm3 shown on Fig. 2.1. Dentin, as the major part of tooth, occupies 74.1%

(volume percentage) of the 2 solid phases (enamel and dentin).

Figure 2.1 – Rendering the geometry of a human third molar. (A) whole tooth geometry,
(B) 3D reconstruction of the dentin component. The pulp cavity inside the dentin which is
not shown here. (C) 3D reconstruction of the enamel component of the molar. Scale bar:

10mm.

As shown in Fig. 2.2, it is easier to distinguish the enamel and the dentin due to their highly

different mineral composition. The small density contrast and the small scale of contrast

resolution, the microstructural parts of the dentin (tubule, peritubular dentin and intertubular

dentin) make them hardly distinguishable with such technique.

2.2 Optical Microscope Observations

At micro-scale, dentin has three main geometrical features as presented in chapter 1:

tubules (cylindrical pores), peritubular dentin (highly mineralized cuffs around tubules), in-

tertubular dentin (the matrix surrounding the tubules and their peritubular collar).
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Figure 2.2 – Cross section views of a human molar. (A) Vertical cross section view. (B)
Horizontal cross section view (indicated in A). Scale bar: 300µm.

Traditional optical microscopy was performed to have views of human dentin micro-

structures. Non-carious human third molars were used here. The teeth were obtained in the

faculty of dentistry of Paris Descartes University. Two modes of the optical microscope were

used: reflective light microscopy and transmission light microscopy. It should be noted that

the sample preparation for these two kinds of microscopy are quite different. For reflective

light microscopy, a classical polishing protocol is the most suitable. Our sample was polished

progressively by 80, 500, 800, 1200, 1400, 2000, 2400, 4000 grit SiC polishing papers under

water irrigation, and finally turned to cloth polishing with 1µm diamond suspension liquid.

For transmission light microscopy, the sample has to be fine enough in order to be sufficiently

transparent. So, a histology cutting is performed. The tooth sample embedded into resin

was cut into slices with a thickness around 1mm by a sectioning saw (Isomet low speed saw,

BUEHLER Co., Lake Bluff, IL, USA). Then, the slices were pasted onto a glass chip and

then polished under water irrigation (4000 grid SiC polishing papers), to reach near 100µm

thickness.

Fig. 2.3 shows typical images of intact dentin from the reflective optical microscope (In-

finiteFocus, Alicona Co., Raaba, Austria) and the transmission optical microscope (Axiovert,

Zeiss Co., Germany). Unlike micro-CT, the dentin micro-structure can be well distinguished.
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However, it is hard to extract quantitative values on the peritubular dentin with these tech-

niques due to the too low contrast with intertubular dentin.

Figure 2.3 – Observation of intact dentin by optical microscopes: (A) top view from
reflective light microscope and (B) lateral view from transmission light microscope. The

samples were obtained from different teeth. The tubules can be distinguished by both
techniques, whereas the peritubular dentin can hardly be distinguished. Scale bar: 10µm.

The main advantages of optical microscopy are non-invasive, fast (as a consequence, large

fields can be easily imaged) and easily available. Limitations of optical microscopy lie in

three areas [Abramowitz & Davidson, 2007]. Firstly, optical microscope of both reflection

and transmission light can only image dark or strongly refracting objects efficiently. Hence,

tubules in dentin are clearly distinguished due to its porous structure, while the peritubular

dentin can not be distinguished from the intertubular dentin. Secondly, although the resolu-

tion of an optical microscope can be down to 0.5µm (for green lighting) [Heintzmann & Ficz,

2006], in practice, the resolution is not as good because of the lens quality, or the sample sur-

face state (flatness, degree of reflection and absorption in different phases). Thirdly, light from

points outside the focal plane can reduce the image quality and the resolution. Transmission

light microscope avoids such disadvantage, but it requests a sufficient amount of transmitted

light. This may be a problem of the preparation since the dentin slice needs to have very small

thickness. Compared with reflection light microscopy, transmission light microscopy can be

seen as a more destructive observation method.

An alternative imaging method is the electron microscopy. In the same way that light has a
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wavelength, the movement of high-speed electrons also has a wavelength, which is thousands

of times shorter than visible light. So electron microscopes are able to resolve really small

objects: this theoretical resolution is approximately one-twentieth of one nanometer (10−9 m)

[Inada et al., 2009]. This means that electron microscopes can be used to visualize viruses,

molecules and even individual atoms and in our study can be used to image down to collagen

fibers and hydroxyapatite crystallites.

2.3 ESEM Observation

Environmental scanning electron microscope (ESEM) is one type of scanning electron

microscopes (SEM), which allows the presence of gas in the chamber. Unlike the conventional

SEM, the ESEM obviates the need for special specimen preparation, in particular of a metallic

coating for non-conducted samples. Also a specimen can be imaged at various temperatures

and different humidity atmospheres. Thus, their original material characteristics can be better

preserved. It is extremely useful for biological samples which are often non-conductive and

very sensitive to the relative humidity.

The price to pay for the ESEM is the presence of the gas leads to scattering of the electrons

that lead to a reduction of signal. The best current resolution of ESEM is around 5nm [Donald,

2003].

Non-carious human third molars were used in this study. A typical image by ESEM

(Quanta 600, FEI Co., America) is shown in Fig. 2.4. The BSE (back scattering electron)

mode was used in order to have maximal contrast for peritubular and intertubular dentins,

taking advantage of their highly different mineral phases. The chamber pressure was set at

266Pa, and the temperature at 5°C, resulting to a relative humidity of 30%. The electron

beam voltage was set at 10kV. Working distance was adjusted at 10mm. The maximum field

of view is 340×340µm2. Each image was captured in 10min with a resolution of 2048×1768

pixels resulting a dimension of 0.17µm for each pixel.

43



Chapter 2. Multi-scale observation

Figure 2.4 – Intact dentin observed by ESEM in BSE mode. ESEM parameters: pressure:
266Pa, temperature: 5°C(relative humidity: 30% ), working distance: 10mm and HV:
10KV. The tubules (black porous phase) and peritubular dentin (grey cuff around the

tubules) were well distinguished.

The percentage of each different components of the dentin (peritubular and intertubular

dentin) can be extracted with the open-source software Fiji-ImageJ. The different steps of the

image treatment are shown in Fig. 2.5. Firstly, the image was treated to have the area fraction

of the tubules. A rolling ball background subtraction was applied on the original image. A lo-

cal background value is determined for every pixel by averaging over a very large ball around

the pixel. This value is hereafter subtracted from the original image, hopefully removing large

spatial variations of the background intensities. The ball radius should be set to at least the

size of the largest object that is not part of the background. Here, the ball radius was set as

6µm. Then, the image was segmented into a binary image by the auto-threshold operation.

The percentage area information of the tubules can then be obtained by the fraction of the

pixels in black. Secondly, the fraction of peritubular dentin is determined. An enhance local

contrast operation was applied on the image to enhance the peritubular dentin. This opera-

tion implements the method of contrast limited adaptive histogram equalization [Zuiderveld,

1994] for enhancing the local contrast of an image. Then, a smoothing operation was applied

to reduce the noise from the background. Finally, an auto-thresholding operation was per-

formed to obtain a binary image of the peritubular dentin. The area percentage information

of the peritubular dentin can then be extracted from the fraction of the black pixels. In this
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image (Fig. 2.4), the tubules occupies 2.89% (area fraction), while peritubular dentin 7.52%.

The remaining part is intertubular dentin.

Figure 2.5 – The image treatment process by ImageJ to calculate the area fraction for
tubule and peritubular dentin. (A) original image from ESEM. (B) Subtract background

operation (Rolling ball radius: 6µm). (C) Auto-threshold by algorithm RenyiEntropy. (D)
Original image was treated by Enhance local contrast operation (Block-size: 127;

Histogram: 256; Maximum: 3). (E) Smooth operation for (D). (F) Auto-threshold by
algorithm Minimum for (E).

A dentin parallelepiped block extending from root dentin to crown dentin was prepared

by a computer numerically controlled drilling machine (Lyra-GACD SA, France). The whole

surface was imaged in ESEM by stitching a matrix of 11×4 images, using the image stitching

process of the software Fiji-ImageJ [Preibisch et al., 2009]. The whole resulting view of the

surface of this block is shown in Fig. 2.6, with the locations of the root dentin (left) and the

DEJ (right).

An area of interest of 200 × 200µm2 was used to determine the local area fraction of the

different components of the dentin. This zone of interest was moved from root dentin to

crown dentin to have the components evolution with position in the length. For each position,

the area fractions were obtained from four images in the perpendicular (width) direction to

estimate a standard deviation (SD). The distance along the length was normalized by the
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Figure 2.6 – The whole surface of the dentin parallelepipedic block extending from root
dentin (left) to crown dentin (right). The image is the result of the stitching of 11× 4

images (320× 320µm2). The stitching was done with Fiji.

sample length. Fig. 2.7 shows the area fraction of each component of dentin estimated from

root dentin near pulp cavity (x = 0) to the part near the DEJ (x = 1). Dentin is heterogeneous:

from pulp cavity to DEJ, the area fraction of the tubules decreased from 7.73% (SD: 0.23%)

to 3.08% (SD: 0.44%), and the area fraction of peritubular dentin decreased from 20.71%

(SD: 4.33%) to 2.84% (SD: 2.07%). Four samples were also studied: the curves are shown

in the appendix.A. The global statical results show that the area fraction of tubules in the root

dentin near the pulp cavity was 9.39% (SD: 2.77%). The area fraction of the tubules near DEJ

was 3.29% (SD: 0.98%). The area fraction of the peritubular dentin varied from 15.04% (SD:

6.04%) to 4.82% (SD: 1.58%) from root dentin to crown dentin part.

Marshall et al. [1997] reported that the area percentage of peritubular dentin in crown

dentin varies from 60% near the pulp cavity to 3% at the DEJ, and that the percentage area

of tubule varies from about 22% near the pulp to 1% at the DEJ. The values were deduced

from measures at the two locations. They show a strong gradient in the peritubular dentin and

tubules fraction from the pulp cavity to the DEJ. Our results by ESEM show a similar trend,

with a less stiff gradient. In our experiment, the samples were drilled from the crown dentin

to root dentin (see Fig. 2.8). The root dentin has narrow dimension and is near the pulp cavity.

So, one side of the sample originating from the root dentin (see Fig. 2.6) was considered as

the part near the pulp cavity. However, a change in the distance from the wall of the pulp
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Figure 2.7 – The distributions of the area fraction for the three dentin components (sample
AC2). Horizontal axis starts from the part near pulp cavity, and ends near DEJ.

cavity would lead to a significant modification of the results. It is also possible that, during

aging, sclerosis of the dentin component would further modify the area fraction of the tubules

and peritubular dentin inside the sample, which leads to the different values measured here.

ESEM provides a satisfactory resolution to distinguish the three dentin components. How-

ever, only 2D information can be extracted. In the next section, 3D visualization based on

confocal microscope is explored.

2.4 Confocal Microscope Observations

Confocal microscopy is an optical imaging technique with increased resolution and con-

trast by collecting only the signal from the microscope’s focal plane [Pawley & Masters,

1996]. Furthermore, apart from a better quality of image, it also allows three-dimensional
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Figure 2.8 – Illustration of the sample location inside the tooth. The dash frame indicates
the approximative location for the dentin samples.

visualization of a specimen area by assembling a stack of images taken along the vertical axis

by moving the focal plan [Semwogerere & Weeks, 2005].

The majority of confocal microscopes are based on the collection of fluorescence signal

from dyes (fluorophores) in the sample. Thus, in the study case here, only the tubule that

have to be filled by a fluorescent solution can be imaged. The confocal microscope combines

the ideas of point-by-point illumination of the specimen and rejection of out-of-focus light

signal [Semwogerere & Weeks, 2005]. The point-by-point illumination brings a drawback:

less emitted photons are collected in a given time. Hence, for an accurate measurement, it

is essential to have a long enough time collection. This increases the time needed to create

an image. One solution is to use a very high intensity light source to increase the number of

the emitted photons per instant. Thus, a laser light source is often used with the additional

benefit of possibilities of a wide range of wavelengths [Minsky, 1988]. The maximal lateral

resolution is then around 180-160 nm, while the maximal resolution in the Z direction (depth)

is of the order of 350-600 nm [Nasse et al., 2007], the objective lens determines both the

magnification, the field of view, and the actual resolution.
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Confocal microscope allows 3D visualization. But the penetration depth of the laser is

rather limited in dentin. Because of the diffusion of the light by the tissue, the laser would

result in defocussing when the focal plan is deep enough. For dentin tissue, the max depth of

the imaging is around 50µm.

The dentinal morphology has been widely studied in a two dimensional point of view

[Mjor & Pindborg, 1973; Bertassoni et al., 2012; Nalla et al., 2005; Marshall et al., 2001;

Balooch et al., 2004]. However, its 3D micro-structure seems to be less studied. Here, the

confocal microscopy was proposed to fill this gap. It permits us to have the 3D visualization

of the local dentinal porous micro-structure and Sto deduce some quantitative data (like the

tubule diameter distribution and the local porosity).

3D visualization of dentinal porous structure by confocal microscope

In this section, the confocal microscopy was used to investigate the dentinal porous struc-

ture in a zone near the dentin enamel junction. In this area, Mjör & Nordahl [1996] has pointed

out through a 2D SEM study that the associated tubules have a complex geometrical structure.

Previous studies [Wang & Weiner, 1997; Imbeni et al., 2005] have showed that such a com-

plex porous structure may play an important role to support the mechanical stresses during

the mastication. The 3D visualization of the micro-structure in this area may then be helpful

to understand its mechanical performance.

Materials and Methods

A. Sample preparation

A non-carious human third molar was embedded with resin (Epofix). It was then cut into

longitudinal sections with a sectioning saw (Presi Mecatome T210). The blade was 150mm in

diameter with a constant rotating speed of 3200 t/min. The thickness of the blade was around

400 µm. The obtained sample section (longitudinal) was polished with 2000 grid paper, and

then 4000 grid paper into a thickness around 200µm. Then, the sample section were stained

for 24 hours in a water solution with 0.02% in mass percentage of Rhodamine-B. And then,
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the obtained tooth section was mounted in between glass slides in the same medium.

B. Observation

The observations were conducted in the LIPHY laboratory of the University Grenoble

Alpes. All the imaging operations were conducted by Dr. Gourrier and Dr. Genthial. Firstly,

the sample was observed by a classical optical microscope (Olympus IX 71, LIPHY, Genoble)

to have an overview of the whole sample surface and the selected location (area near DEJ).

Then, the sample was observed by a confocal microscope (TCS SP8, Leica TCS,LIPHY,

Grenoble). The resolution of the obtained image was 2048× 2048 pixels. The pixel size was

189.30nm× 189.30nm. The z distance between the stack images was 350nm. The resulting

voxel size was 189.30nm× 189.30nm× 350nm.

C. Image analysis and 3D Visualization

The open source software named Fiji-ImageJ (http://imagej.nih.gov/ij/) was used for im-

age analysis and 3D visualization. For the image analysis, rescale tool was used to transfer

the original voxel size (189.30nm× 189.30nm× 350nm) into isovoxel (350nm× 350nm×

350nm) if needed. Particle analysis tool was used to separate the tubules which can be identi-

fied by the threshold value. Then, each tubule can be extracted individually. The inertial axis

of the tubule was also estimated through Particle Analysis Tool. The thickness tool estimated

the local pore size distribution based on a maximal covering sphere algorithm, which defines

the thickness at a point as the diameter of the greatest sphere that fits within the structure and

which contains the point [Hildebrand & Rüegsegger, 1997; Dougherty & Kunzelmann, 2007].

volume viewer tool and 3D viewer tool were used for 3D visualization [Schmid et al., 2010], .

The scheme illustration of the image treatment protocol used in this study is shown in

Fig. 2.9. A selected area of interest was cropped from the original confocal image stack.

After operation of erosion and dilation, the image can then be processed by particle analysis

tool to detect each tubules: the solid in Fig. 2.9 are the tubules. Each tubule is marked with

an unique color. Through different thresholds, each tubule can be extracted. Erosion and
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dilation treatments remove the branches along the tubules. Using the particle analysis tool

in BoneJ plugin, the principal direction of inertia of that specific tubule can be calculated.

Finally, the projection of the tubules along its principal inertia axis can be obtained. Three

Y-shaped branches were isolated and analyzed to obtain the skeleton by applying the analysis

skeleton(2D/3D) tool.

Figure 2.9 – Illustration of the image treatment and analysis protocol to analyze the shape
of the tubules.

Results and Discussions

A. 3D visualization

The chosen area is indicated in Fig. 2.10: a zone near DEJ was selected. Images gener-

ated by the surface reflective photon signal (the way of conventional optical microscope, see

Fig. 2.10.B) and the transmission signal (the way of the confocal microscope, see Fig. 2.10.C)

were also recorded. Very limited details can be observed on common optical microscope im-

ages. The fine branches associated with the major tubules were almost invisible while they

are visible on the transmission image.

Compared with 2D images, 3D visualization provides more details on the micro-structure
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Figure 2.10 – (A) Location of the studied area (in a black rectangle) observed using a light
optical microscope. Scale bar:3mm. (B) Image generated from the surface reflective photon

as the common way of optical microscope. (C) Image generated from the transmission
photon as the way of confocal microscope. In both images, the DEJ is the adjacent area
between the dentin and enamel which is marked by a red dashed line. Scale bar:8 µm

of the tubule network (see Fig. 2.11). The tubules present a more complex structure than

the one visible on the 2D images. A wave-like shape near DEJ was observed for the major

tubule. At DEJ, the tubules show a complex tree structure, whereas on 2D images, only Y

shaped structures were observed (see Fig. 2.10). A more detailed zooming figure is shown in

Fig. 2.12. A finite element model for numerical calculations can be build from these images.

An example of surface mesh is shown in Fig. 2.13.

It has been reported by Mjor & Pindborg [1973] that three types of branches (major, fine

and microbranches) can be observed in human dentin. We observed here major and fine

branches. Microbranches (25-200nm in diameter) are too small for the resolution of the con-

focal microscope. The fine branches associated with DEJ were found to have a Y-shape

geometry in 2D study, while 3D images show a more complex shape. It may indicate that

the initial behavior of the odontoblasts at DEJ has a synergistic effect for the formation of the

dentin. For the main branches, Mjör & Nordahl [1996] pointed out a S-shape with a 2D study.

3D representation here presents a wavy shape, although not clearly structured.
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Figure 2.11 – Confocal 3D visualization of dentin tubules near DEJ. Enamel and dentin
parts are indicated, their junction (DEJ) being marked by a dash line in the image.

Figure 2.12 – The complex tree structure of the tubule geometry at DEJ. The top is adjacent
with enamel part. Scale bar: 4 µm.
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Figure 2.13 – Surface mesh with 752675 triangles for the complex tubule geometry.

B. Tubule diameter and porosity assessment

The diameter of the tubule can be estimated by a maximal covering sphere algorithm. The

distribution of the local tubule diameter is plotted as a color map (see Fig. 2.14.A). The corre-

sponding diameter was found to be a trimodal distribution with average values of 2µm, 1.5µm

and 0.75µm, respectively (see Fig. 2.14.B). They correspond to the main and fine branches.

As reported by Mjor & Pindborg [1973], three types of branches were reported according to

their dimensions. Major branches (delta branchings) were found to be ranged in between 0.5

and 1.0µm in diameter. Fine branches were observed to be ranged in between 0.3 and 0.7µm

in diameter, extending out from the tubules at roughly 45°. They are abundant in the area

with low tubule density such as the zone near DEJ. The tubule size found here was larger than

the one obtained from the previous SEM studies [Mjor & Pindborg, 1973] possibly due to the

noise of the signal or the choice of threshold.

Local porosity was also estimated slice by slice based on the stack of confocal images (see

Fig. 2.15). The signal intensity was decreasing with depth leading to a declining trend in the

local porosity. The average results are summarized in Table 2.1. The obtained values turn

out to be slightly larger than the previous studies [Pashley, 1989]. The signal noise and the
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Figure 2.14 – (A) Color map representing the local diameter of the tubules near the DEJ.
(B) Pore size distribution obtained using the Maximal Covering Sphere algorithm. A
trimodal distribution was observed with average values of 2µm, 1.5µm and 0.75µm

associated with main and fine branches.

threshold are likely to be the reason for such a mismatch. It should be mentioned that the

protocol based on the confocal microscope can be served as a new way to characterize the ge-

ometrical structures of dentin porous network. Better understanding the relationship between

the macro-mechanical properties and the micro-structure of human dentin may provide some

helpful suggestions for the case of filling restoration process.

Table 2.1 – Local porosity estimations for human dentin

Method Location in dentin Local porosity(S.D.) Reference
Mercury Porosimetry Whole dentin 4% [Vennat et al., 2009]

SEM Near DEJ 0.96% [Pashley, 1989]
Confocal Microscope Near DEJ 5.2%(0.4) Here

Conclusion of CLSM observations

In this work, a new observation protocol based on confocal microscope was explored. As

an example, 3D visualization of the complex dentin tubules micro-structure near DEJ was

explored. It gives more details compared with classical 2D observations. In particular, the

shape of the connection at DEJ shows a complex tree structure, while on 2D images, only
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Figure 2.15 – Variation of the local porosity as a function of depth.

Y-shape structures were observed. Based on 3D visualization, first attempt was made to mesh

the complex geometry with surface triangles. Besides, some quantitative data concerning

about the local porosity distribution and the pore size distribution were also estimated. The

results are slightly larger than the ones in the literature due to the lower signal to noise ratio

and thresholding artifacts. The motivation of this work here was to present a new approach

for 3D visualization and analysis of the complex dentin porous network. It may be useful

to develop more realistic numerical model considering the complex geometrical feature of

human dentin.

2.5 Summary of microstructure observation

Four techniques of observation were presented in this chapter. Their characteristics are

summarized in Table 2.2. Micro-CT provides the largest image field, allowing a 3D visu-

alization of the whole tooth. However, the limited voxel resolution makes it impossible to
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distinguish the detailed constituents of the dentin (tubules, peritubular dentin and intertubular

dentin). Light optical microscope has a moderate image field size. It is the easiest way to have

an overview of dentin at meso-scale with an intermediate resolution. The contrast is not suffi-

cient to observe quantitatively the different dentin components but it gives the geometry of the

sample in a short time. ESEM has its powerful environmental control ability with high reso-

lution and contrast. Dentin can be observed without any special surface preparation, and its

main structure components are visible. Based on fluorescence contrast, confocal microscopy

is interesting for the 3D visualization and characterization of the dentin porous structure. The

main limitation of this technique is the restriction of the image depth (roughly 40µm). Tubules

show more complicated tree-shapes near the DEJ, than "simply" Y-shaped deduced from 2D

observations. Geometrical characteristics, like porosity and pore size distributions, can be

evaluated, the high resolution enabling to visualize fine branches. Unfortunately, the morpho-

logical analysis is restricted to the porous network in which fluorescent fluid can penetrate.

Clearly, none of these observation techniques can be regarded as the best one. Each tech-

nique has its own advantages and drawbacks. For different questions, it will be always nec-

essary to chose the proper one or combing different technologies. For instance, although the

manual chosen threshold methods bring noise in the measurements by confocal microscope,

it can be reduced through the use of SEM images. Other techniques are also available, which

are not used here. For example, focused ion beam (FIB) combined with SEM (under BSE

mode) can be used to realize the 3D visualization of the dentin structure with great details, as

discussed in the perspective part.
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CHAPTER 3

MESO-SCALE MECHANICAL

CHARACTERIZATION OF HUMAN

DENTIN

External environmental conditions (i.e. temperature and relative humidity) play an impor-

tant role in dentin mechanical behavior. During the general dental surgery, air relative

humidity is always seen as a key factor for the bonding strength between the restoration ma-

terial and the dentin substrate [Plasmans et al., 1993]. This bonding is also highly sensitive

to environmental wetness, with a very low adhesion at high air relative humidity [Plasmans

et al., 1993; Burrow et al., 1995; Plasmans et al., 1996]. Thus, understanding the influence

of the environmental conditions on dentin is crucial to anticipate the properties requested for

restorative materials.

Several studies have been made to characterize the thermal expansion coefficient of hu-

man dentin [Hengchang et al., 1989; Kishen & Asundi, 2001; Waters, 1979]. The oldest

study [Hengchang et al., 1989] was conducted using a traditional dilatometer in distilled wa-

ter. Over a range of 10 to 80 ºC, a value of 10.56 (S.D.: 2.38) 10−6 (unit: ºC−1) was measured.

Such global measure doesn’t provide any local information on the response of the different
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components of the dentin micro-structure [Waters, 1979; Kinney et al., 2003]. Later on, lo-

cal information was obtained through digital Moiré interferometry and thermo-mechanical

analysis. Direct evidence of two major regions of thermal deformation were obtained: an

expansion at low temperature (below 55 ºC) and a contraction at higher temperatures. The

thermal expansion coefficient was reported to depend not only on the temperature range but

also on the location inside the tooth [Kishen & Asundi, 2001]. Recently, evidence from Forien

et al. [2016] have shown that the water-assisted functional coupling between collagen fibrils

and the hydroxyapatite inside the dentin sample would lead to a compressive strain after heat

treatment.

This chapter aims to develop an integrated system which realizes a mechanical test under

controlled temperature and relative humidity. The in-situ 2D deformations are measured with

digital image correlation (DIC) techniques. Even if DIC is now quite common in biomechan-

ics, reported applications of DIC to dental materials are rather limited [Wang et al., 2015;

Zhang & Arola, 2004]. One limitation is that a careful calibration is needed to measure very

small strains. So, we present first, an evaluation of the precision of the strain measurement

for our integrated system. Compression results on dentin are then presented as a function of

the environmental conditions. A resonant ultrasound spectroscopy (RUS) measurement was

also done to measure the elastic modulus of the dentin sample in order to compare with the

compression results.

3.1 Compression setup with Optical Imaging under Hu-

midity and Temperature Control

In this section, a setup associating an optical imaging system and a compression machine

is described. It is used to measure simultaneously the relative humidity, temperature and the

strain. First, the experimental setup and the sample preparation are detailed. Errors on strain

measurement were then quantified.
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3.1.1 Experimental setup

The setup mainly consists of three parts: a mechanical loading device, an environmental

control machine and an optical microscope (see Fig. 3.1). The mechanical loading device

was installed inside an isolated, cuboid, environmental chamber made of polycarbonate. The

environmental control machine (Secasi technologies, Germany) imposed the temperature and

relative humidity inside the environmental chamber by continuous suction processes. One

sensor (Rotronic, Swiss) was measuring continuously the temperature and relative humidity

in the chamber. The whole experimental setup was located inside a room whose temperature

was controlled by air conditioning. The testing system is illustrated in Fig. 3.2.

Figure 3.1 – The principle of the experimental setup. It consists three main parts:
mechanical loading device, environmental control machine and optical microscope.

Similarly to [Gaucher et al., 2004; Yang et al., 2012], the optical microscope is made of

a 8 Megapixels CCD camera (AVT GX3300) combined to a mitutoyo objective lens (×5

or ×10 of magnification). With this optical combination, the observed object area is around

1.5×1.5 mm2. The image is formed of 3296(h)×2472(v) pixels, which are squares of 5.5µm,

associated in the real image to sizes of 1.1 and 0.55µm for the 2 objectives respectively. The

respective fields of view are then of 3.625 × 2.719mm2 and 1.812 × 1.359mm2. Due to

the small depth of field of the objectives, (3.5µm for objective ×10), the camera has been

mounted on a servo-controlled X–Y–Z translation stage. It allows the automatic adjustment

of the Z position (normal to sample surface) so that the object is at the focus of the objective

61



Chapter 3. Meso-scale Mechanical Characterization of Human dentin

Figure 3.2 – The test system consists of three parts: microscopic optical setup for image
acquisition, mechanical loading device installed inside an isolate environment and an

environmental controlling setup. The sample was installed in the compression setup. Its
speckled face was faced to the camera. Courtesy (and copyright) of the two bottom images

to P. Lavialle (Ecole Polytechnique).

(using a contrast maximization algorithm). X and Y motions can be used to observe several

juxtaposed zones and stitch them, or to follow a given region during an experiment, with

an accuracy around 3µm. An additional motorized rotation stage is used to align the X–Y

translation stage CCD with the surface of the sample so that the focus is preserved on all

the surface of the sample. The stages and the Sylvia control software (control stages, strain

measurements) were developed by H. Gharbi, with the help of V. de Greef (LMS - Ecole

Polytechnique, CNRS).

3.1.2 Sample preparation

For mechanical tests, the sample geometry is one of the most key factors [Davis, 2004].

The mechanical parameters such as the elastic modulus are determined by the stress and strain

measurement within the elastic range of specimen. Compression test is supposed to apply an
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uniaxial stress onto the sample; if the sample geometry is irregular, the stress state would not

be really uniaxial and the strains would be heterogeneous. This would lead to a incorrect

result or a too complex analysis. Thus, the sample preparation should be considered as one of

the most important step in the mechanical tests.

Ten crown dentinal parallelepipeds were prepared to be used as compression samples. To

do so, intact human third molars were embedded into epoxy resin. Then, the overall shape

of the dentinal parallelepiped beams were obtained using computer numerically controlled

milling prototype (Lyra-GACD SA, France). From this rough shape, the final geometry was

obtained by careful polishing. The sample was first mounted in a sample holder fixed by

two screws (see Fig. 3.3, left). The whole sample holder was then installed under a piston

shaped device: the plunger of the piston device applies a force on the sample holder in order

to make a controlled, flat surface (see Fig. 3.3). Rotating the sample allows to have four

long faces polished the same way, while being properly parallel. For the 2 small faces, the

samples were fixed in the piston by pressing the large faces on a carefully built sample holder

(see Fig. 3.3, right). It allows to polish these 2 faces parallel to each other and perpendicular

to the other ones. For all the surfaces of the specimen, the polishing was done with SiC

papers from 800 to 2000 grit under water irrigation, followed by a final cloth polishing with

1µm diamond suspension liquid. Between each polishing step, the sample was washed in an

ultrasonic cleaner for 3-5 min to remove the debris. The dimension of the parallelepiped was

measured (around 3mm × 1mm × 1mm, see Fig. 3.4). The samples were observed with an

optical microscope (Keyence at LMS of Ecole Polytechnique) to control their shapes. The

angle between two parallel edges was validated to be less than 4 degrees. The dimensions of

the ten samples are summarized in Table 3.1.

3.1.3 Sample observation

Dentin consists of tubules, peritubular dentin (PD) and intertubular dentin (ID). PD is more

mineralized than IT, so the two can be well distinguished in ESEM using the BSE mode.
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Figure 3.3 – Photos of the sample preparation setups. The sample was mounted in a sample
holder fixed by two screws (left image). The whole sample holder was installed under a

piston shaped device (image in the middle) for polishing four large face of the sample. The
last two small faces were polished by fixing the sample on a carefully built holder (the right

one).

Figure 3.4 – Photo of the dentin specimen AC1.
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Table 3.1 – Summary of the dimensions of the ten dentin samples

Sample Dimension(mm) Mass (mg) Density(mg/mm3)
AC1 0.95× 1.16× 3.05 6.86 2.04
AC2 0.77× 0.66× 3.06 3.35 2.18
AC3 0.65× 0.79× 2.58 2.83 2.13
AC4 1.00× 0.88× 1.99 3.66 2.10
AC5 1.36× 1.28× 2.88 10.56 2.10
AC6 1.05× 1.07× 2.19 5.30 2.16
AC7 1.10× 0.78× 2.47 4.51 2.12
AC8 0.95× 1.14× 2.14 4.83 2.10
AC9 1.42× 1.40× 2.02 8.56 2.12

AC10 1.00× 0.90× 3.03 5.86 2.15

Three perpendicular faces of the samples were observed using the same protocol as the one

presented in section 2.3. Images for sample AC1 are shown on Fig. 3.5. Images of the other

samples can be found in the appendix.A.

Due to the insufficient contrast of the original sample (pure white for DIC), ink speckles

were painted onto the face which will be used for DIC analysis. The ink markers have an

average diameter around 12µm with a standard deviation of 2.6µm (see Fig. 3.6 for AC1).

3.1.4 Error estimation

Method

In the images, grey levels reflect numbers of discrete and independent signals received by

detectors during integration time. As such, they carry an intrinsic noise. The image noise

caused by the camera was measured on a sample without any deformation. When the isolate

system reached the stable state at the selected conditions (temperature and relative humidity)

for at least 15 minutes, the measured deformations were regarded as noise. The temperature

was kept at room temperature (25 °C). The deformations were estimated with 20 images for

two objectives (×5 and ×10) under different humidities using the auto-focus process of the

optical microscope. A mesh frame (number of elements are 7×7) was defined with an element
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Figure 3.5 – ESEM stitching images of three perpendicular faces for the sample AC1. The
image at down right corner is a zoom on a part of the top right image. Tubules appear in

black, PD in white and ID in grey.

Figure 3.6 – Optical image (Keyence) of the surface with ink speckles (sample AC1).
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size of 150 pixel ×150 pixel in the center of the image. During the image acquisition, the

deformation (εxx, εyy, εxy) and the rigid-body rotation angle between the principal direction

and vertical axis of the reference image (Ryy) were calculated in real-time.

Apart from image noise, another error is induced by the inaccurate sub-pixel image re-

construction by imperfect grey level interpolation in the DIC technique [Choi & Shah, 1997;

Schreier et al., 2000; Wang et al., 2014]. The correlation coefficient and/or its gradient must

be assessed at non-integer locations to obtain sub-pixel accuracy, which requires interpolation

on grey levels and grey level derivatives. The bias between the reconstructed intensity pattern

(by interpolation) and the real intensity pattern is the origin of the translation error.

The translation error was also evaluated at selected environmental conditions (room tem-

perature, relative humidity: 55%). A translation of the camera was conducted in the three

directions: X and Y directions (horizontal and vertical directions of the image) and Z di-

rection (camera focus direction). For translation in X and Y, images were taken every 1µm

between −20µm to 20µm. For Z direction translation, images were taken every 0.1µm be-

tween −10µm to 10µm. Errors due to motion in the Z direction does not belong to the

translation error, but to out-of-focus errors. The first image (the position 0) was set as the

reference image.

Results

Fig. 3.7 shows the image noise on the deformation and rotation for two very different hu-

midities (55% and 88%). The humidity did not seem to affect the noise level: the deformation

stay at the level of micro-epsilon µε (1µε means 1 × 10−6). The results are summarized in

Table 3.2. For objective×10, the noise error of the strain εxx ranged from−20µε to 20µεwith

an average value of−1.36×10−21 (S.D. 8.08×10−6) and−3.90×10−21 (S.D. 1.39×10−5) for

two humidities, respectively. The noise error of the strain εyy ranged from−15µε to 13µεwith

an average value of −2.71× 10−21 (S.D. 6.95× 10−6) and −8.67× 10−20 (S.D. 6.24× 10−6)

for the two humidities, respectively. The measured strain εxy ranged from−15µε to 15µεwith

an average value of 6.35 × 10−22 (S.D. 2.84 × 10−6) and −3.79 × 10−20 (S.D. 7.92 × 10−6)
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for the two humidities, respectively. The rotation angle has a noise error between−10× 10−4

to 7× 10−4 degree.

Figure 3.7 – Image noise measurement for objective 5× under relative humidity of 55%
and 88%: (A) εxx (B) εxy (C) εyy (D) Ryy
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Chapter 3. Meso-scale Mechanical Characterization of Human dentin

Fig. 3.8 shows the X and Y translation errors. The measured errors are summarized in

Table 3.3. The measured εxx, εyy and εxy are the same for translations in X or Y. For translation

in direction X, the measured strains ranged between −44µε and 84µε. The resulting average

values of the translation errors were 1.95µε (S.D. 26.49) for εxx, 16.88µε (S.D.22.08) for εyy

and 2.48µε (S.D. 20.96) for εxy, respectively. For translation in direction Y, the measured

strains ranged between −82 and 59µε. The resulting average values of the translation errors

were −27.23µε (S.D. 28.41) for εxx, 3µε (S.D. 30.69) for εyy and −4.58µε (S.D. 25.61) for

εxy, respectively.

Table 3.3 – Camera translation error estimations (values inside the brackets: standard
deviation)

εxx εyy εxy

(µε) (µε) (µε)
Translation in X (×10) 1.95 (26.49) 16.88 (22.08) 2.48 (20.96)
Translation in Y (×10) -27.23 (28.41) 3 (30.69) -4.58 (25.61)
Translation in X (×5) 35.54 (17.04) 15.81 (12.05) 2.39 (31.52)
Translation in Y (×5) -29.96 (42.25) 22.80 (68.0) -2.03 (32.17)

Figure 3.8 – Camera translation error estimations for objective ×10. (A) translation in
direction X; (B) translation in direction Y

The measured strains are strongly influenced by the focal distance (see Fig. 3.9). Z trans-

lation is different from the other two types of measurements. It is associated with an out-of-

focus alteration of the image, which leads to an artificial dilatation. A camera closer from the
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3.1. Compression setup with Optical Imaging under Humidity and Temperature Control

sample would cause a dilatation effect. In the focal length, the dilatation is proportional to

δZ. Out of the focal length, the blur and optical aberration lead to a more complex response.

If the focal distance was within the field of depth (from −1µm to 1µm), the measured strain

had a relative low translation error, which ranged from −50µε to 50µε. However, if the fo-

cal distance was not controlled in that range, the resulting strains would contain large error.

This proves the importance of the auto-focus process for the small scale DIC deformation

measurement.

Figure 3.9 – Out-of-focus error due to the camera translation in Z direction (focus
direction). The solid green line indicates the expected response

71



Chapter 3. Meso-scale Mechanical Characterization of Human dentin

3.2 In-situ Compression Test within the setup

3.2.1 Compression test

The uniaxial compression setup was used to measure the mechanical properties of dentin

for three different relative humidity (55%, 75% and 90%). The temperature was kept as

room temperature (around 25 °C). The force applied was kept under 80N so that the samples

remained within the range of elastic behavior. So, a load cell of 100N was selected for force

measurement. The displacement speed of the crosshead was chosen as 1µm/s. The associated

strain rate should be around 3×10−4s−1 to 5×10−4s−1 for perfectly stiff device. The camera

system (objective ×10) was capturing one image every 5 seconds. The deformations were

calculated with a mesh frame of 7 by 7 joined elements with an element size of 150 pixel ×

150 pixel.

Results from compression

The stress and strain curve of sample AC8 is shown on Fig. 3.10. The nonlinear shape of

the curve is likely due to the non-perfect shape of the specimen or the non-perfect parallelism

of the crossheads. Elastic modulus was derived both from the load part and unload part of

the stress-strain curve by a standard linear fit. We measured respectively 17.46 GPa (standard

error: 0.36) and 19.66 GPa (standard error: 0.50) for sample AC8. The stress-strain curves

for all samples can be found in appendix.B, and the results are summarized in Table 3.4. The

average moduli were 16.66 (SD:5.06) GPa and 17.78 (SD:5.04) GPa for load and unload parts

of the stress-strain curve. These values are in accordance with the values reported by Peyton

et al. [1952] but also by Jantarat et al. [2002] for the same range of strain rates. It should be

mentioned that larger strain rates would lead to an increase of the measured elastic modulus.

Poisson’s ratio (defined as − εxx
εyy

) was plotted against the deformation in Fig. 3.11 for sam-

ple AC8. Due to the initial non-linear response, Poisson’s ratio measurement starts with a

non-significant region before reaching a stable value of 0.31± 0.02.
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Chapter 3. Meso-scale Mechanical Characterization of Human dentin

Figure 3.10 – Typical stress-strain curve of compression test for sample AC8.

Figure 3.11 – Poisson’s ratio as a function of the applied strain for sample AC8.
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3.2. In-situ Compression Test within the setup

As shown in Fig. 3.12, uniaxial compression induced an important out-of-plan motion.

The auto-focus process compensated this motion, allowing to obtain the correct strain. This

process decreased the error due to delocalization. Poisson’s effect of a sample with 1mm

Figure 3.12 – The auto-focus positioning of the camera during a compression assay (sample
AC8). It illustrates the large out-of-plane motions and the importance of the auto-focus

system.

thickness under a compression stress of 0.6% creates a motion about 1µm, explaining only

a very small part of the camera displacement. Imperfect sample geometry or more likely

nonparallel crossheads are likely to induce this large displacement.

3.2.2 Influence of the Humidity

Influence of the humidity on the elastic modulus

In order to study the influence of the relative humidity on the elastic modulus, three relative

humidities (55%, 75% and 90%) were selected, while the temperature was kept constant. The
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Chapter 3. Meso-scale Mechanical Characterization of Human dentin

compression and DIC parameters were mentioned the same as before (Sec. 3.2.1). The same

ten samples (AC1 to AC10) were used in this study. For each humidity, the elastic modulus

was measured both from load and unload parts of the stress-strain curve: all the curves can

be found in the appendix.B. For each sample, the measured elastic modulus under different

humidities were normalized by the maximum value of the sample (see Fig. 3.13). The lower

relative humidity (around 50%) was not very dry (although it correspond to a very dry room).

And the water immersed sample was not tested here. The variability of the measurement is

likely due to the deviation of the linear fit for load and unload parts. The humidity has no

clear influence on the modulus. The elastic modulus of human dentin was then determined to

be 18.7GPa with a standard deviation of 3.7GPa at 25°C.

Figure 3.13 – Influence of relative humidity on the normalized elastic modulus for all
specimens.

Dilatation due to humidity

After a change of relative humidity, and before the compression test, we observed a di-

latation of the dentin. We quantified this effect on not-loaded samples and on loaded samples

(constant stress of 35.72± 0.38 MPa). The relative humidity inside the environmental cham-
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3.2. In-situ Compression Test within the setup

ber was increased from 55% to 90% and then decreased from 90% to 55%. At each selected

humidity, the sample had been kept stable for at least 30 minutes in order to let the sample

reach the equilibrium. After such waiting time, the strain was no longer changing with time.

Fig. 3.14 shows the strain variation for sample AC1 when we varied the humidity environ-

ments, without any applied stress. The εxx and εyy followed humidity variation immediately,

whereas εxy did not varied, as expected.

Figure 3.14 – Free dilatation of human dentin sample (AC1) as a function of time for
different imposed relative humidities. The selected humidities are written on the figure. The

strains in X and Y direction (εxx and εyy) follow the relative humidity, whereas the shear
strain εxy does not vary.

A linear relationship was found for εxx and εyy strains with the relative humidity (see

Fig. 3.15). Dentin humidity dilatation coefficient is then between 3× 10−5 and 7× 10−5. The

average values are 5.3 × 10−5 (SD:1.0) for εxx and 5.7 × 10−5 (SD:0.6) for εyy. The results

were summarized in Table 3.5 and all the curves can be found in the appendix.C.
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Table 3.5 – Humidity dilatation coefficients of ten dentin samples

Sample C_εxx C_εyy C_εxy
RH−1 (S.D.) RH−1 (S.D.) RH−1 (S.D.)

AC1 7× 10−5 (6× 10−4) 6× 10−5 (4× 10−4) 2× 10−6 (3× 10−4)

AC2 5× 10−5 (5× 10−4) 5× 10−5 (8× 10−4) 8× 10−7 (2× 10−4)

AC3 6× 10−5 (9× 10−4) 6× 10−5 (3× 10−4) 2× 10−6 (1× 10−4)

AC4 3× 10−5 (1× 10−4) 5× 10−5 (6× 10−5) 3× 10−6 (7× 10−4)

AC5 6× 10−5 (3× 10−4) 7× 10−5 (4× 10−4) 4× 10−6 (1× 10−4)

AC6 5× 10−5 (9× 10−4) 6× 10−5 (5× 10−4) −8× 10−6 (4× 10−4)

AC7 6× 10−5 (5× 10−4) 5× 10−5 (6× 10−4) 7× 10−6 (3× 10−4)

AC8 5× 10−5 (4× 10−4) 6× 10−5 (3× 10−4) −6× 10−6 (5× 10−4)

AC9 5× 10−5 (6× 10−4) 5× 10−5 (5× 10−4) 4× 10−6 (1× 10−4)

AC10 5× 10−5 (3× 10−5) 6× 10−5 (4× 10−4) −1× 10−6 (3× 10−4)

Mean 5.3× 10−5 (1.0) 5.7× 10−5 (0.6) 7.8× 10−7 (4.6× 10−6)

Figure 3.15 – Strain evolution with relative humidity (no stress was applied) for sample
AC1.
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3.2. In-situ Compression Test within the setup

When a constant stress (around 36MPa) was applied, the humidity dilatation coefficient

slightly increase to a level of 1 × 10−4 as shown in Fig. 3.16. The figure was normalized by

removing the pre-stresses for both εxx and εyy.

Figure 3.16 – Strain evolution with the relative humidity for a sample under a compressive
stress (around 36MPa) for sample AC1.

With the hypothesis of linear isotropic elasticity, the effect of relative humidity can be

introduced in the constitutive law through similar approach to the one for thermal expansion:

σ = λTr(ε)I + 2µε− 3KαH∆HI (3.1)

where σ is the stress tensor, ε is the strain tensor, λ and µ are the Lamé parameters, K is

the bulk modulus, αH is the coefficient of hydric dilatation, ∆H is the variation in relative

humidity and I is the identity tensor.

Without applied stress, the stress and strain tensors can be written as:

σ = 0; ε = ε0I (3.2)
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Then, the dilatation strain ε0 is:

ε0 =
3K

3λ+ 2µ
αH∆H (3.3)

With a constant applied stress σzz, the stress and strain tensors become:

σ = σzzez ⊗ ez; ε = εxxI− εxxez ⊗ ez + εzzez ⊗ ez (3.4)

It should be noted that σzz<0 and εzz<0 , and |εxx|<|εzz | due to the applied compressive

stress. Through eq. (3.1), we obtain:

σzz = λ(2εxx + εzz) + 2µεzz − 3KαH∆H (3.5)

0 = λ(2εxx + εzz) + 2µεxx − 3KαH∆H (3.6)

Then, εzz can be written as:

εzz = εxx +
σzz
2µ

(3.7)

The deformation ε11 is then:

εxx = (
3K

3λ+ 2µ
)αH∆H − λσzz

2µ(3λ+ 2µ)
(3.8)

Comparing eq. (3.8) with eq. (3.3), it turns out that the slope coefficient of the strain as

a function of the relative humidity should be the same no matter a stress was applied or not.

The small differences we found may be caused by the friction effects between the sample and

the compression setup.

Forien et al. [2016] have shown that the water-assisted functional coupling effect inside

dentin sample lead to a compressive strain due to a possible dehydration process after a mild

heating treatment. From "wet" state to "dry" state, the dentin sample would have a compres-

sive strain of 0.3% [Forien et al., 2016], which meets the magnitude of the values reported
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3.2. In-situ Compression Test within the setup

here. A possible reason could be the porous structure of the dentin. When the relative humid-

ity of the external environment exceeded the water content inside the dentin, the water would

infiltrate into the sample and induce a dilatation effect. While the situation turns to the reverse

state, the water inside the dentin may be flowing outwards. These variations with humidity

can explain the variations on the quality of the bonding between restorative materials and

dentin [Burrow et al., 1995; Plasmans et al., 1996, 1994; Saraiva et al., 2015].

Dentin is regarded as an heterogeneous and hierarchical biological hard tissue. The im-

portance of its anisotropy is still under debate [Kinney et al., 2003]. The similarities of the

dilatation in the two directions brings additional understanding: dentin should be considered

as an isotropic material at this scale. However, at much smaller scales, the tubular orientation

and the fine porous structure (as observed by CLSM in chapter 2) is likely to create anisotropy.

3.2.3 Influence of the temperature

Similarly to what was done with humidity, our setup allows to investigate the dentin ther-

mal dilatation. Relative humidity was kept stable (around 57%) during the whole experiment

to avoid the dilatations due to humidity. Fig. 3.17 shows a measurement of the temperature

dilatation. Reference materials such as Invar alloy (IA), Al and Al2O3 were used to verify the

validity of the integrated systems for thermal dilatation measurement. The resulting thermal

dilatation coefficients for IA, Al and Al2O3 are 4 × 10−6(SD : 2.2), 2.5 × 10−5(SD : 2.5)

and 1.3 × 10−5(SD : 1.2)K−1, respectively, which are in accordance with the expected val-

ues (Invar: 1.2 × 10−6K−1 [Davis, 2001], Al: 2.3 × 10−5K−1 [Touloukian et al., 1974] and

Al2O3: 8.1 × 10−6K−1 [Touloukian, 1966]). Surprisingly, dentin shows a negative thermal

dilatation coefficient. The surface of the dentin specimen contracted due to the water loss

when the temperature increased.

The same ten dentin samples (AC1 to AC10) were tested: the results are summarized in

Fig. 3.18. Dentin is contracting, with both εxx and εyy negative, when the temperature in-

crease. The deformation εxy remains almost zero as expected. The distribution of the thermal
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Figure 3.17 – Strain induced by a variation of temperatures for different materials. The
dash lines are the expected response for Invar (IA), Al and Al2O3.

dilatation coefficients for each sample is plotted on Fig. 3.19. The average thermal dilatation

coefficients for εxx and εyy were −4.0(5.0)× 10−5K−1 and −4.7(2.6)× 10−5K−1.

Thermal contraction is likely to be relayed to the change in water content. Decrease in the

water content in the fibrils leads to a contraction of the fibrils, inducing a compressive stress

in the surrounding hydroxyapatite crystals [Forien et al., 2016]. Temperature can change the

water content inside the collagen fibril. An increase of temperature decreases the room for

water in the fibril, leading to a contraction. A scheme of such a procedure is presented on

Fig. 3.20. This may explain our negative thermal expansion coefficient.

Positive thermal expansion coefficients were reported [Hengchang et al., 1989; Kishen

& Asundi, 2001], but without a careful control of the humidity. A negative expansion was

observed on the whole human tooth by a standard thermal expansion experiment [Kishen &

Asundi, 2001].

Without considering the natural negative expansion behavior of the human dentin, the
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3.2. In-situ Compression Test within the setup

Figure 3.18 – Measured deformations (εxx, εyy and εxy) for the ten dentin samples during
an increase of the temperature at fixed humidity.

Figure 3.19 – Distribution of the dilatation coefficients for our ten samples. A Gaussian
fitting (dashed line) was used to obtain the mean value and the standard deviation. The

averages are indicated by the dotted vertical lines.
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Figure 3.20 – Illustration of the compression mechanism in drying dentin, (a) in the fully
hydrated state, the mineral and collagen phases are saturated by water. The collagen is at

the maximum swollen state. (b) After dehydration, much of the surface-bound water is lost
and the collagen molecules contract, compressing the mineral particles due to their strong

binding with the shrinking collagen (Image from [Forien et al., 2016]).

mismatch between the restorative materials and the dentin would lead to a pre-stress and strain

state. Due to the long-term variation of the external environmental conditions, such mismatch

may lead to a fatigue failure [Brown et al., 1972]. The observed negative expansion behavior

of human dentin sample here may provide substantial suggestions for the improvement of the

new restoration materials or dental restoration procedures.

3.3 Resonant Ultrasound Spectroscopy

Resonant Ultrasound Spectroscopy (RUS) is a promising, alternative method to measure

the elastic properties of the dentin. A significant advantage of RUS is that it gives all the

elastic constants in one experiment. RUS is based on the measurement of the vibrational

eigenmodes of the specimen. The determination of the elastic constants requests an inverse

problem, which an be easily solved only for very well defined geometries (parallelepiped or

spheres) of the sample. In this section, the principle of the RUS is briefly presented. Next, we

present the RUS measurements of the elastic constants of our ten dentin samples. The mea-
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surements and analysis were conducted by Dr. Xiran CAI at the LIB (Laboratoire d’Imagerie

Biomédicale) of University Paris VI. The results from RUS were then compared with the

in-situ compression results.

3.3.1 Principle of RUS

This part is inspired from the works of Bernard et al. [2014] and Leisure & Willis [1997].

The Resonant Ultrasound Spectroscopy (RUS) contains two processes: the forward and in-

verse processes. The forward process provides the natural frequencies if the elastic tensor is

given. The inverse process searches for the elastic components when the resonant frequen-

cies are measured. Through a fitting process between the measured and the model predicted

frequencies, the elastic constants can be determined.

Forward process

The natural resonant frequencies can be calculated from a given regular shape of a solid.

The solutions for a freely vibrating elastic body are the stationary points of the Lagrangian L

which can be expressed as follow [Bernard et al., 2014]:

L =
1

2

∫
V

(ρω2u2
i − Cijklεijεkl)dV (3.9)

where V and ρ are the specimen volume and mass density, Cijkl is the stiffness tensor, ui is

the ith component of the displacement field, and εij is the strain tensor. The displacement field

components are expanded as finite sums of known basis functions through the Rayleigh-Ritz

method as:

ui = aiαΦα (3.10)

where aiα are the expansion coefficients and Φα are the basis functions. The Φα are selected

depending on the shape of the sample. For parallelepipeds, the basis functions Φα are often

selected as the Legendre polynomials [Leisure & Willis, 1997]. Substituting the expansion
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formula into the Lagrangian will lead to a more compact format:

L =
1

2
((ρω2)aTMa− aTΓa) (3.11)

where a is the vector containing the expansion coefficients, M and Γ denote the mass and

stiffness matrices of the vibration problem. By setting δL = 0, the formula turns to a gener-

alized eigenvalue equation:

Γa = ρω2Ma (3.12)

where the eigenvalues are λ = ρω2 and the eigenvectors, a, are the expansion coefficients.

Thus, if the stiffness tensor and density are given, the resonant frequencies of an elastic solid

can be calculated.

Inverse process

The elastic components of the elastic tensor are generally determined through an opti-

mization process in which the stiffness constants are adjusted until the best fitting between

the measured and predicted frequencies spectroscopy. By solving this inverse problem, the

elastic components are determined. The cost function is defined and minimized as follow

[Bernard et al., 2014]:

F =
n∑
i=1

(
fmeas.n − fpred.n (Cij)

fmeas.n

)2 (3.13)

Measurement of the resonant frequencies

A typical RUS setup (developed in Laboratoire d’Imagerie Biomédicale of UPMC Paris

VI) is used to measure the vibrational eigenvalues of the dentin parallelepipeds. The sample

was placed between a pair of transducers (V154RM, Panametrics, Waltham, MA) as shown

in Fig. 3.21. A range of frequency is swept to active the resonant response of the specimen.

When the frequency of the driving transducer reaches one of the resonant frequencies of

the sample, a peak will appear in the spectroscopy diagram. When the enough spectrum is

recorded, the elastic constants can be deduced following through the forward and inverse
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3.3. Resonant Ultrasound Spectroscopy

processes.

Figure 3.21 – Photo of a typical RUS setup (Laboratoire d’Imagerie Biomédicale, UPMC
Paris 6)

3.3.2 Results of RUS

The same ten samples used in section 3.2 were tested using RUS experiment. The resonant

frequencies of vibration were measured between 0.5 and 1.4MHz. As reviewed in chapter 1,

dentin can be assumed as a transverse isotropic material. Thus, only five independent elastic

parameters (see sec. 1.2.1) need to be determined. The results were summarized in Table 3.6.

The geometry of the sample is extremely important in RUS characterization: it is a key as-

sumption for the inverse problem. Thus, an irregular geometry will certainly lead to a wrong

estimate of the mechanical parameters. The measured density of dentin is 2.12 (SD:0.04)

mg/mm3, which shows only little deviation so we don’t have large variation in global poros-

ity. The direction 3 is the longitudinal direction of the samples. The elastic constants in

hydrated dentin exhibited nearly isotropy characteristics: the measured E1 and E3 are 23.01

GPa (SD:1.69 GPa) and 23.32 GPa (SD:1.83 GPa) respectively. However, a pronounced

anisotropy observed in the Poisson’s ratio: ν12 = 0.47 (SD:0.05) and ν31 = 0.30 (SD:0.02).

These values are in accordance with the literature [Kinney et al., 2004], in which a slightly

transverse isotropic characteristics is found. In their work, E1 and E3 are found to be 25.0
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3.3. Resonant Ultrasound Spectroscopy

and 23.2GPa, receptively. G13 was found to be 9.4GPa. Poisson’s ratio were found to be 0.45

and 0.29 for ν12 and ν31.

The comparison of the mechanical parameters between RUS and compression is shown in

Fig. 3.22 where we plotted RUS modulus versus compression modulus. Modulus from RUS

were always larger than those obtained by the compression test, and always in the same range,

contrary to the ones obtained in compression. The maximum values of the elastic modulus

obtained from both techniques are almost the same (around 25GPa). A possible explanation

of this discrepancy may be the micro-cracks inside the sample, which may decrease the value

measured by the compression test. RUS method is less sensitive to the micro-cracks, since

the RUS is based on the measurement of a part of spectrum associated with deformations at

the sample scale [Leisure & Willis, 1997]. What’s more, the elastic moduli may be affected

by distinct strain rates due to dentin’s viscoelasticity as reported by Jantarat et al. [2002]. The

strain rate used in compression test was around 5 × 10−4s−1 which may be seen as a statical

measurement, whereas, the RUS should be treated as a dynamic one. Poisson’s ratio from

the two techniques are comparable. They are always in the same range around 0.3 for the

longitudinal direction.

Figure 3.22 – Comparison between RUS and compression. (A) E3 from RUS versus E3

from compression; (B) ν31 from RUS versus E3 from compression. Error bars represent the
standard error of the five repeated tests in compression.
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Chapter 3. Meso-scale Mechanical Characterization of Human dentin

3.4 Summary of Meso-scale Mechanical Characteriza-

tion of Human Dentin

An integrated system was developed to control simultaneously the humidity and the tem-

perature of the environment around a compression device, equipped for real-time DIC strain

measurement. Noise errors were quantified in the range of a few tenth of µε.

Compression tests on human dentin were conducted within this system. The elastic mod-

ulus of human dentin at meso-scale was determined to be 16.7GPa with a standard deviation

of 5.1GPa. the Poisson’s ratio was found to be 0.31. No strong influence of humidity and

temperature was observed on this modulus.

The dilatation behavior of human dentin with the relative humidity was explored: an in-

crease of the relative humidity induces a significant isotropic dilatation of the dentin. Thermal

effects were investigated the same way. Surprisingly, we observed a contraction of the sam-

ple when the temperature increased. This uncommon behavior is likely to be related to a

modification of the water molecules around the collagen fibrils in the dentin.

Other methods were tested to measure the meso-scale mechanical properties: RUS and

three point bending tests (see Appendix.D). The RUS method provides all the elastic constants

in one single test. The results show that the elastic moduli of human dentin present slight

transverse isotropic characteristics (E1 = 23.01 and E3 = 23.32) and strong anisotropy in

the Poisson’s ratio (ν12 = 0.47 and ν31 = 0.30) with little variation between our samples.

However, the obtained results are comparable with the compression results, but which are

more sensitive to the micro-defects.

90



CHAPTER 4

MICRO-SCALE MECHANICAL

CHARACTERIZATION

The macroscopic mechanical properties of human dentin have been measured by in-situ

compression tests in the previous chapter. However, these properties were not linked

to the micro-structure of the samples. For biomedical applications, or for fine modeling, it

is of interest to relate a micro-structure as observed for example in part to the macroscopic

properties. This requests obviously a fine knowledge of the properties of each component

of the dentin. In this chapter, the mechanical properties of dentin components (peritubular

dentin and intertubular dentin) were characterized by nanoindentation. We also gave some

consideration to the dentin viscoelastic behavior.

4.1 Nanoindentation for peri and intertubular dentin

4.1.1 Sample preparetion

Nanoindentation was used to measure the local moduli of peri- and inter-tubular dentin on

the same ten samples used for the compression part. The surfaces to be tested were carefully
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re-polished through a classical process (1200, 2000, 4000 SiC papers until 1µm suspending

diamond cloth polishing) to clean the surface. Between each step, the sample was cleaned in

an ultrasonic bath to remove the debris.

4.1.2 Indentation Parameters

More than 100 indents arranged as a matrix were applied to each sample. The indentation

was controlled under depth mode. An indentation depth of 200nm was used for each test

with a strain rate of 0.05s−1. After the loading phase, the indenter had a holding period of

10s. Then, the sample was unloaded at the same strain rate. Both CSM mode and unload

mode were used to determine the elastic moduli (see chapter 1). During the analysis process,

the Poisson’s ratio was assumed as 0.3, based on our macroscopic measurements. Poisson’s

ratio of the bone collagen was measured as 0.35 [Currey, 1964], while a Poisson’s ratio of

0.25 was used for peritubular dentin in the micro-mechanical model of Qin & Swain [2004].

Therefore, a Poisson’s ratio of 0.3 sounds a reasonable assumption.

4.1.3 Atomic Force Microscope observation

Traditional observation tools like optical microscope didn’t resolve the indents, due to their

small sizes. Thus, Atomic Force Microscope (AFM) was used to observe the locations of the

indents in all the samples.

Principle of AFM observation

The AFM is widely used to image the micro-structure of biological samples. The general

principle of AFM is based on the interaction forces (van der Waals forces, electrostatic and

etc.) between the specimen and a tip on a cantilever (see Fig. 4.1). The cantilever is installed

on a piezoelectric scanner which gives a three dimensional control of position with a high

precision. The force between the sample and the tip is quantified by the cantilever deflection
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4.1. Nanoindentation for peri and intertubular dentin

with a piconewton sensitivity. The deflection of the cantilever is determined by the movement

of a laser beam reflecting on it as illustrated in Fig. 4.1 [El Kirat et al., 2010].

Figure 4.1 – Illustration of the typical atomic force microscope (AFM) setup. The
deflection of a micro-fabricated cantilever with a sharp tip is measured by reflecting a laser
beam off the backside of the cantilever while it is scanning over the surface of the sample

(Image from [Goddard Iii et al., 2007]).

Different modes are possible. We used the classical contact mode in air. The topography

of the surface is measured by the feedback signal required to keep a constant force on the

cantilever. The tip is firmly in contact with the surface of the sample as shown in Fig. 4.2. We

Figure 4.2 – Illustration of the contact mode principle [Jaramillo Isaza, 2014]. The tip is
pushed on the surface (in the region of repulsive forces (in green on the force - displacement

curve). The vertical position of the scanner is adjusted so that the force is kept constant.

use the AFM (Brucker Corp. USA in LMS at Ecole Polytechnique) with a nitride cantilever
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Chapter 4. Micro-scale Mechanical Characterization

(f0 = 70KHz and k = 0.4N/m) with a silicon tip.

Results of AFM observation

Fig. 4.3 shows an AFM image of a dentin sample (AC6). The locations of the indents

from nanoindentation are well visible. We consider that the indentation probed peritubular or

intertubular dentin according the center location of the indents. The highlight image on the

right of Fig. 4.3 shows two indents. The top one is located inside the area between peritubular

dentin and intertubular dentin, while the bottom one is located in the intertubular dentin.

Figure 4.3 – AFM image fo sample AC6 used to find the locations of the indents on the
surface of dentin sample. The highlight image on the right show a indent located inside the

area between peritubular dentin and intertubular dentin (top one) and an indent (bottom)
located in the intertubular dentin.

4.1.4 Results of nanoindentation

Typical force-displacement curves for peritubular and intertubular dentin are shown in

Fig. 4.4. The loading is associated to an exponential nonlinear loading behavior due to the

elastic and plastic response of dentin. The beginning of the unloading part is linear, assocaited

with the elastic response. We extracted the elastic modulus by both CSM and unload methods

(see sec. 1.3.2).
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4.1. Nanoindentation for peri and intertubular dentin

Figure 4.4 – Typical load and displacement curves from nanoindentation tests on peri and
intertubular dentins

The elastic modulus and hardness obtained by the CSM method for peri and intertubular

dentin are shown in Fig. 4.5 and Fig. 4.6 (same experiments as Fig. 4.4). The values quickly

reach a stable value when the indenter penetrates the sample. These limit values were consid-

ered as the measure of the modulus and hardness. As expected, peritubular dentin has larger

elastic modulus and hardness than intertubular dentin.

The resulting elastic modulus and hardness from more than 100 indentation tests were

attributed to peritubular or intertubular dentin using the AFM observations. All the results

were plotted into a histogram, which showed two groups (see Fig. 4.7 and Fig. 4.8). These

groups correspond to peri and intertubular dentin components.

The elastic modulus from both methods (CSM and unload) of the two components of

dentin are summarized in Table 4.1. Intertbular dentin has average modulus of 16.2GPa

(SD:5.52GPa) and 16.1GPa (SD:4.1GPa) for CSM and unload methods respectively. Per-

itubular denitin has average modulus of 26.7GPa (SD:3.4GPa) and 25.1GPa (SD:3.0GPa).
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Chapter 4. Micro-scale Mechanical Characterization

Figure 4.5 – CSM elastic modulus obtained for peri and intertubular dentins from the same
experiment as Fig. 4.4.

Figure 4.6 – CSM hardness for peri and intertubular dentins, from the same experiment as
Fig. 4.4.
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4.1. Nanoindentation for peri and intertubular dentin

Figure 4.7 – Typical histogram of elastic mdoulus from nanoindentation tests (sample AC8)

Figure 4.8 – Typical histogram of hardness from nanoindentation tests (sample AC8)

97
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The results are in agreement with the literature [Kinney et al., 2003]. According to Oliver

& Pharr [2004], CSM method allows to avoid some of the complicating effects of time-

dependent plasticity and thermal drift, and thus it may provide a better estimate of the elastic

parameter. One of the main drawback of the indentation is the lack of knowledge on the

Poisson’s ratio, which had to be guessed.

The locations were verified by AFM. The surface ratios for each component of dentin of

the samples were estimated from the ratio of the indentation tests for each component among

the number of all the tests. For example, the value of the number of indents located in the

tubules (seen in AFM image) divided the total test number gives the tubules surface ratio. The

surface ratios for each sample were summarized in Table 4.2. The average values for tubules,

peritubular dentin and intertubular dentin were found to be 5.2%, 10.1% and 84.6%. These

values match with the ESEM observations (see chapter 2). The mixture rule was applied to

predict the macro-scale effective properties. The average value of elastic modulus was found

to be 16.4GPa. The modulus obtained from mechanical tests was 17.3GPa (SD:5.0GPa),

thus in good agreement. However, the values from RUS measurement showed clearly over

estimation with an average value of 23.2GPa.

Generally, data of nanoindentation were analyzed the elastic half-space assumption. The

contact between the indenter and the sample is then considered be elastic, and the sample is

treated as an infinite half-space medium [Oliver & Pharr, 1992]. However, the indentation

locations for the peritubular dentin are near the tubules (pores) or at the transition from per-

itubular dentin to intertubular dentin. The stress and deformation field may then be influenced

by the surrounding structure [Chen & Vlassak, 2001] in an uncontrolled fashion. Besides,

the Poisson’s ratio was assumed as 0.3, which may bring roughly 20% uncertainty for the

measurements.
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4.1. Nanoindentation for peri and intertubular dentin

4.1.5 Summary of nanoindentation experiments

Elastic modulus for both components of dentin (peritubular and intertubular dentin) was

determined by nanoindentation. Two methods (CSM and unload) were used. The locations

of the indents were determined by AFM observations. The resulting elastic moduli of the peri

and intertubular dentin were determined as 16.2GPa and 26.7GPa for CSM measurements,

and as 16.1GPa and 25.1GPa, for unloading method. The surface ratios of each dentin com-

ponent was estimated from the indentation test associated with location observation by AFM.

The average values for tubules, peritubular dentin and intertubular dentin were found to be

5.2%, 10.1% and 84.6%, comparable with the values obtained from the ESEM observations.

The mixture rule was then used to predict the meso-scale effective properties, which are found

to be in the range of the ones determined by compression tests.
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4.2 Viscoelastic behavior

Fifty creep tests were conducted in order to estimate the viscoelastic behavior. The inden-

tation was done in load control mode. The maximum load was set as 0.4mN, with a loading

rate of 0.08mN/s. The holding period was set at 20s. Then, the sample was unloaded. Typical

loading-unloading consign and the resulting load-displacement curve are shown in Fig. 4.9.

Figure 4.9 – Typical load history and load-displacement curves to estimate the viscoelastic
behavior of dentin. (A) Load history, (B) Load-displacement curve.

During the holding process, the displacement showed a significant creep behavior: the

displacement increased in a nonlinear way with time (see Fig. 4.10).

Using a four-element spring-dashpot model (the Burger model see Fig. 4.10), the displace-

ment of a conical indenter can be described as [Fischer-Cripps, 2004]:

h2(t) =
π

2
P0cotα[

1

E∗1
+

1

E∗2
(1− e−tE∗

2/η1) +
1

η2

t]

where E∗i is the combination of the elastic modulus and Poisson’s ratio of the material i (1

being the sample, 2 being the indenter): it can be written as E∗ = E/(1 − ν2). ηi is the

viscosity term that quantifies the time-dependent property of the material. P0 is the load and

α is a geometrical angle (α = 70.3 for Berkovich indenter).

The fitting parameters of the Burger model are summarized in Table 4.3. Compared with
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4.2. Viscoelastic behavior

Figure 4.10 – (A) Creep behavior of dentin component. (B) Comparison between the
experimental creep behavior and the simulation curve based on a four-element combined

spring-dashpot model.

classical visco-elastic materials like polymer, dentin has smaller time-dependent properties.

Two or three spring-dashpot elements models were also attempted to model the creep behav-

ior, but leaded to a less accurate fit [Fischer-Cripps, 2004]. Since the Burger model enabled

also to capture the immediate elastic response, we considered that it was a better choice. The

elastic response measured here is comparable with our previous results from compression and

RUS, as expected. The creep time constant (η1/E2) was found to be around 2s, which is of

the same magnitude as the one reported for human cortical bone [Wu et al., 2009; Isaksson

et al., 2010].

Table 4.3 – Average fitting parameters for Burger model. Mean and SD are obtained by
comparing the 50 tests.

E1 (GPa) E2 (GPa) η1 (GPa.s) η2( GPa.s)
Dentin 21.04 (6.78) 189.52 (66.57) 364.30 (139.55) 5305.82 (1994.15)

4.2.1 Strain rate sensitivity

Fifty indentation tests were done to access the strain-rate sensitivity for both peri and in-

tertubular dentins. The indent strain rate (ε̇) was defined as the indenter displacement velocity

divided by the indentation depth (ε̇ = dh
dt

1
h(t)

) [Fischer-Cripps & Nicholson, 2004; Song et al.,
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2009]. Three strain rates were chosen ranged from 1×10−4 to 0.1 s−1. As shown in Fig. 4.11,

the elastic modulus of both components did not vary with the strain rate, although a little

tendency to increase was observed for intertubular dentin, maybe due to the lower mineral

fraction.

Figure 4.11 – Strain-rate sensitivity for peri and intertubular dentins.

4.3 Summary of micro-scale mechanical characteriza-

tion

The micro-scale elastic modulus for both peri and intertubular dentins were measured by

nanoindentation tests. The indentation behavior of both components (peri and intertubular

dentin) shows typical nonlinear behavior for loading process caused by the simultaneous con-

tributions of elastic and plastic deformations. At the beginning of the unload, the elastic

recovery of the indentation leads a linear response from which the elastic modulus can be
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deduced, assuming a given Poisson’s ratio.

The extremely limited indentation depth (200nm) makes difficult of the localization of the

indents, so AFM imaging are performed. Both dynamic CSM method and the unload method

exhibit the same trend for the elastic moduli in the two dentin components. Peritubular dentin

has higher elastic modulus (26.7GPa with a standard deviation of 3.1GPa) than intertubular

dentin (16.2GPa with a standard deviation of 5.5GPa). Associated with the ratio of each com-

ponents, mixture law provided an estimation for the macro-scale elastic modulus, comparable

with our previous compression results.

Creep behavior of the dentin was also evaluated and modeled by a four elements Burger

model. The parameters from the creep model indicates that dentin has a more elastic than

viscous behavior. Limited strain rate dependency was found in the range from 0.0003 to

0.1s−1.
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CONCLUSION AND PERSPECTIVES

DEntin is an inhomogeneous, hierarchical biological material. From a structural point

of view, it is a three-phase porous material made of a mixture of mineral crystals,

collagen fibers and water. These structures are hierarchically organized, and determine its

mechanical properties at all scales. We investigated the multi-scale mechanical behavior of

human dentin. In this chapter, a conclusion is summarizing all our results. Then, some pre-

liminary results are used as a perspective. Knowledge of intact dentin’s geometrical structures

and mechanical properties is essential to understand the effects of the restorative dental pro-

cedures.

5.1 Conclusion

Several techniques (Micro-CT, Light optical microscope, confocal microscope, ESEM,

FIB-SEM and etc.) were used to observed the dentin structure. None of the techniques is

optimal: each has its own advantages and drawbacks. Combined protocols provide more

possibilities of more detailed observations.

For the mechanical test, an integrated system was developed which control simultaneously

the humidity and the temperature of the environment around a compression setup, while being
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equipped to measure accurately the strain through real-time DIC. Noise error of the system

limited in the level of µε, mostly thanks to the auto-focus function. Compression tests on

human dentin were conducted within this system. The elastic modulus of human dentin at

macro-scale was determined to be 16.7GPa with a standard deviation of 5.1GPa, and the

Poisson’s ratio was found to be 0.31. The dilatation due to relative humidity change was

investigated, showing a strong effect of the humidity. Surprisingly, a negative temperature

expansion response was found. However, the elastic moduli are little influenced by the rel-

ative humidity or temperature. Knowledge of the dentin behavior influenced by the external

conditions may provide substantial suggestions for the improvement of dental restoration pro-

cedures.

Other approaches were tested (RUS and integrated three point bending test in the appendix)

for the macroscopic mechanical characterization. RUS assay provides all the elastic coeffi-

cient within one single test. The results show that the elastic moduli of human dentin present

slight transverse isotropic characteristics (E1 = 23.01GPa and E3 = 23.32GPa) and strongly

anisotropic Poisson’s ratio (ν12 = 0.47 and ν31 = 0.30). However, the obtained results are

comparable with the compression tests, in which the determination of elastic modulus is likely

to be more sensitive to the micro-drawbacks (ex. crack).

The micro-scale elastic properties of peri and intertubular dentins were measured by nanoin-

dentation tests. The elastic moduli were determined by both CSM and unloading methods,

with coherent results. They show two different populations, which were attributed to inter-

and peritubular dentin. The location of each indent was determined on AFM images. Per-

itubular dentin has an higher elastic modulus (26.7GPa with a standard deviation of 3.1GPa)

than intertubular dentin (16.2GPa with a standard deviation of 5.5GPa). Using the ratio of

each components, the mixture law provided an estimation for the macro-scale elastic modu-

lus, comparable with our compression results on the same samples.

Creep behavior of the dentin was also measured and modeled by a Burger model. It appears

that dentin is finally mostly elastic. Limited strain rate dependency was found in the test (strain
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rate ranging from 0.0003 to 0.1s−1).

In this work, a morphological and mechanical study of the dentin tissue has been per-

formed. Four observation techniques (muCT, optical microscope, ESEM and confocal mi-

croscope) have been used and compared. Particularly, 3D visualization of dentin porous tis-

sue was firstly achieve by confocal microscopy in the area near DEJ. Tubules show a more

complex tree structure than the Y-shaped deduced from 2D observations. More realistic mod-

eling considering the complex porous structure may be realized with the help of confocal

microscopy. Some preliminary results are presented in the perspective. Besides, the surpris-

ing dilatation behavior of human dentin due to relative humidity was also observed in this

work. This knowledge maybe provide substantial suggestions in order to improve the dentin

restoration process.

5.2 Perspectives

5.2.1 Microscale observations and mechanical characterization by

AFM

Nanoindentation has the drawback of a lack of immediate possibility of the localization of

the indents. Blind indentation tests will lead large number of undesirable assays. The AFM

has the ability to in-situ image the components of peri and intertubular dentin, but also to

measure the mechanical elastic modulus. A commercial method like PeakForce Quantita-

tive Nanoscale Mechanical Characterization (QNM) mode in the AFM could lead to such a

measurements. Preliminary results carried on porcine dentin are presented in Fig. 5.1.

The elastic modulus of each component is obtained by averaging the values of each com-

ponents (see Fig. 5.2). In this preliminary assay on porcine dentin, the average modulus of

peri and intertubular dentin were found to be 20.4GPa and 16.4GPa, respectively. Further

tests should be continued to human dentin and the external environment should be controlled.
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Figure 5.1 – Two AFM images with different modes on porcine dentin. (A) Topography
image under contact mode; (B) Modulus map under PeakForce QNM mode.

One drawback is the difficulty to have really quantitative measures of the moduli by AFM:

it requests a very careful calibration of the properties of the probe, and even this is not al-

ways sufficient to have more than the order of magnitude of the moduli. But still, comparison

between different components remains accurate.

5.2.2 3D visualization with FIB-SEM

In SEM, imaging improved detectors like circular backscatter detector (CBS), allow to see

with a high resolution all the components of the dentin, but only on the surface (see Fig. 5.3).

The peri and intertubular dentins have a significant difference. This could be an interesting

tool for microstructure observations.

Furthermore, with the use of focused ion beam (FIB), the sample can be etched layer by

layer. Then, the resulting images can be stacked together to recreate the 3D micro-structure.

Due to the high resolution of the FIB (several nanometers) and the SEM, the acquired 3D

structure will have much more details than those obtained from other techniques (such as

confocal microscopy). An example of a created mesh based on a FIB-SEM stack is shown
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Figure 5.2 – Mechanical map measurement, used to define the peri and intertubular dentin
modulus.

Figure 5.3 – SEM Image with CBS detector of human dentin. The three components of
dentin (tubules, peri and tubular dentin) can be easily identified.
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in Fig. 5.4. However, a longer scanning time is needed to observe a sufficient volume. For

example, more than 72 hours would be need for a volume dimension of 80× 80× 20µm3.

Figure 5.4 – A finite element model of the tubules near DEJ based on FIB-SEM
observations.

5.2.3 FEM modeling

The porous structures of dentin are very small, which bring the difficulty for their 3D

visualization. They have also a much complex organization than the usual picture of hollow

cylinders surrounded by cylindrical inclusions embedded in a soft matrix. An implicit model

based on confocal microscope images could be used as a valid first trial to develop a robust

multi-scale model of dentin. Several critical points have to be kept in mind, among which we

found the following ones.

RVE determination

In the theory of composite materials, the representative volume element (RVE) is the small-

est volume over which a measurement can be made that will yield a value representative of the

whole [Hill, 1963]. For the volumes that are smaller than the RVE, a representative property

112



5.2. Perspectives

cannot be defined. The RVE of dentin can be determined from porosity and elastic modulus

based on 3D image stack constructions taken from the confocal microscope.

An implicit model was built using confocal microscope within the area of mantle dentin

(as in Sec. 2.4). An image volume of 387.07µm × 325.08µm × 35.7µm was used to build

the 3D finite element model. The image resolution is around 189nm × 189nm × 350nm,

sufficient to measure the geometry of tubules larger than 2 − 3µm. Based on the grey level

of each pixel in the images obtained from the confocal microscope, an implicit model can be

constructed considering both the peritubular dentin and intertubular dentin components.

Fig. 5.5 shows an example of the construction of the implicit model. The confocal images

were stacked together to recreate the 3D structure. Based on the binary image, the material

properties of both peritubular dentin and intertubular dentin can be set considering the grid

data of the image. The diameter of the peritubular dentin was assumed to be 3.2µm for all

the branches. A 3D and plan modulus map shows the bundles of hollow tubules (modulus for

tubules was set as 100Pa) surrounded by the peritubular dentin inclusions. The matrix part is

the intertubular dentin. The mechanical parameters used in the implicit model were listed in

Table 5.1.

Figure 5.5 – An example of the construction of the implicit model, starting from the
confocal images (left), in which the two components of peri and intertubular dentin are

considered simultaneously.

A RVE was determined by looking at the porosity and the apparent modulus in a series
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Table 5.1 – Parameters used in the implicit model

Parameters Implicit model Reference
Dp 3.2 µm 1.27-3.95 µm [Dutra-Correa et al., 2007]
Ep 32.3 GPa 30-42 GPa [Williams et al., 2015]
Ei 22.9 GPa 15-23 GPa [Kinney et al., 2003]

Mesh Hexahedron(7514− 55539) -
Note: Dp means peritublar dentin diameter

of increasing volumes (see Fig. 5.6): results are shown in Fig. 5.7. With the increase of the

tested volume, the apparent modulus follows well the porosity. A RVE was determined as a

volume of 4100 µm3 for a porosity around 5 ± 0.6%. The apparent modulus for a RVE of

dentin was found at 21.83± 0.16 GPa. The Voigt boundary has an average modulus of 22.63

GPa.

Figure 5.6 – Typical modulus plot for different selected volumes. (A)
387µm× 387µm× 36µm (B) 96µm× 81µm× 36µm (C) 24µm× 20µm× 24µm (D)

3µm× 3µm× 3µm.
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Figure 5.7 – Porosity and apparent modulus evolution with the tested volume. Below RVE,
the dispersion increased dramatically

A comparison between the experimental and numerical results is shown on Table 5.2: the

implicit model gives an apparent modulus close to the experimental results. Preliminary re-

sults show then the possibility to model dentin based on confocal microscope images. Further

work would be to combine the experimental results and simulation results for one sample.

It would also be interesting to study the other regions of the dentin, different from the DEJ

surroundings, to have an idea of the heterogeneities inside dentin.

Table 5.2 – Comparison between numerical and experimental results.

Eexp(GPa) Enum RVE (µm3) RVE porosity
Dentin 21.23 (1.91) 21.83 (0.16) 4076 0.050 (0.006)
* Note: 1. Eexp means modulus from experiments and Enum means the modulus from implicit model.

2. The value inside bracket means the standard deviation.
3. Simulation without humidity condition.
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Effect of the tubules geometry

As mentioned in the chapter 2, the 3D visualization of tubules shows that they have a

complex shape rather than a simple hollow cylinder. The associate peritubular dentin has to

follow the same shape. Thus, an interesting issue arises: is the apparent modulus influenced

by the geometry of the tubules or not. Some preliminary finite element analysis is presented

hereafter. Tubule shape is approximated by a sinus near the DEJ area. The amplitude and the

period were measured from 5 isolated tubules on 3D confocal images. The average amplitude

was 1.25µm (S.D. 0.71µm). The mean period was 32.12µm (S.D. 9.27µm). Based on these

average values, three tubule shapes were considered.

A. Geometry constructions

We first assume a sinus function for the tubule shape. It is written as:

F (x) = 1.25sin(0.2x) (5.1)

The second geometry assumes a helix function, which is described as:

x(t) = 1.25sin(0.2t) (5.2)

y(t) = 1.25cos(0.2t) (5.3)

z(t) = t (5.4)

In third we considered a two sinus function with mirror symmetric orientations following

two equations for the two tubules:

F1(x) = 1.25sin(0.2x) (5.5)

F2(x) = −1.25sin(0.2x) + 6.5 (5.6)

The used parameters are listed in Table 5.3, and the model are shown in Fig. 5.8.

A FEM mesh was created with quadratic tetrahedrons. Peritubular and intertubular dentin

were described as linear isotropic materials with a Young’s modulus of 32 GPa and 22 GPa
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Table 5.3 – Geometrical parameters used for the finite element model

Parameters Used Reference
Dt 1.9 µm 0.8− 2.5 µm

dinterval 6.5 µm 5.5− 8.4 µm

Dp 3.2 µm 1.27− 3.95 µm

Ep 32.3 GPa 30− 42 GPa
Ei 22.9 GPa 15− 23 GPa

Dt, Dp: diameters of tubules and peritubular dentin; dinterval: distance between the tubules;

Ep, Ei : elastic modulus of peri and intertubular dentin;

References used are from [Garberoglio & Brännström, 1976; Marshall et al., 1997; Williams et al., 2015].

Figure 5.8 – Geometries used for the FEM model of three kinds of tubule shapes. (A)
Sinusoidal tubule; (B) helical shape geometry; (C) Two symmetrical sinusoidal shape.
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respectively, and a Poisson’s ratio of 0.3. Top and bottom surfaces were subjected a compres-

sion: their vertical displacements were imposed (0 at the bottom (n·u = 0), -1 µm on the top

w = −1µm), while the transverse displacements remained free. Inner surfaces of the tubules

were free. Two boundary conditions were tested respectively: free boundary conditions (BC1)

on the whole domain and free boundary conditions combined with periodic boundary condi-

tions (u(x + L) = u(x)) imposed on the lateral surfaces of the domain (BC2). For BC1, the

equations were written as: ∫
vdS = 0 (5.7)∫
udS = 0 (5.8)∫

(xv − uy)dS = 0 (5.9)

where u is the displacement vector, which can be described as: u = uex + vey + wez (with

(ex, ey, ez): an orthonormal basis) and x, y and z are independent space variables.

B. Results

The obtained apparent moduli from the FEM simulations are listed in the Table 5.4. With

the compression boundary condition (BC1), the geometry of tubules had almost no influence

for the apparent modulus. The periodic boundary condition (BC2) leads to an increase of

the apparent moduli with respect to the boundary condition BC1. The geometry has little

influence apart from the two mirror shape sinusoidal tubules which showed a lower apparent

modulus. This indicates that there should be a strong influence of the interactions between

the tubules. Thus, further model focusing on the interaction between the tubules should be

investigated.

To conclude, in this perspective part, we have presented few complementary experimental

technique that seems promising: AFM and FIB-SEM. We also presented a first attempt to

model the mechanical behavior of the dentinal tissue based on CLSM imaging that leads to

interesting perspectives. One may notice that the thermal behavior should also be investigated
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Table 5.4 – Apparent moduli obtained from FEM simulations with different tubule shapes
and boundary conditions.

Tubules geometry Eapp with BC1 (GPa) Eapp with BC2 (GPa)
Cylinder 22.52 29.35

Sinus 22.40 29.26
Helix 22.31 29.11

Two mirror sinus 22.46 24.42
BC1: free boundary condition; BC2: periodic boundary condition.

and compared with our experimental results. A multi-scale morphological and mechanical

study of the dentinal tissue has been led here and open a lot of promising experimental and

numerical perspectives.
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APPENDIX A

ESEM OBSERVATIONS

The Stitching Images

The surfaces were observed by ESEM (Quanta 600,FEI Co., America) under back scattering elec-

tron (BSE) mode image by image. Then, a stitching process was applied by an open source software

Fiji. The chamber pressure is set at 266Pa. The temperature is set at 5°Cresulting a relative humidity

of 30%. The electron beam voltage is set at 10kV. Working distance is 10mm. Due to the limitation of

beam aperture of the ESEM, the maximum field of view of ESEM here is 340µm. Before the capture

action, all the parameters (contrast, brightness and etc.) were well adjusted in order to keep good im-

age quality. Each image was captured in 10min with a high resolution of 2048× 1768 pixels resulting

a dimension of 0.17µm for each pixel. As shown in Fig. A.1 and Fig. A.2, the surfaces of the sample

AC1 were observed.

Repetitive Tests for the Distribution of Area Fraction

Four repetitive tests (sample AC2 to AC4) were carried out in order to have the statical results

for the area fraction distributions of the dentin components. The samples were all taken from a third

molar of human tooth obtained from the faculty of dentistry of Paris Descartes University. Fig. A.3 to

Fig. A.6 show the distribution of the fraction area for each component of dentin from pulp cavity to

DEJ for 4 repetitive tests.



Appendix A. ESEM observations

Figure A.1 – The surface (face 4) of the dentin parallelepiped (sample AC1) extended from
root dentin to crown dentin stitched by the BSE images. A image stitching process was

applied using the software Fiji.

Figure A.2 – The surface (face 5) of the dentin parallelepiped (sample AC1) extended from
root dentin to crown dentin stitched by the BSE images. A image stitching process was

applied using the software Fiji.

140



Figure A.3 – Distribution of the area fraction on the surface of the dentin parallelepiped
(sample.AC2) extended from root dentin to crown dentin.

Figure A.4 – Distribution of the area fraction on the surface of the dentin parallelepiped
(sample.AC3) extended from root dentin to crown dentin.
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Appendix A. ESEM observations

Figure A.5 – Distribution of the area fraction on the surface of the dentin parallelepiped
(sample.AC4) extended from root dentin to crown dentin.

Figure A.6 – Distribution of the area fraction on the surface of the dentin parallelepiped
(sample.AC5) extended from root dentin to crown dentin.
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APPENDIX B

DENTIN COMPRESSION TESTS

Typical stress and strain curves of all the compression tests (Samples: AC1 to AC10) were shown

from Fig. B.1 to Fig. B.8. The test results were summarized in Table B.1 and Table B.2. The elastic

modulus as a function of the relative humidity was also plotted as shown in Fig. B.9.

Figure B.1 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC1



Appendix B. Dentin Compression Tests

Figure B.2 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC2

Figure B.3 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC3
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Figure B.4 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC4

Figure B.5 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC6
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Appendix B. Dentin Compression Tests

Figure B.6 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC7

Figure B.7 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC9
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Appendix B. Dentin Compression Tests
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Figure B.8 – Stress-strain curve (A) and the Poisson ratio distribution (B) in the
compression test of the dentin sample AC10

Figure B.9 – The influence of the humidity to the elastic modulus for sample AC1 to AC10.
The modulus was deduced both from the load and unload part of the stress-strain curve.
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APPENDIX C

HUMIDITY DILATATION RESULTS

The results of the free dilatation for human dentin (sample AC2 to AC10) were presented from

Fig. C.1 to Fig. C.9.

Figure C.1 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC2



Appendix C. Humidity Dilatation Results

Figure C.2 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC3

Figure C.3 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC4
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Figure C.4 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC5

Figure C.5 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC6
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Appendix C. Humidity Dilatation Results

Figure C.6 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC7

Figure C.7 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC8
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Figure C.8 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC9

Figure C.9 – Free dilatation coefficient of human dentin as a function of relative humidity
for sample AC10
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APPENDIX D

A NEW METHOD COMBINING FINITE

ELEMENT ANALYSIS AND DIGITAL

IMAGE CORRELATION TO ASSESS

MACROSCOPIC MECHANICAL

PROPERTIES OF DENTIN

A new method to assess stress and strain in the case of a three-point bending test is proposed. A two-

step procedure is thus chosen: first, for typical, published, bending tests, a re-evaluation of the stresses

by the finite element method (instead of using the Bernoulli-Euler beam theory as it is classically done)

was proposed. The differences in terms of maximum stress will be illustrated through the analysis of

two articles [Rees et al., 1994; Eltit et al., 2013]. Secondly, a three-point bending test combined with

Finite Element Analysis (FEA) and Digital Image Correlation (DIC) is proposed, taking advantage of

the complementarity of these two methods.



Appendix D. A New Method Combining Finite Element Analysis and Digital Image
Correlation to Assess Macroscopic Mechanical Properties of Dentin

Recalculation of the Stresses Found in the Literature

Two articles were chosen because they provide sample geometries and some results from three-

point bending tests and four-point bending tests respectively [Rees et al., 1994; Eltit et al., 2013]. The

values from the published articles were recalculated using the classical beam theory (Chap. D). Then,

using the experimental conditions mentioned in the two selected articles, the stresses were recalculated

by the finite element method (Chap. D).

Rees et al. [1994] performed static three-point bending tests to measure dentin elastic modulus

(Fig. D.1)

Figure D.1 – Scheme of three-point bending test.

To assess the stresses in the beam, the Bernoulli–Euler beam model can be used (at x = 0, which

is the cross-section where the stresses are the highest) with:

σxx =
3Fl

bh3
y

where σxx is the normal stress in direction x, F is the load, l is the supporting span, b is the beam

width, h is the beam thickness, and y is the coordinate in direction y. In Rees et al. experiment [Rees

et al., 1994], beams were 2mm wide , 2mm in depth and presented an average length of 13mm. The

distance for the supporting span was 11mm. Thus, the ratio (l/h) was 5.5. Then, the modulus was

calculated from Bernoulli-Euler beam equation:

E =
Fl3

4bdh3

where F is the load, and d is the deflection at the given load.

Eltit et al. [2013] performed four-point bending tests on dentinal samples. They studied the max-
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imum flexural stress of coronal and root dentin. The tested beam dimension was 0.4×1.2× 7mm

(thickness×width×length). The supporting span of the bending device was 5mm, and the loading

span was 1.5mm, as is shown in Fig. D.2.

Figure D.2 – Scheme of four-point bending test.

According to the Bernoulli-Euler beam equation, the maximum flexural stress can be expressed as:

σf =
3F (L− Li)

2bh2

where σf is the maximum flexural stress, F is the load, L is the supporting span, Li, is the loading

span, b is the beam width, and h is the thickness of the beam.

Recalculations by finite element analysis (FEA)

The simulations were performed with the commercial software Comsol Multiphysics. In the FEA,

we use the static equilibrium equations under small deformation assumption with an isotropic relation:

fb +5 · σ = 0

ε =
1

2
[5u+5uT ]

ε =
1 + ν

E
σ − ν

E
tr(σ)I

where fb is the body force, σ is the stress tensor, ε is the strain tensor, u is the displacement, ν is the

Poisson ratio, E is elastic modulus, and I is the identity matrix.

For recalculating the stress in three-point bending test, about 204000 tetrahedral elements were

used in the mesh. The boundary conditions are the following:

• Fixed constraints (u = 0) were applied to the two support edges
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Appendix D. A New Method Combining Finite Element Analysis and Digital Image
Correlation to Assess Macroscopic Mechanical Properties of Dentin

• Boundary load of total force (50N) was applied to the middle area (0.6mm×2mm) between the

two supporting edges

For recalculating the stress in four-point bending test, about 240000 tetrahedral elements were used in

the mesh. The boundary conditions are the following:

• Fixed constraints (u = 0) were applied to the two support edges

• Edge load of total force (5 or 12N) was applied to the loading part (consisting of two loading

edges here)

The edge load was chosen in order to reproduce data from Eltit et al. [2013] experiment. Within the

load-deflection curves from the four-point bending tests of Eltit et al. [2013], it can be inferred that the

maximum bending force used for crown dentin beams was about 5N, and for root dentin beams, the

bending force was around 10-15N (here, 12N was chosen as an example).

Proposed experimental protocol

Sample preparation

A dentin specimen was obtained from sound human third molar. The specimen was polished pro-

gressively by 80, 500, 800, 1200, 1400, 2000, 2400, 4000 grit. SiC polishing papers under water irri-

gation, and finally turned to cloth polishing with 1µm diamond suspension liquid for both sides. Then,

the dentin slice was cut into one beam with a line cutting saw (Isomet low speed saw, BUEHLER Co.,

USA). The sample preparation scheme was shown in Fig. D.3. After cutting, the new surfaces were

then polished with the same previous polishing steps. Finally, the beam dimensions were controlled as

8mm×1.38mm×1.15mm. Before each step, the sample was washed in an ultrasonic cleaner for 3-5

minutes. Then, the specimen was stored in the distilled water below 4 oC until the test.

Figure D.3 – Scheme of sample preparation
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Three-point bending set up

Three-point bending test was performed using a bending test device equipped with a 1kN load

cell (MICROTEST, DEBAN, UK) with a supporting span of 5mm. Motor speed was selected as

0.2mm/min. All the setup was mounted under an optical microscope (InfiniteFocus, Alicona Co., Ger-

many) in order to get the strain distribution of the beam side surface located below the force-indenter

as shown in Fig. D.4. The direction of the load is applied perpendicular to the tubular orientation.

Figure D.4 – Three-point bending test under the optical microscope.

DIC

The software correli_q4 [Hild & Roux, 2008] was used to analyze the strain distribution comparing

the reference and deformed images. The deformed image was taken under the load force of 60N. The

element size for DIC was selected as 64 pix.

Determination of the elastic modulus and σmax

The mechanical set up is placed under an optical microscope in order to get images of a selected

area of the sample (Fig. D.4) at different loads. Strain estimates are obtained by DIC and the stresses

are estimated by FEA. The edge load can be known from the three-point bending test device. With

the maximum total force, one can obtain the maximum tensile stress by FEA. During the bending test

process, the strain is evaluated by DIC. Using stress and strain estimates in x direction as it is shown
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in Fig. 1, when the terms σyy and σzz were much lower than σxx, elastic modulus in x direction (Et)

can be derived by Hooke’s law:

Et =
σxx
εxx

In our case, the maximum total force which was found in the experiment (Fmax = 65N ) was used

to determine the maximum bending stress. Tensile test and bending test are known to give slightly

different results even when the material fails in tension in both tests that is why the bending tests

results in term of strength are called flexural or bending strength and not tensile strength. In this

article, we will estimate the maximum tensile stress in the experiment and call it as it is usually done

"flexural strength". A total force of 60N (Fx) was used to determine the stress in order to obtain the

elastic modulus, as it is shown in Fig. D.5.

Figure D.5 – Method of the determination of elastic modulus and of the maximum stress
values σmax

Results and Discussion

Recalculation of the stresses in bending test configurations found

in the two selected articles

With the beam dimensions in three-point bending test of Rees et al. [1994], using the Euler-

Bernoulli equation, the maximum tensile stress (often called maximum bending or flexural stress)

with assuming boundary force (F = 50N ) is calculated as 103.1 MPa, whereas, using FEA, the max-

imum tensile stress is 58.2 MPa. Fig. D.6 shows the distribution of σxx in three-point bending test. As
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expected, there is a neutral plan in the middle of the beam, and the values are antisymmetric relatively

to the stress direction (compression and tension). The maximum tensile stress is located at the outside

surface of the beam.

Figure D.6 – σxx distribution in the beam (unit for color scale bar: Pa)

For four-point bending test, according to the Bernoulli-Euler beam equation, the maximum tensile

stress for crown and root dentin samples (loads of 5N and 12N which are the maximum loads found

by Eltit et al. Eltit et al. [2013] were 136.7MPa and 328.1MPa, which matched the values expressed

in their work. However, by using FEA, the maximum tensile stress for coronal and root dentin test

is found as 59.1 MPa and 141.8 MPa, respectively. σxx distribution map was shown in Fig. D.7 with

an edge load of 12N. The maximum bending stress can be found in the outside edge of the beam

withstanding tensile stress.

Experimental results from the proposed method

Strain distribution map along direction y obtained by DIC is shown in Fig. D.8. εxx shows a linear

relationship with respect to the local coordinate in direction y. Five areas (columns 1 to 5) were selected

to evaluate εxx distribution which is approximately antisymmetric relatively to the middle neutral plan

as expected. In the same positions, stress distributions were assessed by FEA. Thus, mean elastic

modulus was found as 11.9 GPa. With the maximum boundary load of 65N found in the experiment,

the stress distribution map is obtained by FEA with beam dimensions corresponding to our dentin

sample. Tensile stresses are logically located under the neutral plan. σxx was found as 143.9 MPa on
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Figure D.7 – σxx distribution map of four-point bending test (unit of color scale bar: Pa)

Figure D.8 – DIC strain distribution for intact dentin beam. (A) Three-point bending test
and selected areas to acquire εxx using DIC. (B) εxx distribution along direction Y (from

DIC).

the location marked in Fig. D.9. And, at this location, σyy and σzz were found to be below 0.4MPa,

which were much lower than σxx, hence the possibility to apply the formula Et =
σxx
εxx

.

In order to validate our method, the deformations measured by DIC and FEM (using our experimental

result and the result from Rees et al. (1994)) were compared (Fig. D.10). Strain distribution along Y

coordinates under the indenter (column 2 in Fig. D.8) measured by DIC was selected as an example

Discussion

Large discrepancies have been found in the literature concerning dentin mechanical properties (and

especially its Young’s modulus). It is probably caused by stress and strain assessment errors. Indeed

Bonfield & Datta [1974] compared the value of elastic modulus for compact bone with two kinds of
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Figure D.9 – σxx distribution estimation (unit of color scale bar: Pa)

Figure D.10 – εxx comparison between FEM and DIC along Y coordinate

micro-strain measuring techniques: they have shown that with different strain measurements, the value

of elastic modulus was clearly affected. It is likely to be the same while assessing dentin mechanical

properties. The elastic modulus is also very sensitive to the strain rate. As reported by Jantarat et al.

[2002] and McElhaney [1966], great differences of elastic modulus can be observed due to the strain

rate variation (from 0.001 to 1500 per second).

From the recalculation of the selected articles, it can be inferred that the Bernoulli-Euler beam

equation is probably used to get the flexural strength and elastic modulus. However, Bernoulli-Euler

beam theory is based on the hypothesis of a large slenderness ratio. Depending on the slenderness
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ratio, the Bernoulli-Euler equation can lead to an inaccurate assessment of stresses. This would also

lead to an error of evaluation of the modulus. Compared with the results of four-point bending test of

Eltit et al. [2013], the maximum bending stress of root dentin obtained from classical beam equation

was reported at more than 300MPa. This is in contradiction with the maximum tensile stress deduced

from uniaxial tension test [Bowen & Rodriguez, 1962; Sano et al., 1994; Palamara et al., 2000]. How-

ever, the maximum bending stress of 55MPa and 132 MPa (for root and coronal dentin, respectively)

deduced using FEA stress assessment seems to better match the results from the literature value, which

reported a value of 31MPa to 130MPa under uniaxial tension tests [Bowen & Rodriguez, 1962; Sano

et al., 1994; Marshall et al., 1997]. Thus, it can be inferred that with such sample dimensions, it is

inaccurate to use the classical beam theory to assess the stress distribution inside the beam, and that

would also lead to an incorrect estimate of the elastic modulus. However, elastic modulus determined

with beam theory can be used as a comparative tool.

For stress determination, the geometry and positioning of sample are crucial. Some non-parallel

alignment of the load due to not-well controlled geometry of the sample in uniaxial compression can

occur. In order to well bond the sample with the grips of the machine, an adhesive glue can be used in

the tension test [Sano et al., 1994], but this would increase the relaxation effects. Those effects are not

taken into account when using Bernoulli-Euler beam equation to assess stresses but FEA can also well

avoid the influence of those effects.

For strain determination, Sano et al. [1994] and Rees et al. Rees et al. [1994] used the load-

displacement curve from the testing device to get the strain and elastic modulus. Lower values of

elastic modulus were reported, which were probably caused by the inaccurate evaluations of strain:

the measured displacement includes not only the whole sample displacement but also motions of the

loading set-up. This is leading to the impossibility of comparing the results in different studies done

on different machines. In our study, DIC was used to assess the strain on the external surface of the

beam for three-point bending. It allows a more global assessment of strain (on a whole surface) with

a satisfactory resolution. The accuracy of the DIC technique is determined by the optical resolution of

the focusing system used for the image capture. The precision, therefore, mainly depends on the pixel

resolution of the camera. The camera in the microscope used in our test has a size of 1280 (horizontal)

by 1024 (vertical) pixels, which is higher than in the study of Palamara et al. [2000], and thus may lead

to a higher resolution on the strain measurement. Moreover, according to Fig. 11, we can observe that
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the values from our finite element model matches well with our experimental results.

As discussed above, stress and strain assessment is crucial to get accurate estimates of dentin me-

chanical properties. For three-point bending test, combined FEA for stress estimate and DIC for strain

determination may be a method to explore the dentin elastic modulus and maximum tensile stress.

Elastic modulus determined by our method is Et (because the tensile stress direction is perpendicular

to the tubular orientation); our feasibly test allowed us to measure Et as 11.9GPa, and the maximum

stress as 143.9MPa. The elastic modulus measured here matches the results in the references [Bowen

& Rodriguez, 1962; Sano et al., 1994; Palamara et al., 2000], in which elastic moduli are reported be-

tween 6 and 19GPa (determined by tension tests). Similarly, our maximum tensile stress corresponds

to the magnitude of uniaxial tension test results [Bowen & Rodriguez, 1962; Sano et al., 1994; Mar-

shall et al., 1997].

However, for dentin sample, the location in the tooth from where the sample comes, may signifi-

cantly influence the properties of the mechanical test. The density of the mineral phase indeed varies

due to the change in tubule density and diameter in the different dentin locations. The statistical struc-

ture characteristics have been summarized by Marshall et al. [1997]. The percentage of peritubular

dentin in crown dentin varies from 60% near the pulp cavity to 3% at the dentin-enamel junction, and

the percentage tubule area and diameter vary from about 22% and 2.5 µm near the pulp to 1% and

0.8 µm at the dentin enamel junction (DEJ). The intertubular matrix area varies from 12% at the pulp

cavity up to 96% near the DEJ. It can be inferred that there is a sharp variation in the density and diam-

eter size of tubules and of peritubular dentin in the different locations from the pulp to dentin-enamel

junction [Garberoglio & Brännström, 1976]. So, the variations in the properties of the dentin sam-

ple may be explained probably by the mineral phase density changes within the tooth. Tests on bone

specimen have been found that the elastic modulus is proportional related to the mineral density Carter

& Hayes [1977]. As local mineral densities are different in the parts of peritubular and intertubular

dentin, indentation tests on dentin samples have shown the elastic modulus strongly depends on the

location Ziskind et al. [2011]. So, the bending test measured here can be done on different samples

taken from different depths to assess the variation of Et with depth (and also with mineral density).

To model the dependency of the dentin modulus with its components ratio, a classical composite

model can be used. To do this, the local moduli are needed. With an indentation system, Kinney et

al. Kinney et al. [1996] have reported significantly different elastic modulus for peritubular (29.8 GPa)
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and intertubular (18-21GPa). According to the composite modulus model, elastic modulus in direction

2 can be described as:

Et =
EpEi

Epri + Eirp

where Ep, Ei are the elastic modulus of peritubular and intertubular dentin, respectively, and ri, rp are

the area ratios of intertubular and peritubular dentin respectively. Without considering the percentage

of tubular area, an approximation of the elastic modulus in X direction can be inferred between 25 and

18GPa. However, the density of the tubules changes a lot within the tooth. With the addition of the

tubular ratio in the composite model, the elastic modulus becomes as:

Et =
1

rp
Ep

+
ri
Ei

+
rtubule
Etubule

where rtubule and Etubule are ratio and modulus for the tubule respectively. So since a very low modu-

lus is expected for the tubules, we can expect a significant decrease of Et.

Besides, lower values of elastic modulus on dentin have also been found by Marshall et al. [1997].

The elastic moduli should be more reasonably represented as a range of values rather one absolute

value or more accurate values should be obtained to show the relation between the exact location

within the tooth (and also mineral density). Other factors like the storage medium, the time span be-

tween extraction and testing, the tooth age, and the condition of the tooth (sound vs. carious) might

also influence the mechanical properties of dentin.

Conclusion of three point bending test

Errors in stress and strain assessment during mechanical tests can possibly lead to a mis-evaluation

of the mechanical properties. In this paper, a review of dentinal mechanical properties has been done

and large discrepancies were found in the literature.

Two articles of the literature using bending tests were selected and re-examined using FEA to

highlight the importance of stress and strain evaluation to get mechanical properties. Then, a new

method (using FEA and DIC) is proposed to better evaluate stress and strain distributions, and so

elastic modulus. To illustrate and prove the feasibility of the method, elastic modulus and maximum

168



flexural stress were obtained for a dentinal sample and were respectively 11.9 GPa and 143.9 MPa. The

next step of this study is to improve the stress field assessment in the beam by considering dentinal

anisotropy in FEA.

Using accurate and robust methods to assess stress and strain is needed to avoid set-up dependent

measurements. Keeping this idea as ultimate objective, an experimental protocol based on a three-point

bending experiment under an optical microscope is proposed and it should perhaps trigger discussion

on the standardization of dentinal sample mechanical testing. Being able to compare results of different

research groups will indeed lead the community to a better understanding of the differences arising

from other relevant factors such as species, age, disease, storage condition, etc. (instead of comparing

indirectly their equipment).
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APPENDIX E

RÉSUMÉ

La dentine est l’un des principaux éléments constitutifs de la dent humaine. Elle montre une

structure hiérarchique. A l’échelle microscopique, la dentine est composée de tubules (porosité

naturelle du tissu), de dentine péritubulaire et de dentine intertubulaire. La dentine contient des canaux

microscopiques appelés tubules dentinaires. Les tubules rayonnent vers l’extérieur à travers la dentine

de la pâte à la frontière extérieure cementum ou émail. Le cours des tubules dentinaires est une légère

courbe en "S" dans la couronne, mais les tubules sont plus droits dans les crêtes des incisives, les cus-

pides et les racines. Les extrémités des tubules sont perpendiculaires à la jonction dentino-amélaire.

La dentine péritubulaire est l’anneau environnant autour de la lumière tubulaire. La dentine intertubu-

laire est la matrice entourant la dentine péritubulaire. En raison des tubules dentinaires, la dentine peut

être considérée comme un matériau poreux. La différence entre la dentine péritubulaire et la dentine

intertubulaire est la teneur en minéraux des deux composants. Sur la base de cette structure tissulaire,

la dentine est souvent modélisée comme un composite poreux renforcé de fibre continue avec des man-

chons péri-tubulaires comme renforcement et une matrice de dentine intertubulaire. À la nano-échelle,

la dentine montre une structure bien organisée et complexe. Environ 50% (pourcentage en volume)

de la dentine se compose d’une phase minérale d’apatite nanocristalline qui est une hydroxyapatite

riche en carbonate. Un autre 30% (pourcentage en volume) est occupé par un réseau de fibrilles de

collagène de type I, tandis que le reste est principalement de l’eau. L’hydroxyapatite est une forme

minérale d’apatite de calcium. La dentine péritubulaire est une gaine minérale haute, dépourvue de

fibrilles de collagène, tandis que la dentine intertubulaire environnante est une matrice composite faite
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de fibrilles de protéines et d’hydroxyapatite. Le diamètre des fibres de collagène est d’environ 50 à

100 nm. Les fibriles disposent dans un plan perpendiculaire à la direction du tubule. Dans ce plan, ils

sont répartis au hasard. L’hydroxyapatite minéral est principalement extra fibrillaire. Les formes du

minéral hydroxyapatites dépendent de l’emplacement. Ils varient continuellement d’aiguille-près de la

pulpe à plat-comme près de l’émail. L’épaisseur de la cristallite est d’environ 5nm, indépendamment

de l’emplacement. Dans la dentine péritubulaire, les cristaux d’hydroxyapatite n’ont pas d’orientation

générale préférée. Dans la dentine intertubulaire, l’axe c de l’apatite des cristallites minérales préfère

s’orienter le long de l’axe de la fibre de collagène. Les particules minérales alignées avec le col-

lagène comprimé dans la dentine intertubulaire. Ce stress réparti peut agir comme un mécanisme de

prévention des dommages à l’échelle nanométrique, en protégeant contre l’initiation de fissures due

aux charges de mastication.

L’organisation de ces structures détermine fortement ses propriétés mécaniques. Dans la littéra-

ture, seules quelques études portent sur la relation entre la structure et la propriétés mécaniques de

la dentine. Depuis le siècle dernier, la micro-structure et les propriétés mécaniques du tissu denti-

naire ont été étudiées à différentes échelles par diverses techniques. Propriété élastique comme l’un

des paramètres essentiels a été attiré une grande attention. Les cavités à l’intérieur de la dent sont

réparées par les composites de résine. Le module du composite doit correspondre avec la substance

dentinaire afin d’éviter la concentration du stress à l’interface dentine-restauration. En outre, les pré-

dictions numériques en dentisterie nécessitent une connaissance approfondie du module élastique de

la dentine. Cependant, le module de Young annoncé de dentine humaine montre une grande variabilité

parmi toutes les mesures, basées soit sur la flexion, l’indentation, la tension, la compression ou les

techniques d’ultrasons. Quatre causes de la variabilité sont inter-donneur, intra-donneur, artefact tech-

nique et problèmes expérimentaux (fausse géométrie). Ainsi, une évaluation bien établie de la structure

géométrique et de la caractérisation mécanique de la dentine humaine est encore nécessaire. Le but de

cette thèse est d’explorer les protocoles de caractérisation géométrique et mécanique de la dentine hu-

maine, puis d’étudier ses propriétés mécaniques à différentes échelles. La connaissance de sa structure,

de ses propriétés mécaniques et de ses déformations dues aux variations de l’environnement extérieur

peuvent être utiles afin d’améliore les protocoles de restauration de la dentine.

Dans ce travail, quatre techniques d’observation (µCT, microscope optique, ESEM et microscope

confocal) ont été explorées et comparées. Micro-CT fournit le plus grand champ d’image, permettant
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une visualisation 3D de la dent entière. Cependant, la résolution limitée du voxel rend impossible

de distinguer les constituants détaillés de la dentine (tubules, dentine péritubulaire et dentine inter-

tubulaire). Le microscope optique a une taille d’image modérée. C’est le moyen le plus simple. Un

aperçu de la dentine à mi-échelle avec une résolution intermédiaire. Le contraste n’est pas suffisant

pour observer quantitativement les différents composants de la dentine, mais il donne la géométrie de

l’échantillon en peu de temps. ESEM possède une puissante capacité de contrôle de l’environnement

avec une résolution et un contraste élevés. La dentine peut être observée sans aucune préparation de

surface particulière, et ses composants principaux de structure sont visibles. Sur le contraste de flu-

orescence, la microscopie confocale est intéressante pour la visualisation 3D et la caractérisation de

la structure poreuse de la dentine. La limitation principale de cette technique est la restriction de la

profondeur de l’image (environ 50µm). Des caractéristiques géométriques, telles que la porosité et la

distribution des tailles de pores, peuvent être evalué, la haute résolution permettant de visualiser les

branches fines. Comparée à l’observation 2D, elle permet d’obtenir des informations supplémentaires.

Par example, les tubules montrent des structures en arbre plus complexes près de l’email que la forme

en Y déduite des observations 2D. Ces résultats peuvent également nous fournir des données d’entrées

pour une modélisation réaliste prennant en compte la structure poreuse complexe à l’intérieur de la

dentine humaine.Malheureusement, l’analyse morphologique est limitée au réseau poreux dans lequel

le fluide fluorescent peut pénétrer. De toute évidence, aucune de ces techniques d’observation ne peut

être considérée comme la meilleure. Chaque technique a ses propres avantages et inconvénients. Pour

différentes questions, il sera toujours nécessaire de choisir la bonne ou de peigner différentes technolo-

gies. Par exemple, bien que les méthodes de seuil choisies manuellement apportent du bruit dans les

mesures par microscope confocal, elles peuvent être réduites par l’utilisation d’images SEM. D’autres

techniques sont également disponibles, qui ne sont pas utilisées ici. Par exemple, le faisceau d’ions

focalisé (FIB) combiné avec SEM (sous le mode BSE) peut être utilisé pour réaliser la visualisation

3D de la structure de la dentine avec de grands détails.

Les conditions environnementales externes (température et humidité relative) jouent un rôle impor-

tant dans le comportement mécanique de la dentine. Durant la chirurgie dentaire générale, l’humidité

relative de l’air est toujours considérée comme un facteur clé de la force de liaison entre le matériau

de restauration et le substrat dentinaire. Cette liaison est également très sensible à l’humidité de

l’environnement, avec une adhérence très faible à une humidité relative élevée de l’air. Ainsi, la com-
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préhension de l’influence des conditions environnementales sur la dentine est cruciale pour anticiper

les propriétés demandées pour les matériaux de restauration. Plusieurs études ont été faites pour car-

actériser le coefficient de dilatation thermique de la dentine humaine. La plus ancienne étude a été

réalisée en utilisant un dilatomètre traditionnel dans de l’eau distillée. Une telle mesure globale ne

fournit aucune information locale sur la réponse des différentes composantes de la micro-structure de

la dentine. Plus tard, les informations locales ont été obtenues par interférométrie Moiré numérique et

analyse thermo-mécanique. On a obtenu des preuves directes de deux grandes régions de déformation

thermique: une expansion à basse température (inférieure à 55ºC) et une contraction à des tempéra-

tures plus élevées. On a signalé que le coefficient de dilatation thermique dépendait non seulement de

la plage de températures mais aussi de l’emplacement à l’intérieur de la dent. Récemment, la preuve

de Forien et al. ont montré que le couplage fonctionnel assisté par l’eau entre les fibrilles de collagène

et l’hydroxyapatite à l’intérieur de l’échantillon de dentine conduirait à une contrainte de compres-

sion après traitement thermique. Dans ce travail, un système intégré a été développé pour contrôler

simultanément l’humidité et la température de l’environnement autour d’un dispositif de compression,

équipé pour la mesure en temps réel de déformation DIC. Les erreurs de bruit ont été quantifiées dans

la plage de quelques dixièmes de µε. Des tests de compression sur la dentine humaine ont été effectués

dans ce système. Le module d’élasticité de la dentine humaine à l’échelle méso a été déterminé comme

étant de 16.7GPa avec un écart type de 5.1GPa. Le rapport de Poisson était de 0.31. On n’a observé

aucune forte influence d’humidité et de température sur ce module. On a exploré le comportement de

dilatation de la dentine humaine avec l’humidité relative: une augmentation de l’humidité relative in-

duit une dilatation isotrope importante de la dentine. Les effets thermiques ont été étudiés de la même

manière. Étonnamment, nous avons observé une contraction de l’échantillon lorsque la température

a augmenté. Ce comportement est lié à une modification des molécules d’eau autour des fibrilles de

collagène dans la dentine. D’autres méthodes ont été testées pour mesurer les propriétés mécaniques

de la mésoéchelle: RUS et essais de flexion à trois points (voir annexe D). La méthode RUS fournit

toutes les constantes élastiques en un seul test. Les résultats montrent que les modules élastiques de la

dentine humaine présentent de légères caractéristiques isotropes transversales et une forte anisotropie

dans le ratio de Poisson avec peu de variation entre nos échantillons. Cependant, les résultats obtenus

sont comparables aux résultats de compression, mais plus sensibles aux micro-défauts.

Les propriétés mécaniques macroscopiques de la dentine humaine ont été mesurées par des es-
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sais de compression insitu dans le chapitre précédent. Cependant, ces propriétés n’étaient pas liées

à la micro-structure des échantillons. Pour les applications biomédicales, ou pour la modélisation

fine, il est intéressant de relier une micro-structure comme observée par exemple en partie aux pro-

priétés macroscopiques. Ceci requiert évidemment une connaissance approfondie des propriétés de

chaque composant de la dentine. Le module élastique pour les deux composants de la dentine (den-

tine péritubulaire et intertubulaire) a été déterminé par nanoindentation. Deux méthodes (CSM et

déchargement) ont été utilisées. Les localisations des indentations ont été déterminées par des obser-

vations AFM. Les modules élastiques résultants de la dent péri et intertubulaire ont été déterminés

comme 16.2GPa et 26.7GPa pour les mesures CSM, et comme 16.1GPa et 25.1GPa, pour la méthode

de déchargement. Les rapports de surface de chaque composant dentinaire ont été estimés à partir

du test d’indentation associé à l’observation de localisation par AFM. Les valeurs moyennes pour les

tubules, la dentine péritubulaire et la dentine intertubulaire ont été estimés: 5.2%, 10.1% et 84.6%.

La loi de mélange a ensuite été utilisée pour prédire les propriétés efficaces de méso-échelle, qui sont

trouvées dans la plage de celles déterminées par des essais de compression. Le comportement de fluage

de la dentine a également été évalué et modélisé par un hamburger à quatre éléments modèle.

Pour résumer, une étude morphologique et mécanique du tissu dentinaire a été effectuée. De nou-

velles techniques, par example, la microscopie confocale ont été utilisées et ont montré leur utilité dans

le but de donner un nouvel éclairage sur le tissu dentinaire. Les protocoles d’essais mécaniques qui ont

été mis en place à différentes échelles permettront de mieux comprendre la relation structure-propriété

en utilisant les outils d’observation validés dans ce travail.
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La dentine est l'un des principaux éléments 

constitutifs de la dent humaine. Elle montre une 

structure hiérarchique. A l'échelle 

microscopique, la dentine est composée de 

tubules (porosité naturelle du tissu), de dentine 

péritubulaire et de dentine intertubulaire. 

L'organisation de ces structures détermine 

fortement ses propriétés mécaniques. La 

connaissance de sa structure, de ses propriétés 

mécaniques et de ses déformations dues aux 

variations de l'environnement extérieur peuvent 

être utiles afin d'améliore les protocoles de 

restauration de la dentine. Dans ce travail, quatre 

techniques d'observation (CT, microscope 

optique, ESEM et microscope confocal) ont été 

explorées et comparées. En particulier, la 

microscopie confocale a été utilisée afin de 

visualiser en 3D le réseau poreux dentinaire. 

Comparée à l'observation 2D, elle permet 

d'obtenir des informations supplémentaires. Par 

exemple, les tubules montrent des structures en 

arbre plus complexes près de l'email que la forme 

en Y déduite des observations 2D. Ces résultats 

peuvent également nous fournir des données 

d'entrées pour une  modélisation réaliste 

prennent en compte la structure poreuse 

complexe à l'intérieur de la dentine humaine. 

Par la suite, un test de compression associé à la 

corrélation d'images numérique a été mis en 

place avec un système qui permet de commander 

simultanément l'humidité et la température de 

l'environnement. Grâce à ce dispositif, le module 

d'élasticité de la dentine humaine a été mesuré 

(16.7GPa avec un écart-type de 5.1GPa), et le 

coefficient de Poisson a été estimé à 0.31. 

 

 

 

 

 

 

 

 

Le comportement de dilatation de la dentine 

humaine avec l'humidité relative a été étudié. La 

spectroscopie par résonance ultrasonore (RUS) a 

été utilisée et ses résultats comparés au test de 

compression mécanique. À échelle 

microscopique, les propriétés mécaniques de la 

dentine péritubulaire et de la dentine 

intertubulaire ont été caractérisées par 

nanoindentation. Les deux méthodes utilisées 

(méthode dynamique CSM et méthode de 

déchargement statique) indiquent les mêmes 

tendances en matière de module d'Young pour 

les deux composantes de la dentine. La dentine 

péritubulaire a un module d'élasticité plus élevé 

(26.7GPa avec un écart type de 3.1GPa) que la 

dentine intertubulaire (16.2GPa avec un écart 

type de 5.5GPa). De plus, le comportement en 

fluage de la dentine a été étudié par 

nanoindentation. Il se trouve qu'un modèle de 

Maxwell-Voigt à quatre éléments peut être 

utilisé pour évaluer le comportement en fluage de 

la dentine 

Pour résumer, une étude morphologique et 

mécanique du tissu dentinaire a été effectuée. De 

nouvelles techniques, par example, la 

microscopie confocale ont été utilisées et ont 

montré leur utilité dans le but de donner un 

nouvel éclairage sur le tissu dentinaire. Les 

protocoles d'essais mécaniques qui ont été mis en 

place à différentes échelles permettront de mieux 

comprendre la relation structure-propriété en 

utilisant les outils d'observation validés dans ce 

travail. 
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Human dentin is one of the main components of 

human tooth. It shows a hierarchical structure 

from a multi-scale point of view.  Generally 

speaking, dentin can be seen as a hard 

biomaterial consisting in 3 phases: the porous 

phase made of tubules, the inclusion phase made 

of peritubular dentin and the matrix phase made 

of intertubular dentin. These hierarchical 

structures strongly determine its mechanical 

properties. The knowledge of its structure, its 

mechanical property and its deformation 

behavior due to the variation of the external 

environment may be useful to improve the 

dentin restoration process. In this work, four 

observation techniques (CT, optical 

microscope, ESEM and confocal microscope) 

have been used and compared. Particularly, 

confocal microscopy is proposed to allow 3D 

visualization of the complex dentin porous 

network. Compared with usual 2D observation 

tool, it may provide new information. For 

example, near the DEJ, tubules show a more 

complex tree structure than the Y-shaped 

deduced from 2D observations. These findings 

may also allow to achieve more realistic 

modeling considering the complex porous 

structure inside human dentin. 

Later on, compression test associated with DIC 

was carried out within an integrated system 

which can control simultaneously the humidity 

and the temperature of the environment. Using 

this system, the elastic modulus of human dentin 

was measured to be 16.7GPa with a standard 

deviation of 5.1GPa. And the Poisson's ratio was 

found to be 0.31.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dilatation behavior of human dentin due to 

relative humidity was also explored. 

Furthermore, resonant ultrasound spectroscopy 

was performed in order to compare the results 

with these mechanical testing. At the micro-

scale,  the mechanical properties of peritubular 

dentin and intertubular dentin were 

characterized by nanoindentation. The two 

methods used in this work (dynamic CSM 

method and the static unload method) present 

the same trends of elastic moduli for the two 

components. Peritubular dentin has a higher 

elastic modulus (26.7GPa with a standard 

deviation of 3.1GPa) than intertubular dentin 

(16.2GPa with a standard deviation of 5.5GPa). 

Besides, the creep behavior of dentin was 

assessed by nanoindentation. Four elements 

Maxwell-Voigt model can be used to model 

dentin's creep behavior. 

To sum up, a morphological and mechanical 

study of the dentinal tissue has been performed. 

New techniques, such as confocal microscopy 

have been used and showed their usefulness in 

order to give new insight into the dentinal tissue. 

The mechanical testing protocols that have been 

set up at different scales will enable to better 

understand the structure-property relationship 

by using them associated with the observation 

tools validated in this work. 
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