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Abstract: The extensive knowledge of root dentin’s mechanical properties is necessary for the pre-
diction of microstructural alterations and the teeth’s deformations as well as their fracture behavior.
Standardized microindentation tests were applied to apical, medial, and cervical root sections of
a mandibular human first molar to determine the spatial distribution of the hard tissue’s properties
(indentation modulus, indentation hardness, Martens hardness, indentation creep). Using an inden-
tation mapping approach, the inhomogeneity of mechanical properties in longitudinal as well as
in transversal directions were measured. As a result, the tooth showed strongly inhomogeneous
material properties, which depended on the longitudinal and transversal positions. In the transversal
cutting planes of the cervical, medial, apical sections, the properties showed a comparable distri-
bution. A statistical evaluation revealed an indentation modulus between 12.2 GPa and 17.8 GPa,
indentation hardness between 0.4 GPa and 0.64 GPa and an indentation creep between 8.6% and
10.7%. The established standardized method is a starting point for further investigations concerning
the intensive description of the inhomogeneous mechanical properties of human dentin and other
types of dentin.

Keywords: creep; human root dentin; indentation elastic modulus; mapping; Martens hardness;
microindentation; Vickers hardness

1. Introduction

A human tooth consists mainly of dentin. In dentistry, extensive knowledge of the
mechanical properties of dentin microstructure regarding dentin alterations (abrasive and
erosive processes, sclerotic dentine) and the fracture behavior, as well as the interaction
with bonding agents and restorative materials, is required. Kinney et al. summarized
the reliable ranges for the magnitudes of mechanical properties of human dentin, such as
hardness, strength, fracture toughness, and fatigue, in a literature review [1]. A further aim
of the experimental characterization is the prediction of the deformations of human dentin
under different applied loads and under the influence of different surrounding conditions.
For the modelling of the entire tooth, measurements of the mechanical properties are
required. Grzebieluch et al. [2] modelled the mechanical properties of human dentin
based on the concept of representative volume element (RVE) using the finite element
method. The authors used the elastic properties determined by Kinney et al. [3] for the
RVE modelling of dentin with a certain tubule orientation.

Several authors investigated the mechanical properties of dentin by means of com-
pression testing [4], four-point bending flexural testing [5,6], microhardness testing [7-11]
or nanoindentation [12-14]. Cuy et al. [15] mapped out the properties of enamel over the
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transversal cross-section of a maxillary molars, whereas Wang et al. [14] investigated the
dentin-enamel junction at different locations by means of nanoindentation. For human
root dentin, no investigation exists concerning the whole distribution of the mechanical
properties in the longitudinal and transversal direction of the teeth.

The aim of the current study was to demonstrate a standardized measurement method
determining the distribution of the mechanical properties (indentation modulus, Martens
hardness, indentation hardness, indentation creep) for human root dentin for the first
time. Therefore, the root of a tooth was sectioned in longitudinal and transversal segments,
and the micro-mechanical properties of the cutting surfaces were measured by means
of microindentation.

2. Materials and Methods
2.1. Sample Preparation

For the current investigation, a mandibular first molar was exemplary selected to
show the applicability of the demonstrated measurement method. The tooth was collected
from the Clinic of Oral and Maxillofacial surgery. It was extracted for medically justifiable
reasons without any connection to the present study. No information was available about
the patients’ name, age, sex, or general health condition. The tooth was not endodontically
treated, and tooth’s root was not fractured and had no carious lesions. The molar was
stored in 0.1% thymol solution at 6 °C for 9 weeks. The tooth was cleaned from calculus as
well as from hard and soft tissue previously to examination.

The tooth root was sectioned by means of a precision cutting machine with perma-
nent water cooling (Accutom-50, Struers GmbH, Willich, Germany). The tooth crown was
removed at the level of the cemento-enamel junction. The mesial and the distal root were
separated from each other (Figure 1a). The distal root was further divided into two parts
along the longitudinal axis in the mesio-distal direction. One of these parts represented the
longitudinal segment (LS). The other part was further sectioned into three segments, in the
following denoted as cervical segment (CS), medial segment (MS), and apical segment (AS).
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Figure 1. Sample preparation of human molar: separation of crown (lingual view), (a); partition of root dentin (distal view),

(b); longitudinal segment (distal view), (c); partition of distal half (distal view), (d).

Each segment was embedded in acrylic cold mounting resin for mounting. The blocks
were then ground using a motorized polishing wheel (Rotopol-15, Struers GmbH, Willich,
Germany) with interchangeable silicon carbide grinding discs of diminishing grit size
(800 grit, 1200 grit, 2400 grit, and 4000 grit). Between each grinding step and at the end
of polishing, the sample surfaces were gently cleansed of debris using running water and
the cutting surfaces were blown off with air. To visualize the tooth anatomy, images of
each cutting surface were taken by means of a stereo microscope (Zeiss Stemi 2000-C
ZOOM, Carl Zeiss Jena, Jena, Germany) with an attachment system 0.3 x and viewing
magnification of 1.
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2.2. Microindentation Measurements

The mechanical properties of the different segments were analyzed using instrumented
microindentation tests following VDI/VDE 2616 [16] (Figure 2). By means of an automated
microindentation measuring system with programmable xy-table (Fischerscope H 100 C,
Helmut Fischer GmbH, Sindelfingen, Germany), the mechanical properties were determined
applying a measuring grid with a distance between points of 0.2 mm in x-direction and
0.2 mm in xp-direction for the transversal segments and 0.3 mm in x;-direction and 0.3 mm
in x3-direction for the longitudinal segment, respectively. All measurements were carried
out at standard atmosphere.
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Figure 2. (a) Experimental setup and (b) example of the applied measuring grid of microindentation testing.

The microindentation tests were carried out using an ideal Vickers pyramid. Us-
ing the curves of the indentation depth h under test force F while the test force in-
creased, the Martens hardness HM and indentation hardness HIT were determined as
described by [16]:

F

M= 6w M
F

HIT = 24.43h2 @

The indentation hardness HIT is related to the material’s resistance to permanent
deformation and was calculated by means of the contact depth /.. In contrast, the Martens
hardness HM is related to both the plastic and the elastic material properties. The increase
in the indentation depth starting from an indentation depth /; to an increased depth hy
after the application of the maximum test force describes the material’s creeping. The
indentation creep CIT was calculated as follows [17]:

cir="2=M

100% @)

The indentation modulus EIT describes the elasticity of the material. Using the tangent
of the decrease curve, the calculation of the indentation modulus was described by [17]:

EIT 1

-2~ 1 17 4)

Thereby, Poisson’s ratio of the specimen, v, Poisson’s ratio of the indenter v;, the
reduced modulus at contact E, ,;, and the elastic modulus of the indenter E; were considered.
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For the selection of a suitable test force, a comparable human molar was used. This
tooth for preliminary investigations was prepared under equal conditions as the detailed
investigated tooth of the current study. For this tooth, a variation of the test force F and the
related Martens hardness HM showed a reliable reproducibility of the measured values for
forces greater than 600 mN (compare Figure 3). This force ensured a sufficient maximum
indentation depth with values between 5.8 um and 11.2 um. According to the requirement
h > 20Ra of the indentation testing, the arithmetic average roughness Ra was measured by
means of a three-dimensional measurement system (pscan, NanoFocus AG, Oberhausen,
Germany) following DIN EN ISO 4287 [18]. Therefore, a representative quadratic area with
a dimension of 1.3 mm of the cervical and the longitudinal segment was optically measured
with an equidistant resolution of 1.5 pum. An averaged roughness of Ra = 0.1 £ 0.07 um was
measured for the cervical segment and an averaged roughness of Ra = 0.06 £ 0.006 pm was
determined for the longitudinal segment. Using the maximum test force of 600 mN, the
requirement of a sufficient indentation depth for the given surface roughness was fulfilled.

" " 1 1 " L " " L " 1 " 1 n " " 1 1 " " " " | 1 1 " "
"0 100 200 300 400 500 600
F (mN)

Figure 3. Influence of the maximum applied test force (10 measurements on the cutting surface of
the tooth).

On the basis of a large number of comparative measurements, the values of HIT were
converted into Vickers hardness HV. Therefore, a functional relationship between the
optically measured Vickers hardness HV and the related indentation hardness HIT was
determined by means of a linear least square fit. This yielded the following functional

correlation (Figure 4):
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Figure 4. Functional relationship between indentation hardness HIT and the Vickers hardness HV
with confidence bounds (confidence level of 0.95, resulting adjusted R-square of 0.96).
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According to the results of the preliminary investigations, all measurements were
performed with a maximum test force Fy;y = 600 mN, an application time of the test force
of tr = 30 s, a dwell time of the test force of t; = 30 s, and a time for removing the test
force of t, = 30 s (compare Figure 5). The test force was applied with a constant gradient of
0+/F/9t. The measurements showed that the dentin was prone to creep after applying the
maximum test force. After a period of 30 s, the creep rate decreased. The measurements
of the properties HIT, HM, EIT/ (1 — v2) and CIT were performed and evaluated using
the manufacturer’s original analyzing software (WIN-HCU 7.7, Helmut Fischer GmbH,
Sindelfingen, Germany).
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Figure 5. Exemplarily measured curve of test force and indentation depth.

2.3. Spatial Analysis of Measured Data

The indentation measurements obtained the mechanical properties as a function of
their current position located at the cutting surface of the different segments. To identify the
anatomical boundary of the tooth, an additional measurement following the outer contour
of the tooth was carried out (Figure 2). Only values within and on this boundary were
included in the following investigations. Additionally to the investigation of mechanical
properties maps, the mechanical properties at certain regions of interest (ROI) were ana-
lyzed. Therefore, lines were defined manually as ROI by means of an interactive draggable
and resizable line. Therefore, the built-in function imline of the numerical computing
environment (MATLAB 9.5, MathWorks, Inc., Natick, MA, USA) was used. For the LS, the
mechanical properties related to lines approximately parallel to the longitudinal axis z start-
ing from the apical dentin were determined. The transversal segments (CS, MS, AS) were
analyzed using radial oriented lines, which were drawn through the approximated center
of the root canal. For each line, the origin was located at the boundary of the root and the
end was the outer contour of the root. The coordinate of length I of the lines in longitudinal
and radial direction was normalized by their total length L. A two-sided Wilcoxon rank
sum test with a significance level of & = 0.05 was carried out to show differences between
the medians of the micro-mechanical properties evaluated for all values of measurement
area and evaluated for the values defined by the certain lines.

3. Results
3.1. Mechanical Properties of Human Dentin

The measurements of the mechanical properties show an inhomogeneous distribution
over the investigated cutting surfaces (Figure 6). Comparing the anatomy of the different
segments, there was partially a relationship between dark-colored areas and the resulting
properties. The measurements showed a viscoelastic-plastic deformation behavior during
the applied indentation procedure (Figure 5). Comparing the transversal segments (CS,
MS, AS), similar distributions of the mechanical properties are visible. As expected, the
inhomogeneity of properties was also visible for the different lines in longitudinal as well
as radial orientation (Figures 7 and 8).
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Figure 6. (a) Anatomy of mandibular first molar (longitudinal segment (LS), cervical segment (CS), medial segment (MS),
apical segment (AS,) and (b) the related spatial distribution of mechanical properties: indentation modulus EIT, indentation
hardness HIT, Martens hardness HM, indentation creep CIT.

CIT
B %
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The statistical evaluation of the measured values of the entire area resulted partially
in similar results as the values determined at the different ROIs (Table 1). Both statistical
evaluations showed a high standard deviation which was related to the material’s inhomo-
geneity. As expected, the cervical dentin has the highest mean values of the mechanical
properties EIT/ (1 —v2), HIT, and HM. The indentation creep obtained the lowest value
for the cervical third.
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Figure 7. Micro-mechanical properties of the longitudinal segment evaluated at cutting lines (8 lines).
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Figure 8. Micro-mechanical properties of the transversal segments evaluated at cutting lines (7 lines).
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Table 1. Statistical evaluation of the mandibular molar (mean value + standard deviation (probability value p)).

Value. Longitudinal Cervical Medial Apical
Evaluation of Entire Area
EIT/ (1 — 1/52) in GPa 13.7 £ 2.34 17.8 +4.38 16 + 3.09 122 +1.96
HIT in GPa 0.47 +0.102 0.64 +0.171 0.54 +0.133 0.4 +0.072
HYV in MPa 47 £12.6 63.5 +19.13 53.7 £ 15.55 41.2+9.78
HM in GPa 0.41 £ 0.081 0.54 + 0.136 047 +0.101 0.36 4+ 0.058
CIT in % 9.5 +0.82 8.6 £1.21 91+13 10.7 £ 1.03

Evaluation of Lines

EIT/(1—v?)inGPa

13.1 + 1.72 (p < 0.01)

16.9 £4.13 (p < 0.01)

15.3 £ 3.36 (p = 0.04)

11.8 £ 1.99 (p = 0.3)

HIT in GPa 043 +0.077 (p<0.01)  0.61+£0.168(p<0.01) 051 +0.137 (p=0.25)  0.39 =+ 0.069 (p = 0.13)
HV in MPa 4454102 (p<0.01)  60.6+1879(p<001) 51.8+1592(p=025)  40.1+9.51 (p=0.13)
HM in GPa 038 +£0.06(p<0.01)  052+0.132(p<0.01) 045+0.108 (p=0.13)  0.35 % 0.057 (p < 0.09)

CITin % 9.8 4 0.57 (p < 0.01) 8.6 4 1.25 (p = 0.48) 9 4+ 1.09 (p = 0.99) 10.6 £ 0.91 (p = 0.26)

3.2. Spatial Description of Mechanical Properties

The analysis of the different lines in longitudinal as well as radial orientation showed
similar spatial courses (Figures 7 and 8). For the longitudinal segment, the mean values of
EIT/ (1 — 1/52) , HIT and HM as well as the statistical scattering increased whereas the value
of CIT slightly decreased with increasing distance from the apex (Figure 7). Analogously,
the mechanical properties EIT/ (1 —v2), HIT and HM, of the apical segment showed
lower values than the values of the cervical segment (Figure 8, Table 1).

In radial direction of the different transversal segments, the values of the mechanical
properties EIT/(1—v2), HIT and HM had their maximum between I/L = 0.5 and
I/L = 0.8 (Figure 8). The indentation creep showed the highest values for the apical
segment and slightly decreased with increasing distance from the root canal center to the
outer contour of the tooth (Figure 8).

4. Discussion

The findings of the current study show that human root dentin has a highly inhomo-
geneous viscoelastic-plastic deformation behavior. The investigated longitudinal segment
showed an increase in the elastic modulus and the hardness as well as a decrease in the
creep starting from the apical to the cervical region of the tooth. For most of the investigated
transversal segments, the modulus and the hardness of the root dentin had lower values at
the outer regions (root canal, periodont). Regarding the creep, the values were higher in
the outer regions for most of the transversal segments. A radial symmetry of the spatial
distribution of the micro-mechanical properties was visible. To identify these relationships,
different linear evaluation paths were defined and statistically analyzed. The alignment
as well as the location of the root canal sections was related to the tubule orientation
of the root dentin (compare [6]). Therefore, center points were located within the main
root canal being approximated at its center as demonstrated by Kucher et al. [19] for the
transversal segments. Starting from this center point, approximately radially oriented
measurements were performed. For the longitudinal segment and in the longitudinal
direction, the orientation of the dentin tubules was similar.

Arola et al. [5] investigated the flexural modulus of beam (human dentin of different
age groups) by means of four-point bending tests for different ages. They obtained values
between 12 and 17 GPa; however, these values should be considered as integral values for
the entire length of the specimen. Using the same experimental setup, Arola et al. [6] further
analyzed the influence of the tubule orientation and obtained an averaged flexural modulus
of 18.7 GPa for the beam length aligned parallel to tubules and 15.5 GPa perpendicular
alignment, respectively. Fonseca et al. [8] characterized, among other things, the effect of
Radiodensity on the Knoop hardness for one human third molar (enamel, dentin), but they
analyzed only five indentations per specimen. He et al. [9] measured the Knoop hardness
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of dental hard tissue along specific lines at different distances from the outer enamel
to the dentin-enamel junction. Liang et al. [13] measured among other things the nano-
mechanical properties of dentin by means of nanoindentation with only six indentations
per sample and obtained an indentation modulus of 29.3 GPa and a hardness of 0.78 GPa.
Saghiri et al. [10] analyzed the relation between erosion and microhardness of root canal
dentin by using a Vickers microhardness tester. The average of three indentations was
calculated at two different distances from the pulp dentin interface. Hereby, values of HV
3N/20 s = 40-47 N/mm? (at 100 um) and of HV 3 N/20 s = 50-57 N/mm? (at 500 pm)
were obtained. Wang et al. [14] investigated intensively the spatial distribution of the
mechanical properties of dental hard tissue in the area of the dentin-enamel junction
by means of nanoindentation and obtained an indentation modulus between 15 and
20 GPa and a hardness in the range from 0.7 to 0.8 GPa. In addition, the gradient of
the mechanical properties at different intratooth locations crossing the dentin-enamel
junction was evaluated. Zaytsev et al. [4] determined among other things the Young’s
modulus of cuboids for human dentin under uniaxial compression, which resulted in
a modulus of approximately 4 GPa. The measurement of certain areas of dentin was
carried out by Kinney et al. [12], representing only a very small selection of measured data.
The investigation of pre-defined regions such as demonstrated by Constantino et al. [20]
obtained a better understanding of the spatial distribution, but these investigations were
carried out for the enamel of primates. Cuy et al. [15] determined the nano-mechanical
properties and distributions of enamel for longitudinal segments.

Compared to these previous studies, the application of the microindentation mapping
enabled a detailed spatially resolved measurement of the micro-mechanical properties of
dental hard tissue at different locations and in different orientations of the entire tooth. Fur-
thermore, the demonstrated evaluation enabled the identification of patterns or symmetries
in the spatial distribution of the mechanical properties. The introduced microindentation
mapping approach was carried out for the investigation of the entire human root dentin for
the first time. This represents an automatable and reproducible measurement method and
at the same time has lower requirements for specimen preparation than nanoindentation.
The mounting of the investigated specimen allowed the measurement of a high number
of measurement points with minimal relocation. To compare the values of hardness mea-
surements to previous studies (such as the study by Saghiri et al. [10]), the values of the
indentation hardness were converted into Vickers hardness HV 0.6 N/30 s.

However, there were also some limitations of the introduced approach. In the bound-
ary region (outer contour of the tooth), an influence of the measured values cannot be
completely rejected since the resin does not have the same mechanical properties as the
investigated dentin. A minimum distance between the measuring points is required to
prevent the interactions between the individual measurements. This distance limits the
maximum resolution of the measuring grid.

Nevertheless, the microindentation mapping of human root dentin enables an inten-
sive characterization and evaluation of the inhomogeneous distributed micro-mechanical
properties of dental hard tissue to identify patterns and symmetries. The introduced
approach is a starting point for further investigations with higher numbers of specimens
and/or pathologic altered dental hard tissues.

5. Conclusions

The standardized microindentation method enabled the mapping of the inhomoge-
neous viscoelastic-plastic material behavior of human root dentin. The evaluation of the
spatially resolved micro-mechanical properties showed similar spatial distributions for the
longitudinal segment in the longitudinal direction as well as for the transversal tooth seg-
ments in the radial direction. As a result, a punctual measurement of the micro-mechanical
properties of dentin cannot be used for the assessment of the complete dental root.
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