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Elastic modulus determination at different levels
of periodontal ligament in nanoindentation
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Abstract: In order to investigate the material properties of
periodontal ligament ( PDL ) in different locations, the
nanoindentation method is used to survey the elastic modulus
of the PDL at different levels. Cadaveric specimens of human
mandibular canine were obtained from 4 adult donors, 16
transverse specimens were made from the sections of cervical
margin, midroot and apex using the slow cutting machine.
The prepared specimens were tested in different sections
(along the longitudinal direction) and different areas (in the
circumferential direction). According to the Oliver-Pharr
theory, the mean values of elastic modulus were calculated for
each area and the differences among them were compared. In
the midroot section, the average elastic modulus is ranging
from 0. 11 to 0. 23 MPa, the changing range of the cervical
margin and apex are from 0. 21 to 0. 53 MPa and 0. 44 to
0.62 MPa, respectively. Experimental results indicate that the
average elastic modulus in the midroot is lower than that in the
cervical margin and apex, and relatively small changes occur
among them. However, there is a large change to the elastic
modulus value in the circumferential direction for the PDL.
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eriodontal ligament (PDL) is a deformable compo-
P nent connecting tooth root and alveolar bone, which
transmits orthodontic forces and moments to alveolar bone
and results in tooth mobility during orthodontic treat-
ment'' ™. However, according to the previous literature
and dentist experience, clinical orthodontic treatment is a
long-term and iterative process, and is even accompanied
by possible side effects. Furthermore, the magnitude of
forces and moments is considered to be indeterminate and
the biologic response to orthodontic forces is unknown as
B# " Studying the material properties of PDL is fun-
damental for elucidating the role of PDL in absorbing the
treatment load and increasing the understanding of tooth

well

Received 2016-11-20.

Biographies: Yang Yu (1988—), male, graduate; Tang Wencheng
( corresponding author), male, doctor, professor, tangwc @ seu.
edu. cn.

Foundation item: The National Natural Science Foundation of China
(No. 51305208).

Citation: Yang Yu, Tang Wencheng. Elastic modulus determination at
different levels of periodontal ligament in nanoindentation[ J] . Journal of
Southeast University ( English Edition), 2017,33(1):33 —38. DOL: 10.

3969/j. issn. 1003 —7985.2017.01.006.

movement under orthodontic loading.

The finite element method (FEM) is an important tool
for analyzing the orthodontic movement or the distribution
of stress and strain within teeth and periodontium. In order
to make the FEM analysis more realistic, accurate material
properties must be taken into consideration. Since 1960s, a
large number of researchers
through a series of experiments, such as the uniaxial ten-
sional”™, intrusion and extrusive test'”’. Some other
measuring methods were adopted to evaluate the distribu-
tion of stress and strain exerted within the tooth and peri-
odontium, including laser holography'™, optoelectronical
set-ups'”’, photoelastic models'"” and electronic speckle
pattern interferometry (ESPI)"'". In spite of this, a num-
ber of different results were obtained. The minimum value

studied elastic modulus

of the elastic modulus was 0.01 MPa, while the maximum
value was 1 750 MPa'”', which differed by a factor of
10°. The difference can be attributed to complicated PDL
structure, different modeling assumptions for mechanical
behavior and the impact of experimental and environmental
conditions. When a PDL model was established in the fi-
nite element analysis, one problem to consider is that the
settings of material properties ascribe to this structure. The
majority of researchers assume it to be a linear '™
ar'™ or nonlinear model”' for finite element analysis.
The nanoindentation technique is widely applied to thin

, biline-

film material, new functional material and biological tis-
sue material. Based on the load-displacement data of in-
dentations on a nanometre scale,
properties can be obtained by the test surface of the mate-
rials. Unlike other conventional experimental methods for
material properties estimation, the local precision me-
chanical properties of biomaterial structures can be ob-
tained by the nanoindentation technology, and its high

the selected material

resolution of force and accurate indent positioning are
considered to be advantageous. As two important per-
formance parameters of material properties, elastic modu-
lus and hardness can be directly extracted from the unloa-
ding curve of indentations by utilizing Oliver and Pharr’s
method""” . The ability of the microstructure of PDL to
resist the external force deformation can be investigated
by the nanoindentation technique, in which, the elastic
modulus of the material is calculated by the indentation
load-displacement data. Besides, it is a bridge to com-
bine microcosmic mechanical properties and the intrinsic
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parameters of the material. Huang et al.'”' verified the
applicability of the V-W exponential hyperelastic model
to describe the instantaneous elastic of the PDL in the
nanoindentation method with a spherical indenter. Ashrafi
et al. "™ developed a mathematical approach capable of
determining the time-dependent Poisson’s ratios of the
periodontal ligaments based on the nanoindentation exper-
imental data of stress relaxation and creep tests.

Nanoindentation experiments were performed with vari-
ous tip geometries. Currently, the measuring indenter in-
volves pyramids, sphere punches, cones, and wedges.
Since each indenter is provided with its own advantages
and disadvantages, it is important to choose a suitable one
for a given application. As a type of pyramid, the Berk-
ovich indenter is extensively used for numerous applica-
tions. The reason is that the sharp geometry offers a high
degree of spatial resolution and induces plasticity at a
shallow depth. In the presence of transient behavior, the
changing contact area prevents the conditions of steady-
state harmonic motion, and a known contact area cannot
be used for calculation. The contact area can be directly
measured and it is not affected by transient behavior or
thermal drift, therefore the geometry of the flat punch in-
denter alleviates these problems. Study concerning the e-
lastic modulus of human periodontal ligaments was not re-
ported in the nanoindentation method. The advantage of
this study is to obtain more accurate elastic modulus val-
ues in different levels and locations.

The objective of this paper is to determine the elastic
modulus of PDL at different levels and compare the elas-
tic modulus in the circumferential regions in nanoindenta-
tion, as well as provide a basis for the finite element
analysis to simulate tooth movement.

1 Theory

In the Oliver-Pharr scheme!”, reduced elastic modulus

can be obtained from the initial slope of the unloading
curve which can be fitted by a power function.

P=C(h-hy)" (1)

where P is the indentation load; C and m are fitting pa-
rameters; h is the indenter displacement; #, is the residu-
al indentation depth. Taking the derivative of h for Eq.

(1), unloading stiffness S is obtained by
S=mC( Iy, —h)"™ (2)

The contact depth between the indenter and the sample
can be determined by

max

(3)

where P denotes the peak load; & is a constant depen-
ding on the indenter geometry. According to the geometry
and the contact depth of the indenter, the contact area can
be determined. Reduced elastic modulus is calculated by

B

. 1 1
E" = —_— = 4
where B is a constant related to the indenter geometry (3
=1.0 for a flat punch); E* denotes the reduced elastic
modulus. When considering the elastic deformation of the
indenter, the reduced elastic modulus can be denoted by

. 1-v 1-vi\™

E" = -
( E T E )

(3)

where E and v are the elastic moduli and Poisson’s rations
of the measured material, respectively; E, and v, are cor-
responding elastic moduli and Poisson’s rations (for the
diamond flat punch indenter, E, =1 141 GPa and v, =
0.07), respectively. It is important to note that due to
very high stiffness of the indenter, E* can be employed
to represent our sample stiffness when compared with
PDL, which can be computed from the unloading curve.

For a cylindrical flat punch indenter with a section radi-
us of R and contact area constant for the cross-sectional
area, the following formula is given:

Jr o1 S Fow

2 /=7 2r 2R(h,, -h,,)

the unloading part

E" = (6)
However, for viscoelastic material,
curve is more convex(dotted curve in Fig. 1) than that of
the elastic-plastic materials. As a consequence, it leads to
contact stiffness overestimation. A “nose” may be evident
and the contact stiffness is negative when the unloading
rate is sufficiently low. Applying the measured contact
stiffness S to determine the contact depth and elastic mod-
ulus may introduce considerable errors. Feng et al.'"
proposed that by adopting the following equation, the true
contact stiffness S, can be calculated from the measured
contact stiffness S.

|

5.7 TR 7
where &, is the creep rate (dh/dt) at the end of holding;
P is the unloading rate (dP/dt) at the beginning of unloa-
ding. Replacing S in Egs. (2) to (4) and (6) with S,
the contact depth and reduced modulus can be accurately

determined.
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Fig.1 Load-displacement curve of the indentation tests
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2 Experimental Methods and Details

In the experiments, four cases of human cadaveric
mandibula were provided by the Stomatological Hospital
of Jiangsu Province. All procedures were approved from
the Research Ethics Committee of Affiliated Hospital of
Nanjing Medical University. Maxillary canine samples in-
cluding tooth, PDL and alveolar bone were made. With
the help of a slow cutting machine, samples were cut into
3 sections with a thickness of approximately 2 mm, which
were perpendicular to the longitudinal axis of the tooth
(see Fig. 2). A total of 12 specimens were harvested,
among which 4 were from the cervical margin, 4 were
from the midroot and the other 4 were from the apex. All
specimens were stored in saline solution at 10 C until the
start of the experiments (less than 2 d).

Buccal Lingual
Specimens [ ] } Cervical
/ margin
Midroot

} Apex

Fig.2 Slice sample production at different levels of the tooth

At a constant room temperature of 27 C, a nano test
machine ( Agilent Technologies Nano Indenter G200 )
was used to measure the elastic modulus of PDL. The
sample was pasted on the petri dish and the petri dish
was fixed onto the working table at the same time ( see
Fig.3). A total of 4 test areas were determined which
included the buccal, lingual, mesial and distal of PDL
(see Fig.4(a)), and a moving microscope can test the 4
areas. Using a low microscopic magnification to find a
flat test area, subsequently changing to a high magnifi-
cation to confirm the test position, 2 x 2 indentations
were programmed and performed in each region ( see
Fig.4(b)). During experiments, the PDL region was
coated with saline solution for half an hour to guarantee
tissue activity.

A flat punch with a radius of 20 pm was used to test
PDL specimens and the elastic modulus was calculated
based on the obtained load-displacement curves. A inden-
tation force of 1 mN was reached at the loading rate of
0.1 mN/s. The dwell time lasted for 20 s and finally the
PDL was unloaded at the same rate. The load-displace-
ment data in the whole testing process was recorded to in-
vestigate the material properties of the PDL.

Fig.3 Photographs of the slice sample on the working table of
nanoindentation

Buccal

PDL

Distal Mesial

Lingual
() (b)
Fig.4 Diagrams of the PDL area. (a) The cross-section specimen
of tooth; (b) Mesial side image of specimen with10-fold magnification

3 Results

Among 12 specimen tests, in a total of 192 indentation
curves, 175 can be calculated (excluding error and unable
fitted curves). Due to the difference between specimens
and the anisotropy of the PDL, testing the same section for
different samples with a fixed loading velocity led to dif-
ferent load-depth curves during loading and unloading pro-
cedures (see Fig.5). In the same region of the same sec-
tion specimen, the variations of load-depth curves are rela-
tively small compared with the same section(see Fig.6).
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Fig.5 Comparison of different load-depth curves of the apex

specimen

According to the experiment results, some curves that
failed to fit the unloading curve are abandoned. The mean
value of PDL and standard deviations of different sections
along the longitudinal direction and in the circumferential
direction for specimen 1 to specimen 4 are summarized in
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Fig. 6  Four load-depth curves of the lingual region on the

midroot specimen

Tab. 1 and Tab. 2 respectively. A paired t-test was adopt-
ed to compare different levels (along longitudinal direc-
tion) and different areas (in the circumferential direction).
Consequently, the elastic modulus shows a significant
difference along the longitudinal direction, while no sig-
nificant differences were observed in the circumferential di-
rection. A highly significant difference was observed among
the midroot, cervical margin, and apex (see Tab.3).

Tab.1 The average elastic modulus and standard deviations of
PDL for different sections along the longitudinal direction MPa

. Mean + SD
Specimen - - -
Cervical margin Midroot Apex
Specimen 1 0.53 +0.075 8 0.11+0.0274  0.48 £0.106 5
Specimen 2 0.42 +0.059 2 0.23+0.0604  0.62 +0.361 0
Specimen 3 0.28 +0. 103 2 0.19+0.0187  0.54+0.1342
Specimen 4  0.21 +0.080 9 0.15+0.0474 0.44 £0.1470

Tab.2 The average elastic modulus and standard deviations of

PDL for different areas in the circumferential direction MPa
Mean + SD
Specimen - - -

Buccal Distal Lingual Mesial
Specimen 1 0.43 + 0.66 + 0.41 + 0.46 +
0.340 6 0.406 7 0.3317 0.302 3
Specimen 2 0.32 + 0.40 + 0.29 + 0.35 +
0.276 6 0.243 8 0.232 2 0.228 3
. 0.38 + 0.34 + 0.32 + 0.16
Specimen 3 5701 0.2115 0.1872 0.1852
Specimen 4 0.37 + 0.20 = 0.32 + 0.30 +
0.3001 0.109 3 0.299 5 0.186 4

Tab.3 Results of statistical analyses of PDL on different sec-
tion sections

Comparison P
Cervical margin vs. midroot 0.000 4
Cervical margin vs. apex 0.028 0
Midroot vs. apex 0.000 3
Buccal vs. distal NS
Buccal vs. lingual NS
Buccal vs. mesial NS
Distal vs. lingual NS
Distal vs. mesial NS
Lingual vs. mesial NS

Note: P <0. 05 represents a significant difference; P <0.01 represents a
very significant difference; NS represents no significant difference.

The elastic modulus in the midroot ranging from 0. 11
to 0.23 MPa was lower than that in the cervical margin
ranging from 0. 21 to 0. 53 MPa and apex ranging from
0.44 to 0.62 MPa, among which the maximum value is
1.23 MPa at the apex on distal aspect, while the mini-
mum value is 0. 07 MPa at midroot on the mesial aspect.
However, the mean value of elastic modulus has no obvi-
ous difference in the circumferential direction, the stand-
ard deviation ranging from 0. 185 2 to 0. 406 7 was higher
than that along the longitudinal direction ranging from
0.018 7 to 0.361 0.

4 Discussion

The above measurements detailed above are influenced
by different factors that are difficult to judge quantitative-
ly. In order to guarantee the measurement accuracy, the
sample’s storage and experiment conditions are standard-
ized as far as possible.

The experimental result is strongly affected by surface
conditions. In order to make the cut surface relatively
smooth, the samples were embedded in paraffin, so it
was convenient to fix the position and guarantee the accu-
racy of sample preparation in the process of making sam-
ples. During the test, first, a low power micro lens(10
times of magnification) was moved to find the position of
PDL(see Fig.4(b)), and then, a high power micro lens
(50 times of magnification) was used to focus and test af-
ter determining the position of the test. However, there is
a requirement on the sample surface roughness in the
process of focusing. If the sample’s surface roughness of
the testing zone in the focalization process is less than 5
pm, the focalization can be carried out to ensure the reli-
ability of the results to some extent.

PDL is a soft connective tissue, which mainly consists
of collagen fibers accounting for 50% of total mass frac-
tion. In addition, PDL also contains cells, blood vessels
and nerve endings embedded into a ground substance ma-

. 20
trix" .

The principal fibers are composed of a large fiber
bundle of collagen fibers. Due to different positions and
functions, as well as different arrangement directions,
there are several arrangement modes from the cervical
margin to apex. This is the reason why different elastic
moduli present at different levels. Moreover, PDL is a
type of inhomogeneous biological material and the elastic-
ity moduli of different test areas are different as well.
The present study demonstrates the difference among
the indentation curves of the load-depth behavior in dif-
ferent regions depended on loading velocity and dwell
time. In this study, the elastic modulus of upper ( cervi-
cal margin) and lower (apex) regions are higher than that
of intermediate regions ( midroot).
means that along the axial direction, the stiffness of PDL

with different regions is in conformity with observations
(19]

This observation

made by other authors Another important phenome-



Elastic modulus determination at different levels of periodontal ligament in nanoindentation 37

non observed is that the mean values of elastic modulus
show no significant difference in the circumferential direc-
tion (buccal, lingual, distal, mesial). However, the val-
ue changes greatly in each region (see Tab.2). The rea-
son may be that the percentage of blood vessels and
nerves is high in the midroot area when compared with
' " The density variation of collagen
fibers is different along the axial direction.

The finite element method has been applied to dental

the other two areas

biomechanics for a long time. In the early stage, it was
confined to the study of axisymmetric and two-dimension-
al problems. The development of the technology is partic-
ularly attractive to a number of orthodontic investigators.
This is because they can establish elaborative three-di-
mensional models, accurately simulate tooth movement
when subjected to various orthodontic forces and provide
an excellent visualized profile of the displacement and
stress fields occurring in PDL and surrounding tissues.
When modeling PDL in a finite element analysis study,
one problem is how physical property values describe this
structure. The results of the nanoindentation test are easi-
ly affected by the experimental conditions, such as the
size of sample, loading and unloading rate, shape of the
indenter, punch radii and etc.

As it is known, the PDL exhibits anisotropic, inhomo-
geneous and viscoelastic material properties. A qualitative
analysis for PDL will be conducted in future research, in
which a viscoelastic constitutive model is established.

5 Conclusion

In this work, the elastic moduli of PDL in different re-
gions are compared and evaluated in the nanoindentation
method. In the direction of the long axis, the minimum
mean value of the elastic modulus is in midroot, while
the maximum in apex. This phenomenon is associated
with the different arranging direction of the principal fi-
bers. A highly significant difference was observed among
these areas. However, the values of elastic modulus pres-
ent a relatively great variation in the circumferential direc-
tion, and there is no statistic difference in this direction.
Thus, the values of elastic modulus for cervical margin,
midroot and apex in this study can be used in finite ele-
ment analysis.
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