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Model Testing

A number of tests were carried out to assess the suitability of this idealised single tooth model. First, a
model without a PDL was developed to highlight the importance of including the PDL in dental FE
models. As well as testing the results from a no PDL model, four key issues were investigated with
respect to model testing: boundary conditions, mesh convergence, model validation and sensitivity to
changes in the PDL. The details of this model testing are given here.

1. No PDL Model

The primary aim of this research is to investigate the significance of including the fibres of the PDL in
FE models. However, some models do not include PDL at all (e.g. [1, 2]), yet alone model its fibrous
structure. Although almost all single tooth models do include the PDL, in order to show the
importance of modelling the PDL in dental FE models, a model was developed without a PDL. This
no PDL model was developed from the solid PDL model. The same shape was used but the material
assigned to some of the volume meshes was changed. The tooth, cortical shell and trabecular bone
region from the solid PDL model were left the same. In order to remove the PDL, the PDL volume
from the solid PDL model was remeshed to be alveolar bone, while the alveolar bone volume was
remeshed to be trabecular bone. The boundary conditions were left the same and a 500 N occlusal
load was applied. The results from the no PDL model were then compared to the solid PDL model to
show the importance of including a PDL. To compare the results, the trabecular bone region was cut
in the buccolingual direction and then the strains in this region were compared visually for the two

models.

Figure S1 shows the strain in the mandibular bone for the no PDL and solid PDL models. From
visually comparing the two plots it can be seen that including the PDL in models alters both the
magnitude and distribution of strain in the trabecular bone region especially in the region surrounding
the alveolar bone. The presence of the PDL reduces the strain around the whole of the alveolar bone,
especially in the alveolar crest and apex regions. Therefore, the results from the no PDL model
confirmed that the presence of the PDL is important in order to reduce the local bone strain in the

region surrounding the tooth root.
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Figure S1. Contour plots showing the minimum principal microstrain in the trabecular bone region of the no
PDL and solid PDL models.

2. Boundary Conditions Testing

Boundary conditions applied to FE models have the potential to greatly influence the results obtained.
The boundary conditions applied around the edges of the single tooth model were designed to replace
the rest of the mandibular bone which has not been modelled. In order to test whether or not the
boundary conditions applied are appropriate, two additional “U-shaped” models were developed: a
solid PDL U-shaped model and a fibrous PDL U-shaped model. The fibrous PDL U-shaped model is
shown in figure S2. As in the case of the single tooth model, the only difference between these two U-

shaped models is how the PDL is modelled.

To create the U-shaped models, additional bone was added to the original models to approximately
represent the remainder of the mandible. The dimensions of the U-shaped models were chosen to
approximate the size and shape of a typical human mandible from a superior view (figure S3). For the
U-shaped models, the single tooth model was assumed to represent the first lower right premolar. The
additional bone gave the model a further 20,904 elements. These elements included 17,522 higher
order tetrahedral elements (SOLID187) and 3,382 shell elements (SHELL281). The total number of
elements in the solid PDL U-shaped model was 123,758, with there being an additional 448 link
elements (LINK10) in the fibrous PDL model. A 500 N occlusal load was applied in the same way as
the single tooth model. All nodes on the two end faces of the model, which are away from the region
of interest around the tooth, were fixed in all degrees of freedom. The loading and boundary

conditions applied to the model can be seen in figure S2.



In order to test the influence of the boundary conditions on the single tooth model, results from the
single tooth model were compared to those from the U-shaped model for both solid and fibrous PDL.
Two sets of results were compared: firstly, the vertical tooth displacement (shown in table S1); and
secondly, the minimum principal strain in the trabecular bone region of the single tooth model and the
corresponding region in the U-shaped model (shown in figures S4 and S5 for solid and fibrous PDL

respectively).

The results in table S1 show that the vertical tooth displacement, defined as the change in distance
between the most apical node on the tooth root and the corresponding node on the alveolar bone, was
very similar between the two models: for both solid and fibrous PDL there was less than 2% reduction
in the vertical tooth displacement for the U-shaped model compared to the original model. Due to
bending of the additional bone, the overall nodal displacements are larger for the U-shaped model.
However, it is the local tooth displacement which is of concern here and the results show this is not
greatly affected by the boundary conditions.

The minimum principal strain results (figures S4 and S5) show that the boundary conditions do
influence the results in the regions near to them. In both figures, S4 and S5, the top row of plots
illustrate that the boundary conditions influence both the magnitude and distribution of strain in the
outer regions of the trabecular bone. However, the bottom row in both figures show that in the region
of interest, near to the alveolar bone, there is little difference between the two models, suggesting that

the boundary conditions do not adversely affect the results here.

From these tests it can be concluded that the boundary conditions applied to the simplified section of
mandible are acceptable for the purposes of this study. As expected, the boundary conditions applied
alter results in the region of the tooth model near to them. However, they do not greatly influence the

local tooth displacement or the strain in the region of interest near to the alveolar bone.



Table S1. Vertical tooth displacement results for original models and u-shaped mandible models.

Vertical Displacement (mm) \S/\é::dkt; c;;t‘g?oth Vertical Tooth
Test Model Displacement Displacement
Tooth Apex  PDL Apex Tooth Socket Apex (mm) (mm)?
Solid PDL Original -0.205 -0.134 -0.134 0.200 0.070
U-Shaped -0.448 -0.379 -0.378 0.200 0.069
Fibrous PDL Original -0.207 -0.137 -0.137 0.200 0.070
U-Shaped -0.451 -0.381 -0.381 0.200 0.069

# Katona & Qian [3]

Figure S2. Original single tooth model and U-shaped tooth model: (a) original single tooth model showing load
and boundary conditions; (b) finite element mesh for U-shaped model showing the location of the original
model within the U-shaped model along with the vertical occlusal load and boundary conditions applied; (c)
area plot showing areas meshed with shell elements.



Figure S3. Superior view of a replica human mandible used to approximate the dimensions for the U-shaped
models.
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Figure S4. Solid PDL model: the minimum principal microstrain distribution in the trabecular bone region of the
original single tooth model and the corresponding region of the U-shaped model for the solid PDL models.
Directions are shown only on the original model plots but can be inferred for the U-shaped model plots.
Directions are represented by M for mesial, D for distal, B for buccal and L for lingual.
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Figure S5. Fibrous PDL model: the minimum principal microstrain distribution in the trabecular bone region of
the original single tooth model and the corresponding region of the U-shaped model for the fibrous PDL models.
Directions are shown only on the original model plots but can be inferred for the U-shaped model plots.
Directions are represented by M for mesial, D for distal, B for buccal and L for lingual.



3. Mesh Convergence Test

A mesh convergence test was also performed for both solid and fibrous PDL models. The model was
remeshed using a smaller element size thus increasing the number of elements in the model from
approximately 100,000 to just over 1.9 million. The resulting tooth displacements only varied by
around 1% compared to the original models and thus it could be concluded that the models had

converged.

4. Model Validation

Since this is a very simplified model, stresses and strains would be expected to differ from those in a
real tooth and so direct validation of these against experimental results is not possible. However, it
would still be expected that the tooth displacement observed would be comparable to previously
published data. Therefore, to validate the model, tooth displacement results (0.0703mm) were
compared to those reported in literature and they were seen to be of a similar magnitude (e.g. 0.12mm
by Borék et al. [4] and 0.3mm by Ichim et al. [5]).

5. Sensitivity Analysis

A sensitivity analysis was carried out to assess the effect of altering the material properties assigned to
the PDL component using the fibrous PDL model. Five values required to specify the PDL were
tested, namely: Young’s modulus and Poisson’s ratio of the solid component, and Young’s modulus,

cross-sectional area and initial strain of the link elements. The results of this are shown in table S2.

The sensitivity analysis results show that the value assigned to Poisson’s ratio of the solid PDL
component does not have much influence on the results. Altering the value assigned to Young’s
modulus of the solid PDL component has more influence on the results as the value gets higher. A 10
times increase in this value from 0.1 MPa to 1 MPa causes approximately a 9% reduction in the
vertical tooth displacement, whereas a further 10 fold increase to 100 MPa causes almost a 90%
reduction in displacement. Likewise, the influence of adjusting the Young’s modulus of the link
elements becomes greater as its value increases. Both the cross sectional area and the initial strain
assigned to the link elements also have an important influence on the tooth displacement. Doubling
the cross sectional area approximately halves the tooth displacement and a 10 times increase in initial

strain causes almost a 60% reduction in tooth displacement.

Adjusting the values of Young’s modulus for the solid PDL component, Young’s modulus of the link
elements, the cross sectional area of the link elements or the initial strain of the link elements, all had
a noticeable influence on the vertical tooth displacement. The influence of Young’s modulus of both
the solid component and link elements increased as their value increased. The solid component in this

model represents the soft matrix surrounding the collagen fibres in the physiological PDL and so its
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Young’s modulus is likely to be well below that of the fibres. Therefore, the value chosen for the

matrix may be less important than the values assigned to the fibres when fibres are modelled. It would

appear particularly important to choose appropriate values for the cross sectional area, initial strain

and Young’s modulus of the link elements. However, since there are very little reliable data available

from which to choose these, it is important to conduct sensitivity analyses when including PDL fibres

in future FE models.

Table S2. Results from sensitivity analysis with fibrous PDL model (numbers in bold represent the original

model with the material properties shown in table 1).

Vertical displacement (mm) Width of tooth Vertical tooth
socket after .
Test Value displacement displacement
Tooth apex PDL apex Tooth socket apex (mm) (mm)?

Young’s modulus EppL = 0.1 -0.215 -0.138 -0.138 0.200 0.077

of PDL Matrix

(Erou) EpoL =1 -0.207 -0.137 -0.137 0.200 0.070
EppL = 10 -0.169 -0.133 -0.133 0.200 0.036
EppL = 100 -0.128 -0.123 -0.123 0.200 0.005

Young’s modulus ~ Evik = 30 -0.861 -0.139 -0.139 0.200 0.722

of PDL fibres

(Eun) Eunk = 300 -0.346 -0.140 -0.140 0.200 0.206
EvLink =1 000 -0.207 -0.137 -0.137 0.200 0.070
EvLnk =3 000 -0.157 -0.132 -0.132 0.200 0.025

Poisson’s ratio of  veoL=0.3 -0.208 -0.137 -0.137 0.200 0.071

PDL matrix

(veoL) vepL = 0.45 -0.207 -0.137 -0.137 0.200 0.070
vepL = 0.49 -0.203 -0.137 -0.137 0.200 0.066

Cross sectional CSAunk = 0.04 -0.241 -0.138 -0.138 0.200 0.103

area of link

elements _

(CSALNK) CSALink = 0.06 -0.207 -0.137 -0.137 0.200 0.070
CSALnk = 0.08 -0.189 -0.136 -0.136 0.200 0.053

Initial strain of £=0 -0.207 -0.137 -0.137 0.200 0.070

link elements

(&0) g =0.01 -0.190 -0.136 -0.136 0.200 0.054
g=0.1 -0.114 -0.092 -0.093 0.201 0.022

% Katona & Qian [3]
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