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In orthodontics, the 3D translational and rotational movement of a tooth is determined by the force–mo-
ment system applied and the location of the tooth’s centre of resistance (CR). Because of the practical con-
straints of in-vivo experiments, the finite element (FE) method is commonly used to determine the CR.
The objective of this study was to investigate the geometric model details required for accurate CR deter-
mination, and the effect of material non-linearity of the periodontal ligament (PDL). A FE model of a
human lower canine derived from a high-resolution mCT scan (voxel size: 50 mm) was investigated by
applying four different modelling approaches to the PDL. These comprised linear and non-linear material
models, each with uniform and realistic PDL thickness. The CR locations determined for the four model
configurations were in the range 37.2–45.3% (alveolar margin: 0%; root apex: 100%). We observed that
a non-linear material model introduces load-dependent results that are dominated by the PDL regions
under tension. Load variation within the range used in clinical orthodontic practice resulted in CR vari-
ations below 0.3%. Furthermore, the individualized realistic PDL geometry shifted the CR towards the
alveolar margin by 2.3% and 2.8% on average for the linear and non-linear material models, respectively.
We concluded that for conventional clinical therapy and the generation of representative reference data,
the least sophisticated modelling approach with linear material behaviour and uniform PDL thickness
appears sufficiently accurate. Research applications that require more precise treatment monitoring
and planning may, however, benefit from the more accurate results obtained from the non-linear consti-
tutive law and individualized realistic PDL geometry.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The objective of orthodontic therapy is to correct malocclusion
and the malposition of individual teeth. Orthodontic tooth move-
ment (OTM) is achieved by remodelling the alveolar bone, i.e. bone
deposition and resorption at opposite sides of the root. Such
remodelling is stimulated by therapeutic loads initiating cascades
of biological processes (Meikle, 2005). Despite the complexity of
the underlying biological and mechanical systems, the extent of
OTM can be approximated by incremental consideration of initial
tooth movement (ITM) (Bourauel et al., 2000). ITM is dominated
by the instantaneous load reaction caused by the viscoelastic com-
pliance of the thin layer of connective tissue between the tooth
root and alveolar bone, called the periodontal ligament (PDL).
The interrelationship between the mechanical load components
and the type of OTM, i.e. translation and/or rotation achieved in
three-dimensional (3D) space, can be described on the basis of
the centre of resistance (CR).

The CR is defined as the point at which the application of a pure
force would result in a purely translational ITM (Burstone, 1962;
Burstone and Pryputniewicz, 1980; Osipenko MA. et al., 1999). This
point is naturally located in the embedded part of the root and is
therefore not directly accessible for the application of therapeutic
loads. Consequently, in the common clinical situation of load appli-
cation via an orthodontic bracket bonded to the labial crown sur-
face, a combined force and moment application with a specific
ratio is required to achieve such a purely translational ITM. The
respective moment-to-force ratio corresponds to the distance
between the bracket slot and the CR. More generally speaking,
the translational and rotational proportions of 3D OTM depend
on the quantitative interrelationship of the 3D force and moment
components exerted by the orthodontic appliance on the individ-
ual teeth.

In addition to above-mentioned geometric variables, the CR
location also depends on the direction of movement (Dathe et al.,
2013; Meyer et al., 2010) and mechanical PDL properties.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.07.043&domain=pdf
https://doi.org/10.1016/j.jbiomech.2019.07.043
mailto:falko.schmidt@uni-ulm.de
https://doi.org/10.1016/j.jbiomech.2019.07.043
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


212 F. Schmidt, B.G. Lapatki / Journal of Biomechanics 94 (2019) 211–218
(Nyashin et al., 2015). Most variables have high inter-individual
variability, as shown by previous anatomical and experimental
studies (Brook et al., 2009; Cronau et al., 2006; Garn et al., 1968;
Keilig et al., 2015; Peck and Peck, 1972; Schumacher, 1983). This
variability includes pathological conditions such as periodontitis,
which reduces the attachment of the PDL to the root surface due
to loss of alveolar bone (Geramy, 2000; Kettenbeil et al., 2013;
Towfighi et al., 1997).

Finite element (FE) analysis has been widely employed to inves-
tigate OTM and the related mechanical behaviour of the PDL
(Cattaneo et al., 2008; Dorow, 2004; Geiger and Lapatki, 2014;
Geramy, 2000; Jones et al., 2001; Meyer et al., 2010; Nikolaus
et al., 2017; Tanne et al., 1988; Vollmer et al., 1999). Assessment
of the CR’s location using numerical methods has been based on
geometric simplifications such as uniform PDL thickness (Kojima
and Fukui, 2014; Provatidis, 2000), a somewhat coarse geometric
resolution (Meyer et al., 2010; Vollmer et al., 1999) or unrealistic
linear material models (Geramy, 2000; Viecilli et al., 2013), or a
combination of these (Dathe et al., 2013; Nyashin et al., 2015;
Provatidis, 1999). It has been suggested that the PDL is
hourglass-shaped (Coolidge, 1937; Toms and Eberhardt, 2003)
and its thickness varies locally due to uneven alveolar bone sur-
faces (Boryor et al., 2009; Dalstra et al., 2006). Furthermore, it
has been observed that PDL material non-linearity affects the dis-
tribution of mechanical stresses generated by ITM (Nikolaus et al.,
2017; Qian et al., 2001; Toms and Eberhardt, 2003) and, thus, the
CR location (Nyashin et al., 2015).

To the best of our knowledge, no studies have considered both
biofidelic PDL geometry and non-linear material behaviour in rela-
tion to the location of the CR. Hence, the objective of this study was
to quantify the effect of the following variables on CR location for a
human lower canine: (1) simplified modelling (i.e. a layer of uni-
form thickness) vs. accurate modelling (i.e. realistic representation
characterized by a variable thickness) of the PDL geometry and (2)
linear vs. non-linear PDL material description. Moreover, the
effects of load direction and magnitude on the CR location were
examined for four tooth movements commonly considered in
orthodontics, i.e. in the mesial, distal, buccal and lingual directions.
0.15

0.2
2. Materials and methods

2.1. Morphological tooth model

This study used a highly accurate geometric model of a human
lower canine (Fig. 1) that had been established in a previous study
Fig. 1. Images of the tooth with periodontal ligament positioned according to mean
inclinations established by Andrews (1972), with identification of the directions as
used by orthodontists (buccal, lingual, mesial and distal), the tooth axis (dot-and-
dashed line) and an averaged CR (white marker).
(Boryor et al., 2009). A section of the mandible that includes the
sample tooth and surrounding bone was cut from a 79-year-old
cadaver and stored in 70% alcohol solution before being scanned
with a voxel size of 50 mm using microcomputed tomography
(mCT). The anatomical orientation of the tooth model, i.e. its incli-
nation and angulation relative to a virtual plane between the upper
and lower dental arches (the so-called occlusal plane) (Geiger and
Lapatki, 2014), was chosen according to a widely accepted funda-
mental orthodontic study (Andrews, 1972). The same reference
frame was used for a direction-dependent analysis of the PDL
thickness distribution.

2.2. FE modelling

Four different FE models were created and solved using com-
mercial software (Abaqus; Version 6.11, Dassault Systèmes). They
shared the same tooth mesh but had different combinations of a
linear or non-linear description of PDL material behaviour and a
uniform or realistic representation of PDL width distribution.

For the linear material model (Fig. 2), the PDL was considered
homogenous, isotropic, linear-elastic and time-independent. This
was implemented using the conventional generalized Hooke’s
law with a Young’s modulus of 0.1 MPa and a Poisson’s ratio of
0.45 (Dorow and Sander, 2005; Geiger and Lapatki, 2014). In con-
trast, the non-linear material description is based on a model pro-
posed by Cattaneo et al. (2005). Although the PDL’s macroscopic
behaviour is modelled in an isotropic manner it reflects the micro-
scopic structure of the PDL. A collagen network dominates the PDL
stiffness under tensile loading. Under compression, this network
lacks structural resistance. Additionally, the substantial amount
of liquid contained in the extracellular matrix and vascular net-
work shifts from compressed to expanded PDL regions. Hence,
when quasi-static conditions are considered the PDL provides only
limited stiffness under a wide range of compression conditions.
The combined material response of the different constituents
was described with a non-linear stiffness characteristic as depicted
in Fig. 2. It has to be noted, however, that the applied model does
not account for anisotropic behaviour caused by the predominant
orientation of the collagen fibres. The volumetric behaviour was
governed by a Poisson’s ratio of 0.3, which is in accordance with
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Fig. 2. Stress–strain curves for the linear and non-linear material laws applied. The
non-linear constitutive law (solid line) is based on Cattaneo et al. (2005) but has
been approximated by multiple linear regimes. The graph depicted was created
from results of a finite element analysis simulating a tension-compression
experiment with a unit cube using the strain-dependent tangent moduli given in
the table. The linear material law (dashed line) refers to Geiger and Lapatki (2014),
who applied a Young’s modulus E = 0.1 MPa and Poisson’s ratio m = 0.45.
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Cattaneo et al. (2005). As the applied FE software did not provide
an adequate material model to reproduce this behaviour, a user-
defined constitutive law was implemented using an elastic multi-
linear description. The elastic modulus of bone and dental hard tis-
sue differs from that of the PDL by approximately 4–5 orders of
magnitude (Dong-Xu et al., 2011; Kinney et al., 2003; O’Mahony
et al., 2001; Papadopoulou et al., 2013; Schwartz-Dabney and
Dechow, 2003; Yoshida et al., 2001). Hence, bone and dental hard
tissue were assumed to be rigid in all four models. An overview of
the model parameters is given in Table 1.

Geometric representation of a realistic PDL layer, which is char-
acterized by a variable thickness, was derived by means of segmen-
tation and was meshed using linear tetrahedrons sharing the nodes
of the tooth mesh at the interface. In contrast, the uniform PDL
mesh with a uniform layer thickness of 250 mm was created using
normal offsets of the bone–PDL interface surface elements, which
resulted in four layers of triangular prism elements. To reduce
the number of nodes and, consequently, computational costs, only
the outer shape of the tooth was represented using rigid triangular
linear shell elements, based on the assumption of its rigidity.

Modelling of the rigid alveolar bone was omitted by fixing the
geometric position of the interface nodes of the bone and PDL. Sim-
ulations were driven by predefined displacements of the tooth
mesh in the direction being considered (mesial, distal, buccal or
lingual). Because of the rigid formulation, reaction forces and
moments could be evaluated at a single point. This reference point
(RP) was defined as the centre between the most cervical exten-
sions of the mesial and distal alveolar margins. The RP was located
7.65 mm below the load application point, i.e. the centre of the
bracket slot, specified according to Andrews (1972). All numerical
computations in this study were run on a local desktop machine.

2.3. Location of CR

To ensure lack of ambiguity, the CR was defined as the point on
the line of action of a pure force causing a purely translational
movement in a predefined direction that is closest to the tooth
axis. The tooth axis (Fig. 1) was defined as the line crossing the
most incisal point in the mesio-distal centre of the labial crown
surface and the most prominent point at the apex. From the total

reaction forces FR
�!

and moments MR
�!

generated by a tooth dis-
placement with respect to the point RP, the respective relative

position lCR
�!

of the pure force vector crossing the CR was obtained
using the relationship

MR
�! ¼ lCR

�!� FR
�!

: ð1Þ

A least-square solver (Matlab; version R2015b, The MathWorks
Inc.) was used to find a unique solution fulfilling the aforemen-
tioned condition. The CR location was finally evaluated in the verti-
cal direction as the distance from the reference point (RP). This
distance was also normalized in relation to the height of the embed-
ded root, defined as the vertical distance from the RP at the alveolar
margin (0%) to the root apex (100%).
Table 1
Overview of parameter of finite element models.

Model Material

Tooth Rigid
PDL Uniform layer thickness Linear

E = 0.1 MPa, m = 0.45
Non-linear acc. to Cattaneo et al.

Realistic variable layer thickness Linear
E = 0.1 MPa, m = 0.45
Non-linear acc. to Cattaneo et al.
3. Results

3.1. PDL thickness

The vertical and circumferential distributions of the PDL width
of the realistic model are given in Fig. 3. In most cases, the PDL
width ranges between 59 mm and 407 mm, with a median value
of approximately 100 mm in most regions. In the vertical direction
(Fig. 3A), the graph of median PDL thickness derived over the cor-
responding circumference increases to approximately 150–200 mm
in the apical region. In contrast, the mean thickness of the cervical
and middle regions of the root is almost constant, with a small
peak of 156 mm at the cervical alveolar margin. Fig. 3B shows that
a prominent circumferential dependency of the PDL width cannot
be identified. Regions of slightly increased thickness are located
at 0� and 90�, however, corresponding to the mesio-buccal and
disto-buccal directions, respectively. In the lingual direction, the
PDL layer generally seems thinner, with median thickness minima
at 194� and 248�.

The local width variation depicted in Fig. 4 shows that the two
extreme values in the lingual and buccal directions relate to verti-
cal grooves and ridges in the upper part of the root. The cervical
PDL margin is vertically located in a narrow range of ±0.27 mm
from the reference height level on the distal and mesial sides,
but reduces to �0.72 mm and �2.07 mm on the lingual and buccal
sides, respectively.
3.2. Location of CR for the different FE models

Fig. 5 depicts CR locations in the vertical direction with respect
to the RP at the alveolar margin obtained by use of the four mod-
elling approaches for the bucco-lingual (Fig. 5A) and mesio-distal
(Fig. 5B) loading directions. Most CR values ranged between
�5.02 mm (37.2%) and �6.11 mm (45.3%).

Linear material modelling resulted in CRs that were load-
independent and equal for opposing load directions. For the most
simplified PDL model with linear material and uniform width, a
CR location was found at a height of �5.80 mm (43.0%) in the
bucco-lingual direction and at �5.39 mm (40.0%) in the mesio-
distal direction. Using the realistic PDL geometry, more cervical
CR locations were obtained at �5.46 mm (40.5%) and �5.12 mm
(38.0%) in the bucco-lingual and mesio-distal directions,
respectively.

Results generated using the non-linear material model were dif-
ferent for all directions and exhibited certain fluctuations within
the load range considered. Changes in the CR location were most
prominent for load magnitudes below 0.3 N. Above this magnitude,
variations generally reduced to approximately 0.10 mm (0.76%). In
this region, i.e. for loads above 0.3 N, mean CR locations of
�5.62 mm (41.7%), �5.61 mm (41.6%) , �6.08 mm (45.1%) and
�5.45 mm (40.4%) were found for loading in the buccal, distal, lin-
gual and mesial directions, respectively, if the PDL is approximated
by a uniform layer. For the most sophisticated model with non-
linear material and realistic PDL geometry, the corresponding
Nodes Elements Element type

133,499 266,994 Linear triangular shell
268,910 428,648 Linear triangular prisms

(2005, Fig. 2)
1,147,066 250,055 Linear tetrahedrons

(2005, Fig. 2)
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Fig. 3. Vertical (A) and circumferential (B) distribution of the PDL width. The
median value (solid line), inter-quartile range (grey area) and total range (light-grey
area) were derived from the closest point distance between the PDL–bone interface
(58639 vertices) and the outer shell of the tooth (133499 vertices). The tooth
segment (C) indicates the circumferential directions used in B.
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mean values are �5.10 mm (buccal; 37.8%), �5.32 mm (distal;
39.4%), �5.85 mm (lingual; 43.4%) and �5.10 mm (mesial;
37.8%). The assumption of a uniform PDL thickness generally shifts
the CR location towards the apex of the tooth root in a range of
approximately 0.23 mm (1.7%, non-linear material model, lingual
ITM) to 0.52 mm (3.9%, non-linear material model, buccal ITM).
4. Discussion

FE modelling is the preferred method for estimating CR loca-
tions of individual human teeth. Although in-vivo measurement
systems for CR locations have been proposed (Yoshida et al.,
2000), their application is highly limited because interproximal
contacts between teeth usually restrict the ITM required, resulting
in invalid CR locations. Furthermore, results only apply to the tooth
examined, and it is difficult to determine correlations with individ-
ual characteristics. In contrast, the FE approach enables investiga-
tion of the effect of individual variables on CR location. This study
used two variables that are inherent in the PDL, i.e. uniform vs.
realistic thickness and linear vs. non-linear material behaviour.

Particularly notable are the large fluctuations in CR location
within the load path introduced by the non-linear material model
for both the simplified PDL layer with uniform thickness and the
realistic representation which is anatomically accurate. The major
changes close to the load-free state result from the striking domi-
nance of overall mechanical behaviour by PDL regions under ten-
sion, because the material law applied assumes negligible
stiffness for a wide range in the compression region. The greatest
changes for very small loads are related to the gradual increase
in stiffness for small strains. For larger loads, the CR then stabilizes
to a different level for each direction. This level relates to the
height of the PDL margin (which reflects the amount the tooth is
embedded) on the tension side, which predominantly varies in
the bucco-lingual direction, but to a minor extent also in the
mesio-distal direction. In theory, another potentially major change
in CR location must be expected for very large loads. This is
because a dramatic increase in PDL stiffness for large compres-
sional strains shifts the mechanical dominance to the pressure
side. In such a situation, the hard tissues, i.e. bone and tooth root,
would be close to direct contact. However, this load level could not
be achieved in our simulations because of numerical instabilities
for very large deformations.

The local variability of the thickness of the biofidelic (i.e. realis-
tic) PDL layer is high because of cavities in the alveolar bone sur-
face. Despite this, the lower canine investigated was generally
characterized by a predominantly thin PDL layer in the cervical
two thirds of the root height. Simulation results indicated larger
strains in the latter cervical region, leading to the transmission of
a greater proportion of the load in this region compared with the
apical region with a thicker PDL. This causes the CR to shift towards
the tooth crown. Load independence was preserved for the linear
material model, whereas the extent of fluctuations increased when
the non-linear constitutive law was applied. In the latter case, an
increased load is inhibited by the thin layered regions on the ten-
sion side, an effect which can even be amplified by the progressive
increase of the tensile stiffness up to 50% strain, due to successive
engagement of collagen fibres.

To illustrate this interrelationship, Fig. 6 shows the vertical dis-
tribution of the realistic PDL geometry on the tension side and the
associated CR location for the distinct load directions. Data are
depicted for the most sophisticated modelling approach incorpo-
rating the non-linear material model. Two effects can be clearly
recognized. First, if the cervical bone margin is recessed on one
side, a reduction occurs in the height of the tooth’s embedding in



Fig. 4. Map of local PDL width generated by cylindrical projection. Dark areas indicate thin PDL regions whereas white indicates regions with a larger gap between hard tooth
substance and alveolar bone.
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Fig. 5. Graphs of the location of the centre of resistance (CR) in the vertical
direction derived for loading in the bucco-lingual (A) and mesio-distal (B) directions
and depending on force magnitude. Data are given for the model with uniform PDL
thickness governed by Hooke’s law (dashed line) and using the non-linear material
model (dotted line) based on Cattaneo et al. (2005) (Fig. 2), and for the model with
variable PDL thickness as derived from a mCT scan with the same linear (dot-and-
dashed line) and non-linear (solid line) material description.
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the alveolar bone and, thus, the effective root length. Consequently,
for loading in the opposite direction, the CR is shifted apically. Sec-
ond, the respective CR tends to shift towards regions in which the
gaps between the alveolar bone and the root are narrowest,
because the PDL provides an increased supporting effect there,
amplified by the progressive material stiffness. Most noticeably,
the two effects enhance each other in the PDL on the buccal side
(Fig. 6A) and are less pronounced on the mesial side (Fig. 6D). As
a result, CR locations are found more apical than ITM dominated
by the PDL on the distal (Fig. 6B) and lingual (Fig. 6C) sides. On
the distal and lingual sides the two mechanisms counteract one
another such that the CR locations obtained are almost identical.

From a more general perspective, the CR locations determined
by the four different PDL modelling approaches are in good agree-
ment with those of previous studies investigating lower canines.
For example, Bourauel et al. (2007) proposed CR locations of 43%
and 36.5% in the bucco-lingual and mesio-distal directions, respec-
tively, assuming bi-linear PDL behaviour. An earlier study reported
values in the range of 36–48% for five specimens, with almost iden-
tical results for all load directions (Poppe et al., 2002). Neither
study, however, took into account the different mechanical beha-
viour of the PDL under pressure and tension caused by its multi-
phasic fibre-reinforced structure. The latter study also
disregarded the variable height of bone embedding.

Most variations found for the CR locations occurred at very low
load levels that are below the values targeted for clinical treat-
ment. Above 0.3 N, the CR locations stabilize such that variations
can be considered negligible in a clinically relevant load range that
we assume to be 0.5–1 N. If biofidelic PDL geometry and material
non-linearity are treated separately, CR location changes by up to
0.34 mm (2.52%) and 0.30 mm (2.25%), respectively, for all direc-
tions compared with the results for the conventional approach
assuming uniform PDL width and linear material behaviour. Taking
into account both modelling parameters, the deviations obtained
increase up to 0.76 mm (5.62%) for the sample tooth in this study.
Hence, the errors generated by both simplifications are within the
range of inter-individual variations (Geiger and Lapatki, 2014;
Poppe et al., 2002) and should be admissible for most applications
in the scope of conventional clinical therapy. However, some
recent developments in orthodontics concerning the monitoring
of OTM (Schmidt et al., 2018) and direct measurement of forces
applied for each individual tooth (Lapatki and Paul, 2007) might
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Fig. 6. Distribution of the PDL width in the vertical direction. Each graph includes regions within circumferential segments with a central angle of 60� spreading
symmetrically around the buccal (A), distal (B), lingual (C) and mesial (D) directions. The median value is represented by a solid line whereas grey and light grey areas enclose
the inter-quartile range (IQR) and overall range, respectively. The dashed line indicates the average location of the centre of resistance (CR) derived from the model with
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the circumferential PDL segment analysed.
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enable more accurate treatment planning in future. Such develop-
ments might therefore benefit from more accurate, individualized
CR locations.

Only a single tooth was examined in the present study because
of the limited availability of sufficiently detailed models and the
time consuming modelling procedure. Due to high morphological
and biological variability, quantitative results presented cannot
easily be applied to other individuals or tooth types. However,
the study provides insights into mechanisms of how the variables
within the scope of this study change the CR location and indicates
a potential range of variability. Therefore, our exemplary results
give valuable information about reasonable modelling approaches
for future studies, e.g. to generate representative quantitative data
on CR locations. Furthermore, the PDL width found for the tooth
specimen investigated is somewhat thinner than the typical range
of 150–380 mm specified in literature (Nanci and Cate, 2013,p 220).
This could be explained by the age of the donor, but may also indi-
cate that the tooth was non-functional (Coolidge, 1937). In addi-
tion, the PDL cross section did not have the almost symmetric
hourglass shape found by others (Coolidge, 1937; Toms and
Eberhardt, 2003). The thinnest PDL portion of the tooth specimen
extends from the middle to the cervical third of the tooth root
height and no distinctive thickness increase exists towards the cer-
vical margin. The shift of the CR location should be less pronounced
for a tooth with an hourglass-like PDL shape than that found in this
study. Moreover, the actual thickness of the vertical grooves on the
lingual side of the tooth root may not be resolved correctly because
their dimensions are in the range of the voxel size of the scan. This
might limit the accuracy of the results, especially for the CR loca-
tion during buccal ITM. The transferability of our results to clinical
application may also be limited by the age of the donor and the
long period of specimen storage after extraction.

This study is further restricted to ITM in the elastic range of the
PDL. Bourauel et al. (2000), however, successfully simulated OTM
by iteratively analysing ITM based on the CR. Moreover, only four
load directions were investigated. It should be noted in this respect
that, although a greater range of variation might exist for other
directions, the directions analysed are of particular interest to
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orthodontists and are usually related to typical treatment tasks.
Further limitations might be related to the applied material model.
This issue is generally subject to ongoing debate and research. Very
sophisticated material models have been proposed that incorpo-
rate visco-elasticity (Natali et al., 2008) as well as the direction-
dependent influence of collagen fibres (Provatidis, 2000; Zhurov
et al., 2007). Although the required mathematical foundation
exists, there is still a demand for reliable experimental data to
characterize the PDL in its full complexity. Because we are inter-
ested in the overall behaviour of the PDL in a steady-state, which
is usually attained after approximately five hours of constant load-
ing, disregarding visco-elasticity, time dependency and non-
homogeneity was considered acceptable (Cattaneo et al., 2005). It
has to be mentioned that the location of a tooth’s CR may also be
affected by the mechanical compliance of the alveolar bone which
has not been considered in the applied model. Hohmann et al.
(2011), however, investigated rigid and realistic bone modelling
and could not find significant differences in the overall stress char-
acteristics in the PDL (which are decisive for the CR). Hence, we
suppose that alveolar bone compliance has only a minor impact
on the CR location in the scope of this study.
5. Conclusion

In clinical practice, the CR provides an easy-to-use concept for
estimation of OTM in orthodontic treatment planning. Deviations
of CR location due to PDL width variation and material non-
linearity were in an acceptable range for conventional therapeutic
tasks. Hence, we recommend the simplified modelling approach
with a uniform PDL layer and linear material characteristics for
future FE studies conducted to generate representative reference
data or for the estimation of CR locations of specific teeth for indi-
vidual clinical applications. The main advantages of simplified PDL
modelling are short computation times and the possibility of using
standard volumetric scans. More accurate and individualized spec-
ifications of the CR location would, however, be beneficial for
research purposes and for sophisticated treatment monitoring that
requires enhanced precision. Here, the non-linear material beha-
viour should be considered to include potential load direction
dependency. With regard to the advisability of geometrically exact
modelling of the PDL layer, further research is required to deter-
mine typical patterns of PDL width variation. This will finally
answer the question of its potential effect on CR location for use
in clinical applications.
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