
Original Article

Effect of the inclination of a maxillary central incisor on periodontal stress

Finite element analysis

Athicha Kanjanaouthaia; Korapin Mahatumaratb; Paiboon Techalertpaisarnc; Antheunis Versluisd

ABSTRACT
Objective: To determine the effect of labiolingual inclination of a maxillary central incisor on the
magnitude and distribution of stresses within the periodontal space.
Materials and Methods: Five three-dimensional finite element models of a right maxillary central
incisor were created with 0u, 10u, 20u, 30u, and 40u inclination. Each incisor model was subjected to
a 1 N lingual-directed force and 6–12 N?mm countertipping moment on the labial surface. The
stress level within the periodontal ligament was calculated in terms of maximum principal stresses.
Results: With increased inclination, compressive stresses tended to increase whereas tensile
stresses tended to decrease. The location where compressive stress was prevalent changed from
the midroot area to the apical area on the lingual side, while the area where tensile stresses were
predominant changed from the midroot area to the cervical area on the labial side.
Conclusion: There are more compressive stresses concentrated at the apex of incisors with a
high degree of inclination than in incisors that are more upright. This may be associated with the
higher clinical incidence of apical root resorption found in inclined maxillary central incisors. (Angle
Orthod. 2012;82:812–819.)

KEY WORDS: Inclination; Principal stress; Finite element analysis; Periodontal ligament;
Orthodontics

INTRODUCTION

Stress-strain distribution within the periodontal liga-
ment (PDL), resulting from orthodontic loading, is an
initiating factor for orthodontic tooth movement. Ex-
cessive periodontal stress is a major cause for external
apical root resorption (EARR).1,2 EARR incidences due
to orthodontic tooth movement are most common in
maxillary incisors.1,3–5

Many studies have investigated periodontal stresses
caused by orthodontic loading. These stresses are

often determined with finite element analysis (FEA).
FEA is an engineering tool for calculating stresses and
strains within complex structures and has been widely
adopted in biomedical research. The principle of FEA is
based on dividing a complex structure into small, simple
sections, called elements. These elements are given
properties (such as the Young’s modulus) to account
for their physical response to an external load (such as
orthodontic forces) or displacement (such as bending).
All individual physical elements are bound together
by nodes, forming a cohesive mesh. Using computer-
solved numerical algorithms, the stress-strain response
to a load can be calculated within each element.6,7

Studies that analyzed stresses in the PDL with FEA
suggest that tipping movement causes higher-stress
concentrations at the cervical area than in the apical
area.7–12 Other studies reported that bodily movement
concentrates stresses at the midroot area with an
almost uniform distribution and that the stress level
from bodily movement is lower than that from the
tipping movement.11–14 However, clinically maxillary
central incisors have the highest incidence of root
resorption in the apical area,1,3–5 suggesting that PDL
stresses should be the highest in the apical region.

The finite element studies that found higher stresses
in other areas than the apical region were conducted
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for teeth in an upright position, with the forces applied
perpendicular to the occlusal plane. Clinically, how-
ever, upper central incisors are approximately 30u
inclined to the line perpendicular to the occlusal
plane.15,16 Moreover, the force vector is rarely perpen-
dicular to the long axis of an incisor. The purpose of
this study was therefore to determine the effect of
labiolingual inclination on the magnitude and distribu-
tion of stresses within the PDL for a maxillary central
incisor.

MATERIALS AND METHODS

Stresses in the PDL were investigated using FEA
(Marc/Mentat, MSC Software Corporation, Santa Ana,
Calif). Finite element models consist of (1) geometry,
(2) mechanical properties of materials involved, and
(3) applied loading and constraints.

Five three-dimensional geometrical models were
created, representing a right maxillary central incisor.
The long axis of each incisor model was 0u, 10u, 20u,
30u, or 40u inclined to the line perpendicular to the
occlusal plane. Each of the five models consisted of an
incisor, PDL, and a section of alveolar bone. Each
model was subdivided into 2400 eight-node isopara-
metric hexahedral solid elements and 2896 nodes
(Figure 1).

The incisor geometry was based on average
anatomical dimensions from Wheeler’s Dental Anato-
my textbook.17 Tooth length, measured from incisal
edge to root apex, was 23.5 mm; the crown was
10.5 mm and the root 13 mm. The mesiodistal width of
the crown was 8 mm and the labiolingual width 7 mm.
The width of the PDL was adjusted at different
cervicoapical levels according to data from Coolidge
(Table 1).18 The PDL covered 11 mm of the root
surface, measured from the apex. Average alveolar
bone thickness at five height levels on the labial and
lingual sides was determined from 30 cephalometric
radiographs (Table 2) and applied in the models.
Cervical height of alveolar bone was the same level
as the height of the PDL. The base of the model was
4-mm thick, measured from the apical PDL.

Material properties were assigned to the elements.
All materials were assumed to be homogeneous,
isotropic, and linear-elastic. Table 3 lists the applied
properties for the tooth, PDL, and alveolar bone.
These values were compiled from published da-
ta.8,11,13,19–24

Each of the five inclination models was subjected to
three loads on the crown (Figure 2):

1. Lingual-directed force (F) of 1 N, placed at the
midpoint of mesiodistal width, 4.5 mm apical to the

Figure 1. Dimensions of the three-dimensional finite element model of a right maxillary central incisor, shown in midsagittal view. The model

consisted of the incisor, periodontal ligament (PDL), and surrounding bone. Five inclinations were simulated: 0u, 10u, 20u, 30u, and 40u.

Table 1. The Geometry of the Periodontal Ligament Widths18

Distance

From Alveolar

Crest, mm

Periodontal Ligament Widths, mm

Mesial Distal Labial Lingual

11 0.22 0.20 0.25 0.25

10 0.20 0.18 0.22 0.22

8 0.17 0.15 0.20 0.20

6 0.16 0.14 0.18 0.18

4 0.17 0.15 0.20 0.20

2 0.20 0.18 0.22 0.22

0 0.21 0.19 0.24 0.24

Table 2. Average Alveolar Bone Thickness at Five Levels

Level

Average Alveolar Bone Thickness, mm

Labial Lingual

At alveolar crest 0.82 0.94

Midpoint between alveolar

crest and midroot 1.34 2.32

Midroot 1.55 3.30

Midpoint between midroot

and the apex 1.93 4.76

At the apex 4.18 7.63
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incisal edge, parallel to the occlusal plane. This load
did not change with inclination.

2. Countertipping moment (Mt) caused labial crown
movement. The Mt magnitude generating Mt/F
ratios, which varied from 6 to 12, and ratios that
created bodily movement were applied. These
ratios were 11.65, 10.91, 9.85, 8.48, and 6.87 for
the 0u, 10u, 20u, 30u, and 40u inclination, respec-
tively.25 Bodily movement happened when nodes at
the center of the incisal edge and apex moved the
same distance in the same direction.

3. Counter-rotation moment (Mr) that resulted in
distolingual rotation counteracted the confounding
moment. Mr was calibrated to make the mesial and
distal ends of the incisal edge move an equal dis-
tance in the same direction. The horizontal distance
of this couple was 4.87 mm.

Free body motion for the model was constrained by
fixing all nodes at the base of the model (bone) in all
directions. Nodes on mesial and distal surfaces of the
bone section were fixed only in mesiodistal and
incisoapical directions, which allowed bending of the
bone in labiolingual directions.21

The stress level within the PDL was calculated in
terms of principal stresses. Principal stresses are

independent of the orientation of the coordinate
system and represent the highest normal stress
components. In a three-dimensional stress field, there
are three principal stress components, ranked in
descending order. From all principal stresses calculat-
ed in the entire PDL, the maximum value of the first
principal stress and the minimum value of the third
principal stress were recorded for each model and
each Mt/F ratio. In this study, these were named the
maximum principal stress and the minimum principal
stress, respectively.

RESULTS

For each inclination, the relationships between the
Mt/F ratio and the maximum and minimum principal
stresses are plotted in Figure 3. The locations of the
principal stresses extremes in the PDL for each Mt/F
ratio and for the Mt/F ratio that produced bodily
movement are shown in an accompanying midsagittal
view. It was found that all values of the minimum
principal stress in the PDL were negative, so they
could be called maximum compressive stress. All
values of the maximum principal stress were positive,
so they were called maximum tensile stress. The
lowest magnitudes of the maximum compressive and
tensile stress at each inclination are summarized in
Table 4.

At 0u inclination, the lowest magnitude of both
maximum compressive and tensile stress occurred
at midroot on lingual and labial sides, respectively,
when the Mt/F ratio was the ratio that produced bodily
movement (11.65). When the Mt/F ratio decreased,

Table 3. Mechanical Properties Applied in the Analysis8,11,13,19–24

Structure

Mechanical Properties

Young’s Modulus, N/cm2 Poisson’s Ratio

Tooth 2,030,000 0.30

PDL 68 0.49

Alveolar bone 1,370,000 0.30

Figure 2. (A) Labial aspect of incisor, showing locations of the applied forces and moments. Arrow 1 is a lingual-directed force (F) of 1 N. Arrows

2 and 3 represent the countertipping moment (Mt) that produces labial crown movement. Arrows 4 and 5 represent the counter-rotation moment

(Mr) that produces distolingual rotation. (B) Sagittal aspect of crown, showing the lingual-directed force and Mt. (C) Incisal aspect, showing the

lingual-directed force and Mr.
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both the maximum compressive and tensile stress
concentrations moved to the cervical area on the
lingual and labial sides, respectively (Figure 3A).

When the inclination increased to 10u, the lowest
magnitude of maximum compressive and tensile
stress still occurred close to the Mt/F ratio that
produced bodily movement (10.91) and also occurred
at midroot. When the Mt/F ratio decreased, maximum
compressive and tensile stress appeared at the
cervical area on the lingual and labial sides, respec-
tively. Conversely, at an Mt/F ratio of 12, maximum
compressive stress was produced at the apex on the
lingual side, whereas maximum tensile stress was at
the labial midroot area (Figure 3B).

For the 20u inclination model, the maximum com-
pressive stress occurred in the apical region for all Mt/
F ratios, while maximum tensile stress occurred on the
labial side, moving from cervical to the midroot with
increasing Mt/F ratios (Figure 3C).

In the normal and proclination models (30u and 40u),
the lowest magnitude of the maximum compressive
stress still occurred at Mt/F ratios (6) close to the ratios
that produced bodily movement (6.87). However, for
the maximum tensile stresses, the lowest values were
found for higher Mt/F ratios (8). All Mt/F ratios
produced their maximum compressive stress at the
apex on the lingual side. Maximum tensile stresses
were found at the labial side; increasing Mt/F ratios
moved the maximum tensile stress location from the
cervical to apical region (Figure 3D,E).

For each inclination and Mt/F ratio that produced
bodily movement, the magnitude and location of the
maximum compressive and tensile stress are summa-
rized in Table 5, while Figure 4 shows their stress
distribution patterns according to a linear color scale
(positive is tensile, negative is compressive). The
major principal stress in Figure 4 is the maximum
principal stress component with the highest absolute
value. The table and figure show that with increasing
inclination, compressive stresses that dominate in the
lingual area move from the midroot to the apical region
while increasing in magnitude. Meanwhile, tensile
stresses dominate in the labial area and move from
the midroot toward the cervical area while decreasing
in magnitude.

DISCUSSION

Most finite element studies that investigated stress
distributions due to orthodontic forces modeled teeth in
the upright position and applied forces perpendicular to
the occlusal plane.7–12,26 Since central incisors have an
approximately 30u inclination and orthodontic forces are
usually also angled with respect to the occlusal plane,
this study evaluated how inclination affects the stresses.

First, the current results for an upright incisor were
compared with previous studies to validate the
analysis. For the 0u inclination model, when controlled
tipping movement was simulated (Mt/F ratio , 11.65),
this study found that both maximum compressive and
tensile stress occurred at the cervical part of the PDL.
This corresponds with previous studies.8,10 During
bodily movement (Mt/F ratio 5 11.65), stress in the
PDL was almost uniform along the root surface.
Maximum compressive and tensile stress occurred
at midroot areas on the lingual and labial sides,
respectively. This is also confirmed by previous
publications.13 Bodily movement produced the lowest
magnitudes of the compressive and tensile stress
compared with controlled tipping and root movement.
These magnitudes were 1.297 and 1.299 N/cm2 (129.7
and 129.9 g/cm2), respectively (Table 5). The classic
concept of the optimal force proposed by Schwarz27

states that optimal force should approximate the
capillary vessels’ blood pressure, which is 20–26 g/
cm2. Bioprogressive therapy by Ricketts et al.28

suggested an optimal force of 100 g/cm2, whereas
Lee29 reported 197 g/cm2 as optimal for tooth
movement. While there is thus no consensus about
the precise value for the optimal stress level, our stress
magnitudes were within the range of reported values.

When the incisor was modeled at increasing
inclination, a controlled tipping movement resulted in
the maximum compressive stress to migrate to the
apex, while the maximum tensile stress was in the
cervical area. The finding about the compressive
stress corresponds with the study of Field et al.,30 but
the response of the tensile stress is different. They
found that both compressive and tensile stress
coincided with the apical site. The occurrence of the
maximum compressive stress in the apical area and
the maximum tensile stress in the cervical area for the

Table 4. The Lowest Magnitude of Maximum Compressive and Tensile Stress (N/cm2) at Each Inclination

Inclination

Maximum Compressive Stress Maximum Tensile Stress

Mt/F Magnitude Area Mt/F Magnitude Area

0 11.65 1.297 Lingual/7 mm from apex 11.65 1.299 Labial/5 mm from apex

10 10.91 1.604 Lingual/5 mm from apex 11 1.132 Labial/ 7mm from apex

20 9 2.825 Distal/apical 10 0.971 Labial/cervical

30 8 4.242 Distal/apical 10 0.742 Labial/5 mm from apex

40 6 5.519 Distal/apical 8 0.517 Labial/7 mm from apex
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Figure 3. Relationships between the countertipping moment/lingual-directed force (Mt/F ratio) and principal stress for 0u, 10u, 20u, 30u, or 40u
tooth inclination. Diagrams on the right show locations of maximum compressive and tensile stress. (A) 0u inclination, (B) 10u inclination, (C) 20u
inclination, (D) 30u inclination, (E) 40u inclination.

Table 5. Maximum Compressive and Tensile Stress (N/cm2) for the Countertipping/Lingual-Directed Force Ratio (Mt/F) That Produced Bodily

Movement at Each Inclination

Inclination Mt/F

Maximum Compressive Stress Maximum Tensile Stress

Magnitude Area Magnitude Area

0 11.65 1.297 Lingual/7 mm from apex 1.299 Labial/5 mm from apex

10 10.91 1.604 Lingual/5 mm from apex 1.151 Labial/9 mm from apex

20 9.85 3.005 Lingual/apical 1.019 Labial/9 mm from apex

30 8.48 4.319 Lingual/apical 0.860 Labial/9 mm from apex

40 6.87 5.572 apical 0.673 Labial/9 mm from apex
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inclined incisor may be explained by the force
direction. Inclination results in an increased intrusive
force component parallel to the long axis that thus
creates increased compressive stress conditions at the
apex and also tension in the PDL in the longitudinal
direction. Meanwhile, the perpendicular component
that caused the high tension in the cervical area for the
0u inclination model decreases. For bodily movement,
when inclination increased, the location of the maxi-
mum compressive stress not only moved to the apical
area but also increased in magnitude. This observation
correlates with root resorption observations in clinical
practice and studies. Maxillary central incisors have
been reported to be the most vulnerable for root
resorption after orthodontic treatment.1,3–5 Taner et al.31

reported that Class II division 1 subjects with more
improved incisor inclination had higher root resorption
than Class I subjects, following extraction therapy.
Weiland32 found resorption lacunae distributed mainly
around compression areas. Many studies have con-
firmed that increased inclination and overjet is a risk
factor for root resorption.4,5,33

The results of this study generally correlated well
with clinical observations and other studies, despite
the various assumptions and simplifications that were
required in the analysis. In reality, PDL properties

are nonlinear and anisotropic,34,35 but because their
precise response is still not well defined, this study
assumed homogeneous, isotropic, and linear-elastic
properties. This simplified PDL response should still
provide useful general insight because displacements
were relatively small. To ensure that a specific elastic
modulus choice would not predetermine the general
conclusions, a range of modulus values was tested as
part of the preparation for this analysis. Anatomy also
plays a significant role in distribution of stresses. The
maxillary central incisor geometry was established for
average anatomical dimensions. The results of this
analysis are thus not for one specific clinical case but
apply to an average among individuals.21,23 Therefore,
our findings can show how inclination may generally
affect the mechanical response of teeth. Future
studies could further refine the loading and approxi-
mations of material properties to further improve our
understanding of stresses within the PDL.

CONCLUSIONS

N With increased inclination, compressive stress tends
to increase, whereas tensile stress tends to decrease.

N For low degrees of inclination, both compressive and
tensile stress distribution are uniformly distributed

Figure 3. Continued.
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along the lingual and labial root surface, respectively.
For high degrees of inclination, compressive stress
dominates at the root apex, while the highest tensile
stresses are found along the root surface on the
labial side.

N With bodily movement and increased inclination, the
area of maximum compressive stress changes from
midroot to the apical area and increases in magnitude.
The area of maximum tensile stress changes from
midroot to the cervical area and decreases in magnitude.
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