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Introduction – Orthodontic tooth movement (OTM) is achieved by applying an

orthodontic force system to the brackets. The (re)modeling processes of the alveolar

support structures are triggered by alterations in the stress ⁄ strain distribution in the

periodontium. According to the classical OTM theories, symmetric zones of

compression and tension are present in the periodontium, but these do not consider

the complex mechanical properties of the PDL, the alveolar structures’ morphology,

and the magnitude of the force applied.

Materials and Methods – Human jaws segments obtained from autopsy were

microCT-scanned and sample-specific finite element (FE) models were generated.

The material behavior of the PDL was considered to be nonlinear and non-symmetric

and the alveolar bone was modeled according to its actual morphology. A series of FE-

analyzes investigated the influence of the moment-to-force ratio, force magnitude, and

chewing forces on the stress ⁄ strain in the alveolar support structures and OTM.

Results – Stress ⁄ strain findings were dependent on alveolar bone’s morphology.

Becauseofthenonlinearbehaviorof thePDL,distinctareasof tension,andcompression

could not be detected. Secondary load transfer mechanisms were activated and the

stress ⁄ strain distribution in the periodontium was concealed by occlusal forces.

Conclusions – We could not confirm the classical ideas of distinct and symmetrical

compressive and tensile areas in the periodontium in relation to different OTM

scenarios. Light continuous orthodontics forces will be perceived as intermittent

by the periodontium. Because roots and alveolar bone morphology are patient-

specific, FE-analysis of orthodontic loading regime should not be based on general

models.

Key words: finite element analysis; orthodontics; periodontal ligament; tooth

movement

Introduction

Orthodontic tooth movement (OTM) occurs as a result of site-specific

resorption and formation of the alveolar bone. The remodeling processes
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of the alveolar support structures are triggered by

alterations in the stress ⁄ strain distribution in the peri-

odontium caused by the intra-alveolar displacement of

the roots within the intra-alveolar space. The amount

and type of displacement is determined by the loading

regime as well as by force magnitude. The displace-

ment of the roots causes a cascade whereby a

mechanical stimulus is turned into a biologic reaction,

so that OTM becomes possible. This process, called

mechanotransduction, involves bone modeling sec-

ondary to loading and is comprised mechanocoupling,

biomechanical coupling, cell-to-cell signaling, and

effectors response (1). The similarities between ortho-

dontics and orthopedics seem therefore to be

straightforward, but the presence of the periodontal

ligament (PDL) makes a direct application of ortho-

pedic concepts to orthodontics more complex. The

PDL being a nonlinear, multi-phasic, and visco-elastic

material (2–4) substantially influences the load transfer

from the teeth to the surrounding alveolar bone.

A common goal for all orthodontists has been to

define a force that results in a maximal rate of tooth

movement with minimal iatrogenic side-effects. A

thorough knowledge of the loading of the different

tissues involved in OTM is needed as the basis for im-

proved understanding of the mechanotransduction.

Two main theories regarding tissue reaction to ortho-

dontic loading have been proposed: the �pressure–

tension’ theory (5, 6), and the distortion or bending of

the alveolar bone also referred as �bioelectric’ theory

(7–10). Lately, the cellular reaction of the alveolar bone

has been perceived as a reflection of the local state of

loading (11). A way to verify the validity of the theories

mentioned above and to investigate the effects of

orthodontic loading regimes would be to determine

point by point the stress and strain distributions within

the whole periodontium following the application of

orthodontic forces. The finite element method (FEM)

has proved to be a valid and reliable technique for the

calculation of the local state of deformation and load-

ing of complex structures. However, the validity of the

results of FE-analyzes is totally dependent on the

ability to model the complexity of morphology and

tissues material properties of the structures analyzed

(12, 13).

The aim of the present investigation was therefore to

use the FEM: 1) to describe the orthodontic load

transfer from the teeth to the alveolus; 2) to determine

the influence of force magnitude in the stress and

strain distribution in the alveolar support structures;

and 3) to study the interactions of occlusal and ortho-

dontic forces.

Materials and methods

A simplified FE-model of a tooth from an experiment

described previously (14) was used to evaluate the shape

of the tooth socket wall when a translation movement

was simulated. Subsequently, two humans segments

from two different donors were harvested at autopsy

(approval obtained from Aarhus University Ethical

Committee). The first specimen was a frontal left seg-

ment of a mandible and the second was a posterior left

segment of the mandible. Using a microCT (lCT) scan-

ner (lCT40; Scanco Medical, Bassersdorf, Switzerland)

two three-dimensional (3D) datasets of the segments

were generated (Fig. 1). Using a procedure described

previously (12), 3D FE-models were generated

comprised alveolar bone, PDL, and for the first sample,

canine and first premolar (Fig. 2, left), and for the second

sample, first and second molars (Fig. 2, right).

Material properties

The material properties of the elements representing

alveolar bone were assigned using a procedure where

the Young’s modulus of each element was allocated

individually based on the information retrieved from

the lCT-scans so that the bone structure, including

trabecular structures, could be modeled on a tissue

level (15). Three different Young’s moduli were chosen

to represent full cortical bone (17 500 MPa, Poisson’s

ratio of 0.3), partly cortical bone (5000 MPa,

Poisson’s ratio of 0.3), and bone marrow (200 MPa,

Poisson’s ratio of 0.3). A nonlinear and non-symmetric

approach was used to describe the material properties

of the PDL, and a Poisson’s ratio of 0.3 was used (3, 12,

16–18). The elements representing the teeth were

assigned a Young’s modulus of 20 000 MPa and a

Poisson’s ratio of 0.3 (19–21).

Loading and boundary conditions

In the simplified model, the force magnitude was set

at 100 cN and a pure translation movement was
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achieved by constraining root movement to the

mesial-distal direction. For the human-based

FE-models, a range of orthodontic loading regimes

were simulated in accordance with clinical practice.

In the first series of analyzes, the effects of a force of

100 cN acting on a bucco-lingual direction and two

different moment-to-force (M ⁄ F) ratio were analyzed

(Table 1). The force was acting in a buccal direction

on the premolar and second molar, and lingually on

the canine and first molar. The M ⁄ F ratio for the

canine, first and second molar was chosen to be

either 0 or 11, whilst for the premolar 0 or 9 (22). In

the second series of analyzes, the influence of force

magnitude on the load transfer mechanism was

evaluated. A fixed M ⁄ F ratio of zero was used for the

first premolar, the canine, and first molar, whereas

the force magnitude was progressively increased up

to 400 cN in steps of 50 cN. In the third series of

analyzes, occlusal vertical forces ranging from 0 to

20 000 cN were superimposed to an orthodontic force

of 100 cN and a M ⁄ F of 0. For each series of analyzes

the stress and strain distribution in the periodontium,

and the resulting tooth movements were ascertained.

Movement was suppressed in all directions for the

nodes situated on the bottom edge of each bone

segments.

Fig. 2. FE-models of the human segments

presented in Fig. 1. Note that only a portion

of the samples were used to generate the

FE-models.

Fig. 1. Rendering of the 3D lCT dataset of

the left anterior segment of the mandible

with the incisors, premolar, and canine (left)

and rendering of the 3D lCT dataset of the

left posterior segment of the mandible with

the second premolar, first and second molar

(right). Voxel dimension is 37 lm.

Table 1. Summary of the various orthodontic loading regimes for

the teeth, used in the experiments

Load

case

M ⁄ F

@

canine

M ⁄ F

@

premolar

M ⁄ F

@

1st molar

M ⁄ F

@

2nd molar

Force magnitude

[cN]

I 0 0 0 0 100*

11 9 11 12

II 0 0 0 – 0–400*

III – – 0 – 100* & 0–20 000�

*Orthodontic forces.
�Occlusal forces.
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Results
Simplified FE-model

The FE-analysis showed that the deformation of the

alveolar wall in a buccal–lingual cross-section occurred

mostly on the tension side (Fig. 3B, C, upper-right

quadrant). The concavity of the alveolar wall was

decreasing at X (the area where bone apposition

occurs) but it is increasing at Y. When bending of the

alveolar bone in a buccal–lingual section was assessed,

the deformation at the cervical level was below

1 lstrain in case of tipping (Fig. 3, lower-left quadrant)

and was approximately 0.1 l strain in case of transla-

tion (Fig. 3, lower-right quadrant).

Sample-specific FE-models – orthodontic loading

1) When a M ⁄ F = 0 was simulated and the force level

kept at 100 cN, all the teeth displayed uncontrolled

tipping. Regions of compressive and tensile normal

stresses could be identified in the PDL. However, the

magnitude of the tensile stresses was significantly

higher than the compressive stresses. This was

consistent for all the teeth (Fig. 4). The accompanying

strains in the PDL were in the range of )20% to 14%.

The distinct compression and tension areas seen in the

PDL were not present in the adjacent areas of the

alveolar bone, except for a thin layer of bone in close

contact with the PDL. Areas of tensile stress were well

recognizable in the lingual-cervical and buccal-apical

alveolar bone. In the bucco-cervical area of the alveolar

bone the compressive stresses are barely detectable.

The same is seen on the lingual-apical portion of the

alveolar bone (Fig. 5, upper row).

When M ⁄ F’s of 9 and 11 at 100 cN were simulated, all

teeth displayed almost perfect translation. As a conse-

quence, the overall displacements of the teeth were

smaller than in the case of uncontrolled tipping. In the

lingual section of the PDL of the canine and first molar,

and on the buccal section in case of the premolar, a

nearly uniform distribution of tensile stresses were

present, whereas a very mild compression was present

on the opposed side of the PDL (Fig. 6). In the alveolar

bone on the �tension’ side the tensile stresses were

uniformly distributed with a maximum value of about

0.02 MPa (for the premolar), whilst on the opposite

A B

C

Occlusal forces

Res Def.
(µ Strain)

1

0.5

0

0.10

0.05

0.00

Res Def.
(µ Strain)

TranslationTipping

Orthodontic forces

Increased
concavity

Root

Y

Y

X

BONE

Decreased
concavity

PDL

Fig. 3. Top-left: deformation of a long bone

when longitudinal and lateral forces are

applied. The arrows show the loading

application and direction; the �+’ signs indi-

cate the increased concavity; C, compression

side; T, tension side [adapted from Epker &

Frost (24) & Meikle (28)]. Top-right: cross-

section perpendicular to the long axis of a

single-rooted tooth (A). Deformation of the

alveolar wall and of the PDL fibers when an

orthodontic force is applied (500· magnifi-

cation) (B). A decrease of the concavity of the

bony wall ()) is shown where there is

apposition and increased concavity (+) on

the lateral aspects of the alveolar wall (C).

Bottom: deformation of the alveolar bone is

depicted when simulating uncontrolled

tipping (left; force = 100 cN, M ⁄ F = 0), and

translation (right; force = 100 cN, M ⁄ F = 11).

The deformed shape is depicted using a

color-code, whilst for the non-deformed

section, white is used (100· magnification).

A lCT-reconstructed slice representing the

same section is depicted for clarity.
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side the compressive stresses were by far lower with a

maximum value of about 0.001 MPa (for the canine).

2) In the second series of experiments, the force level

was gradually increased. When the force magnitude was

below 150 cN, the state of stress ⁄ strain and deformation

in the PDL was mimicking what had been found in the

first series of analyzes. In contrast, when force magni-

tude became larger than 200 cN, a small area of com-

pression started to appear in the PDL at the level of the

crest of alveolar bone and in the direction of the force. At

a level of 400 cN, the peak value of compressive stresses

was similar to what was found on the tensile side,

nevertheless, the area did not substantially increased in

size (Fig. 7). At a force level of 400 cN the PDL in the

Fig. 5. Lingual-buccal stress, rx, in a trans-

versal section of the alveolar bone passing

through the long axis of the canine when the

force level is varied from 0 to 400 cN and the

M ⁄ F ratio is set to 0. The negative values

represent compression whilst the positive

tension. Note that bone in the buccal cervi-

cal region is loaded only when the applied

orthodontic force becomes larger than

200 cN. A lCT-reconstructed slice repre-

senting the same section is depicted for

clarity.

Sigma X
MPa

0.001

0.000

–0.002

Fig. 6. Stress along the buccal–lingual

direction, rx, at the bone–PDL interface

around the root of the canine (left), the

premolar (center), and the first molar (right).

The negative values represent compression

whilst the positive tension. The force level

was kept constant at 100 cN during the

analyzes and a M ⁄ F ratio of 11 was used for

the canine and first molar and of 9 for the

premolar (i.e. translation).

Sigma X
MPa

0.01

0.00

–0.01

Fig. 4. Stress along the buccal–lingual

direction, rx, at the bone–PDL interface

around the root of the canine (left), the

premolar (center), and the first molar (right).

The negative values represent compression

whilst the positive tension. The force level

was kept constant at 100 cN during the

analyzes and a M ⁄ F ratio of 0 was used (i.e.

uncontrolled tipping).
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buccal- and lingual-cervical level has been deformed

more than 80%. The area where compressive stresses

were present was immediately bordered by areas where

no compression could be detected. The compressive

stresses in the PDL were transferred to the adjacent

alveolar bone, where they were transformed into com-

pressive as well as tensile hoop stresses, as demonstrated

in a previous research (12) (Fig. 5, lower row).

Sample-specific FE-models – orthodontic and occlusal loading

In the last series of analyzes, the influence of the

occlusal forces on the stress and strain distribution in

the PDL was investigated. When the vertical-occlusive

force reached a magnitude up to approximately

500 cN, no substantial changes could be detected in

the PDL from the scenario where only the orthodontic

loading forces were applied. Beyond this level, the

loading of the PDL and of the alveolar structures in

general became completely different, changing from

uncontrolled tipping (because of the orthodontic for-

ces) to pure intrusive movement (because of occlusal

forces; Fig. 8).

Discussion

Changes in the stress and strain distribution are the

triggers for bone modeling that allow the teeth to move

when an orthodontic loading regime is applied at the

bracket. The present investigation describes how

the loading pattern influences the first steps of the

mechanotransduction mechanism leading to PDL

re-arrangement and bone resorption and formation in

relation to OTM. These findings do not corroborate the

simplified view of having tensile and compressive

stresses in separate areas of the PDL and alveolar bone

(12, 23, 24), which characterized the classical �pressure–

tension’ theory (5, 6). Bone formation related to an

increased concavity of the alveolar bone wall also could

not be confirmed (8). Moreover, the change in curva-

ture of the alveolar socket could not be compared with

long bones (9, 24). What is presented in this study

corroborates what was previously speculated (11): bone

formation is the result of an increase state of load in the

alveolar bone and in the stretched PDL fibers, while

bone resorption is the results of either an unload state

(i.e. direct resorption) or as a consequence of hyalini-

zation (i.e. indirect or undermining resorption) in the

area where the PDL is undergoing large compressive

deformation and the underlying alveolar bone is sub-

jected to local high stress and strain (25).

Since the pioneering research on tooth movement

performed by Sandstedt (26), hyalinization has been

described as an almost unavoidable phenomenon

associated with orthodontics movement (27). Though

hyalinization takes place even when light orthodontic

forces are used, hyalinization areas are more likely to

Fig. 7. Stress along the buccal–lingual

direction, rx, at the bone–PDL interface

around the root of the canine. The negative

values represent compression whilst the

positive tension. The M ⁄ F ratio was kept

constant at 0 during the analyzes while the

force was increased up to 400 cN. Note that

areas where high compressive stresses are

detected (circles) start to appear when forces

become larger than 200 cN.
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occur when high forces are used, and more in cases of

tipping than in bodily movement (6, 27, 28). Dalstra

et al. (29) showed that the alveolar bone surface is not

smooth and therefore even small orthodontic loading

can give rise to local high stress and strain. In order to

minimize hyalinization areas and thus increasing tooth

movement rate, the search for an optimal force mag-

nitude has been investigated (30, 31), even though

some authors have been skeptical about this concept

(32, 33) and data in the literature are not exhaustive

(34). On the other hand, Ren et al. (33) stated that �a

dose–response relationship exists in the very low force

range; then a plateau is reached’.

The present study showed that small forces were

enough to produce deformations in the PDL, yet the

associated compressive stresses were very mild. How-

ever, by increasing force magnitude during uncon-

trolled tipping the compressive stresses in the PDL

increased considerably and compressive forces were

transferred to the cervical portion of the alveolar bone.

This would give rise to local ischemia in the PDL, fol-

lowed by the formation of a hyalinised area, leading to

local necrosis of the underlying alveolar bone. Before

the tooth can further move, the necrotic bone has to be

removed by undermining resorption. This might ex-

plain while at low forces a dose–response relationship

exists, whilst by further increasing the forces magni-

tude will not lead to an increased tooth movement rate

(33). On the other hand, areas characterized by high

compressive stresses are limited and they are directly

bordered by areas with a state of no- or low-compres-

sion, where it is anticipated that direct (frontal)

resorption is taking place.

The morphology and material properties of the tis-

sues forming the periodontium are characterized by a

high level of complexity. When mathematical models

are used to mimic these structures, it is understood that

some simplifications have to be introduced; however,

these should not be detrimental to the correctness of

the results. In the present study, an approximation of

the true physical properties of PDL was used, where its

basic shape with a low-stiffness toe region and a high-

stiffness slope closely resembled both experimentally

(3) and mathematically determined relationships (35).

Datasets from lCT allowed precise descriptions of both

the external geometry and the internal morphology of

the alveolar bone. The force magnitude of 100 cN

and the occlusal force magnitudes were chosen based

on good accordance with the magnitude of forces used

in clinical practice (4, 10, 36, 37). In this study, trans-

lation was best approximated by using a M ⁄ F ratios of

11 for the canine, the first and second molar, and 9 for

the premolar (22), values that differ somewhat from

those previously proposed by Burstone and Pry-

putniewicz (37). A limitation of the present study is that

the results could not be directly compared with in vivo

loading; nevertheless, the calculated amount of

deflection of the teeth reflects what has been reported

Fig. 8. Stress along the buccal–lingual

direction, rx, at the bone–PDL interface

around the root of the first molar. The neg-

ative values represent compression whilst

the positive tension. The orthodontic loading

regime was kept constant (F1 = 100 cN and

M ⁄ F = 0) while the vertical occlusal force

(F2) was increased up to 200 N. Note that the

stress distribution substantially changes for

F2 > 500 cN.
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in experimental studies (4, 38). Nevertheless, a fine

tuning of the FE-models and of the material properties

of the various tissues is necessary in order to better

determine the stress and strain distributions within the

whole periodontium and the transition between low

and high forces under orthodontic loading.

Conclusions

The present FE-analyzes indicate that following the

application of an orthodontics loading regime, alveolar

bone modeling cannot be based on the simplified, yet

generally accepted, concept of resorption caused by

compression, and formation caused by tension.

Clinical relevance

With OTM, there is an on-going tendency toward the

use of lighter forces in order to approximate an optimal

force resulting in a maximal rate of OTM with minimal

iatrogenic side-effects. This study provides insights into

the stress and strain distribution, calling into question

the classic idea of symmetric compressive, and tensile

areas. Our investigations suggest that a more thorough

knowledge of the state of loading of the different tissues

involved in OTM may be useful for determining force

levels to be used clinically, minimizing hyalinization,

and thus defining the ideal range for orthodontics

forces.
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