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Summary
The mechanism of orthodontic teeth movement is not entirely explained. The principal reac-
tion on tissues at the cellular and molecular level is initiated by the force applied to the tooth 
crown and transferred in turn upon the periodontal ligament (PDL). It seems, therefore, that 
the PDL and particularly its properties play a key role in bone remodelling. One of the more 
commonly used methods, which is capable of analysis of a wide range of orthodontic move-
ments or distribution of stress and strain within teeth and periodontium, is the finite element 
method (FEM). Aiming to achieve the FEM model as close as possible to in vivo conditions, it 
is necessary to account for accurate material properties. The aim of the present study is to 
compare particular studies and descriptions of material characteristics of the PDL. 
The analysis of available articles shows how imperfect modern descriptions of PDL material 
properties available today are, which in the precise method could allow the analysis of the 
occurrences within the in vivo processes in a non-destructive manner. The complicated ana-
tomy and physiology of PDL, which incur significant parameter changes with age and disease 
susceptibility, make the accurate description of this material so difficult. The available study 
results show that those characteristics should be precise and complicated, which undoubtedly 
impedes the calculation processes but generates reliable results. 
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Introduction

The forces that are applied to the tooth are in turn 
transferred to periodontal tissues – which include the 
periodontal ligament (PDL) and the alveolar bone. The 
positional change of individual teeth is based on those 
fundamental mechanisms of bone tissue remodelling – 
resorption and apposition. The mechanism of teeth mo-
vement however is not entirely explained. The principal 

reaction on both tissues at the cellular and molecular 
level is initiated by the force applied to the tooth crown 
and transferred in turn upon the PDL. It seems, there-
fore, that the periodontal ligament and particularly its 
properties play a key role in bone remodelling [3]. From 
the anatomical point of view, PDL is a structure which 
consists of collagen fibres (53-47%), blood vessels and ne-
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rve endings (1-2%) that are embedded in an amorphous 
mucopolysaccharide matrix [9]. It is impossible to evalu-
ate experimentally, in vivo, the distribution of stress and 
strain exerted within the tooth and periodontium during 
active orthodontic treatment. Therefore, one can find 
in the literature cases involving the evaluation of tho-
se parameters in vitro. For this purpose, various types of 
measuring methods, for example laser holography [2], 
optoelectronical set-ups [12], photoelastic models [18] or 
electronic speckle pattern interferometry (ESPI) [7] are 
utilized. One of the more commonly used methods, which 
is capable of analysis of a wide range of orthodontic mo-
vements or distribution of stress and strain within teeth 
and periodontium, is the finite element method (FEM). 
Aiming to achieve the FEM model as close as possible to 
in vivo conditions, and only such a model allows the col-
lection of reliable results, it is necessary to account for 
accurate material properties. However, by reviewing the 
available literature we can find examples of different me-
asuring methods or different materials, thus making the 
specification of ideal characteristics extremely difficult. 

The aim of the present study is to compare particular 
studies and descriptions of material characteristics of the 
PDL which are used in articles that analyse teeth positio-
nal movements induced by orthodontic forces. 

Articles were identified by searches of the following data-
bases: EMBASE, MEDLINE, PubMed, Scopus. The following 
search terms were used: “finite element analysis”, “finite 
element method”, “mechanical properties”, “elasticity”, 
“nonlinear elasticity”, “orthodontic tooth movement”, “pe-
riodontal ligament (PDL)’’.

A comparison of material properties is shown in table 
1. One of the describing properties of PDL is Poisson’s 
ratio, whose value ranged in individual studies from 0.3 
to 0.49 MPa (table 1). The studies conducted in the 1990s 
recognised PDL as a linear, isotropic and elastic mate-
rial [6,10,15,19,21,27,29,30]. Worth noting is the fact that 
even today there are articles published which use such 
characteristics [5, 8]. Cattaneo et al. however, using very 
precise data concerning PDL anatomy, gained from com-

Table 1. Material properties of periodontal ligament (PDL)

Elastic modulus (MPa) Poisson’s Ratio Tooth Species References

0.5-99.8 0.45 Maxillary canine Human [19]

6.8x10-2 0.49 Mandibular canine Human [6]

6.66x10-1 0.49 Maxillary central incisor Human [29]

1. 0.68
2. Anisotropic 0-10

0.49 Maxillary central incisor Human [25]

6.67 4.5 - - [30]

50 0,45 Maxillary incisors Human [15]

6.90x10-1 0.45 Maxillary central incisor Human [27]

Bilinear 0.3 Canine Dog [16]

Non-linear 0.45 Mandibular first molar Human [13]

0.75 0.45 Mandibular premolar Human [21]

0.01-0.03 0.45-0.49 Maxillary incisor Human [23]

0.667 0.49 Maxillary central incisor Human [10]

Bilinear 0.3 First molar Rat [17]

1 0.45 Maxillary incisor, canine Human [5]

6.8x10-2 0.49 Maxillary dentition Human [4]

0.01; 0.1; 1 0.45 Mandibular first premolar Human [8]

Bilinear 0.3 Premature molar Pig [33]

- 0.3 Incisors, canine Human [24]

1. 0.17 (linear high model)
2. 0.044 (linear low model)

3. Non-linear 

0.45 Mandibular canine, premolar Human [3]

0.1 0.45 Maxillary first premolar Human [14]

0.7 0.49 Molar Rat [11]

Bilinear 0.3 - - [7]
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puted microtomography, proved that PDL is anisotropic 
tissue with strong nonlinear characteristics. Moreover, 
the studies of Cattaneo et al. showed that the material 
properties of PDL have a strong influence on the transfer 
of orthodontic forces. Vollmer et al., Provadis, Poppe et 
al., and Pietrzak et al. also came to similar conclusions in 
their studies [23,24,25,31].

Discussion

Bone remodelling engages a complicated net of interactions 
between cells from the osteoblast line, hormones, and lo-
cally produced cytokine and growth factors [20]. It is not 
difficult to agree with the impression that orthopaedic and 
orthodontic concepts concerning bone remodelling have 
a lot in common. Both require the understanding of bone 
biology and in particular the relation between mechanical 
stress and strain and various types of cells. Orthodontic teeth 
movements however seem to be a slightly more complicated 
process, which requires remodelling not only within alveolar 
bone but also within the PDL. 

The significant differences in the description of the material 
characteristics of PDL are probably caused by many factors. 
Undoubtedly there are various measuring methods used, for 
example compression, extension, pressure or ultrasound. 
In each of these methods, the differences are noticeable 
depending on value, time, direction of the applied force or 
the frequency in the ultrasound method. Furthermore, also 
extremely significant seems to be the material studied. As 
the above-mentioned literature review revealed, studies 
conducted evaluate not only human PDL but also those of 
animals such as rats [11, 17] or pigs [33]. The animal mate-
rial does not exactly reflect the properties of human tissue 
because of differing anatomy and metabolism. Furthermore, 
the differences also concerned those between human teeth 
types – premolar [8, 14, 21], molar [13], incisor [10, 27], and 
canine [5, 16] or full dentition [4]. Also important to consider 
seems to be the individual factors of each instance – the root 
of each tooth has a slightly different length and shape, which 

influences the PDL magnitude. The next significant factor 
is the humidity of the material because different results are 
gained when the material properties are determined using 
dry samples or physiologically wet samples.

Despite many publications concerning the analysis of ortho-
dontic teeth movement within the alveolar bone being pre-
sent, it is difficult to resist the conclusion that the material 
properties of the PDL are the Achilles’ heel of these studies. 
The articles published in prestigious journals over the last 30 
years very often give completely different properties and are 
sometimes simply excluded. In many articles there is a lack 
of detailed description regarding how the analysed material 
was harvested, prepared or loaded. Insufficient description 
of the methodology sometimes prevents identification of 
whether the material properties were gained from original 
studies or taken from other sources, which may indicate 
identical features in different studies. 

Conclusions

The analysis of available articles shows how imperfect 
modern descriptions of PDL material properties available 
today are, which in the precise method could allow the 
analysis of the occurrences within the in vivo processes 
in a non-destructive manner. The complicated anatomy 
and physiology of PDL, which incur significant parameter 
changes with age and disease susceptibility, make the accu-
rate description of this material so difficult. If the authors 
analyse the processes occurring in the whole cranium or 
craniofacial complex, the modelling of this complicated 
structure, namely PDL, may be even ignored [1, 21, 26, 28, 
32]. However, if we want to analyse the movement of a sin-
gle tooth within the alveolar bone in both patients with 
a healthy periodontium and periodontally compromised 
ones, precise modelling of the PDL with an account of all of 
its features is necessary. The available study results show 
that those characteristics should be precise and complica-
ted, which undoubtedly impedes the calculation processes 
but generates reliable data. 

[1] Boccaccio A., Lamberti L., Pappalettere C., Carano A., Cozzani M.: 
Mechanical behavior of na osteomized mandible with distraction 
orthodontic devices. J. Biomech., 2006; 39: 2907-2918

[2] Burstone C.J., Pruputniewicz R.J.: Holographic determination of 
centres of rotation produced by orthodontic forces. Am. J. Orthod., 
1980; 77: 396-409

[3] Cattaneo P.M., Dalstra M., Melsen B.: The finite element me-
thod: a tool to study orthodontic tooth movement. J. Dent. Res., 
2005; 84: 428-433

[4] Chang Y., Shin S.J., Baek S.H.: Three-dimensional finite element 
analysis in distal en masse movement of maxillary dentition with 
multiloop edgewise archwire. Eur. J. Orthod., 2004; 26: 339-345

[5] Clement R., Schneider J., Brambs J.J., Wunderlich A., Geiger M., 
Sander F.G.: Quasi-automatic 3D finite element model generation for 
individual single-rooted teeth and periodontal ligament. Comput. 
Methods Programs Biomed., 2004; 73: 135-144

[6] Cobo J., Sicilia A., Argulles J., Suarez D., Vijande M.: Initial stress 
induced in periodontal tissue with diverse degrees of bone loss 
by an orthodontic force: tridimensional analysis by means of the 
finite element method. Am. J. Orthod. Dentofacial Orthop., 1993; 
104: 448-454

[7] Dong-Xu L., Hong-Ning W., Chun-Ling W., Hong L., Ping S., Xiao 
Y.: Modulus of elasticity of human periodontal ligament by opti-
cal measurement and numerical simulation. Angle Orthod., 2011; 
81: 229-236

[8] Dorow C, Sander F.G.: Development of a model for the simulation 
of orthodontic load on lower first premolars using the finite element 
method. J. Orofac. Orthop., 2005; 3: 208-218

[9] Embery G.: An update on the biochemistry of the periodontal 
ligament. Eur. J. Orthod., 1990; 12: 77-80

[10] Geramy A.: Initial stress produced in the periodontal mem-
brane by orthodontic loads in presence of varying loss of alveolar 

References



1264

Postepy Hig Med Dosw (online), 2013; tom 67: 1261-1264

bone: a three-dimensional finite element analysis. Eur. J. Orthod., 
2002; 24: 21-33

[11] Gonzales C., Hotokezaka H., Arai Y., Ninomiya T., Tominaga J., 
Jang I., Hotokezaka Y., Tanaka M., Yoshida N.: An in vivo 3D micro-CT 
evaluation of tooth movement after the application of different force 
magnitudes in rat molar. Angle Orthod., 2009; 79: 703-714

[12] Hinterkausen M., Bourauel C., Siebers G., Haase A., Drescher D., 
Nellen B.: In vitro analysis of the initial tooth mobility in a novel 
optomechanical set-up. Med. Eng. Phys., 1998; 20: 40-49

[13] Hirabayashi M., Motoyoshi M., Ishimaru T., Kasai K., Namura 
S.: Stresses in mandibular cortical bone during mastication: biome-
chanical considerations using a three-dimensional finite element 
method. J. Oral Sci., 2002; 44: 1-6

[14] Hohmann A., Wolfram U., Geiger M., Boryor A., Sander C., Faltin 
R., Faltin K., Sander F.G.: Periodontal ligament hydrostatic pressure 
with areas of root resorption after application of a continuous to-
rque moment. Angle Orthod., 2007; 77: 653-659

[15] Jones M.L., Hickman J., Middleton J., Knox J., Volp C.: A validated 
finite element method study of orthodontic tooth movement in the 
human subject. J. Orhod., 2001; 28: 29-38

[16] Katona T.R., Qian H.: A mechanism of noncontinous supraosseous 
tooth eruption. Am. J. Orthod. Dentofacial Orthop., 2001; 3: 263-271

[17] Kawarizadeh A., Bourauel C., Jager A.: Experimental and nume-
rical determination of initial tooth mobility and material properties 
of the periodontal ligament in rat molar specimens. Eur. J. Orthod., 
2003; 25: 569-578

[18] Maia L.G., de Moraes Maia M.L., da Costa Monini A., Vianna A.P., 
Gandini L.G.Jr.: Photoelastic analysis of forces generated by T-loop 
springs made with stainless steel or titanium-molybdenum alloy. 
Am. J. Orthod. Dentofacial. Orthop., 2011; 140: 123-128

[19] McGuinness N., Wilson A., Jones M.L., Middleton J., Robertson 
N.S.: Stresses induced by edgewise appliance in the periodontal 
ligament – a finite element study. Angle Orthod., 1992; 62: 15-22

[20] Meikle M.C.: The tissue, cellular, and molecular regulation of 
orthodontic tooth movement: 100 years after Carl Sandstedt. Eur. J. 
Orthod., 2006; 28: 221-240

[21] Motoyoshi M, Hirabayashi M, Shimazaki T, Namura S.: An expe-
rimental study on mandibular expansion: increases in arch width 
and perimeter. Eur. J. Orthod., 2002; 24: 125-130

[22] Motoyoshi M., Shimazaki T., Sugai T., Namura S.: Biomechanical 
influences of head posture on occlusion: an experimental study using 
finite element analysis. Eur. J. Orthod., 2002; 24: 319-326

[23] Pietrzak G, Curnier A., Botsis J., Scherrer S., Wiskott A., Belser 
U.: A nonlinear elastic model of the periodontal ligament and its 
numerical calibration for the study of tooth mobility. Vomput. Me-
thods Biomech. Biomed. Engin., 2002; 5: 91-100

[24] Poppe M., Bourauel C., Jager A.: Determination of the elasticity 
parameters of the human periodontal ligament and the location of 
the center of resistance of single rooted teeth. A study of autopsy 
specimens and their conversion into finite element models. J. Oro-
fac. Orthop., 2002; 63: 358-370

[25] Provatidis C.G.: A comparative FEM-study of tooth mobility using 
isotropic and anisotropic models of the periodontal ligament. Med. 
Eng. Phys., 2000; 22: 359-370

[26] Provatidis C., Georgiopoulos B., Kotinas A., McDonald J.P.: On 
the FEM modelling of craniofacial changes during rapid maxillary 
expansion. Med. Engin. Physics, 2007; 29: 566-579

[27] Rudolph D.J., Willes M.G. Sameshima G.T.: A finite element mo-
del of apical force distribution from orthodontic tooth movement. 
Angle Orthod., 2001; 71: 127-131

[28] Sasaki A., Takeshita S., Publico A.S., Moss M.L., Tanaka E., Ishino 
Y., Watanabe M., Tanne K.: Finite element growth analysis for the 
craniofacial skeleton in patients with cleft and lip palate. Med. En-
gin. Physics, 2004; 26: 109-118

[29] Tanne K., Yoshida S., Kawata T., Sasaki A., Knox J., Jones M.L.: 
An evaluation of the biomechanical response of the tooth and pe-
riodontium to orthodontic forces in adolescent and adult subjects. 
Br. J. Orthod., 1998; 25: 109-114

[30] Vasquez M., Calao E., Becerra F., Ossa J., Enriquez C., Fresneda 
E.: Initial stress differences between sliding and sectional mechanics 
with an endosseous implant as anchorage: a 3-dimensional finite 
element analysis. Angle Orthod., 2001; 71: 247-256

[31] Vollmer D., Bourauel C., Maier K., Jager A.: Determination of the 
centre of resistance in an upper human canine and idealized tooth 
model. Eur. J. Orthod., 1999; 21: 633-648

[32] Yu H.S., Baik H.S., Sung S.J., Kim K.D., Cho Y.S.: Three-dimensio-
nal finite element analysis of maxillary protraction with and without 
rapid palatal expansion. Eur. J. Orthod., 2007; 29: 118-125

[33] Ziegler A., Keilig L., Kawarizadeh A., Jager A., Bourauel C.: Nu-
merical simulation of the biomechanical behaviour of multi-rooted 
teeth. Eur. J. Orthod., 2005; 27: 333-339

The author has no potential conflicts of interest to declare.


