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A B S T R A C T

Introduction: The study assessed the correlation between mobility and the tensions in the injured tooth after it 
was splinted using an orthodontic wire and a composite with the number of splinted teeth and the wire diameter.
Material and methods: Simplified geometric models of the alveolar crest of the maxilla and teeth (with avulsed 
and splinted left central incisor) were constructed using computer software. The tooth displacement and mechanical 
stress were assessed for different wire diameters (0.4-1.0 mm) for both three and five splinted teeth.
Results: With three immobilised teeth, the displacement ranged from 83.31 μm for 0.4 mm diameter wire to 
81.78 μm for 1 mm wire; with five immobilised teeth from 83.36 μm for a 0.4 mm wire to 81.93 μm for a 1 mm 
one. Stress on the injured teeth was around 14.28 MPa for a 1 mm wire and 14.52 MPa for a 0.8 mm wire for three 
splinted teeth.
Conclusions: According to the finite element method, the use of a different diameter (0.4-1.0 mm) of stainless 
steel orthodontic wire after replantation of the maxillary central incisor did not cause any considerable changes in 
tooth micromovements or stress. Also, it is enough to splint the injured tooth with two neighbouring teeth since 
there were no considerable differences with two additionally splinted teeth.
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INTRODUCTION

An avulsion is the complete displacement of a tooth 
from its socket leading to a loss of blood supply to the pulp 
tissue and to exposure of periodontal cells to external fac-
tors [9]. Total luxation represents 0.5-3.0% of all dental in-
juries in permanent teeth. The prognosis depends on how 
quickly the patient gets medical treatment [1]. Maintain-
ing vitality of periodontal ligament cells, which, similarly 

to pulp cells, start dying without blood supply and when 
exposed to external factors, such as a dry environment, is 
the main objective [6]. Since replanted teeth may fail even 
20 years after trauma, it is necessary to prevent compli-
cations that could lead to tooth loss [9]. Proper splinting 
of the traumatically injured teeth is one of the procedures 
impacting the final treatment result [10].

The objective of  splinting is no longer to immobil-
ise the teeth. Micromovements in the zone of traumat-
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ic injury promote collagen production and maturation, 
ensure proper blood circulation, facilitate revasculari-
sation and accelerate periodontal regeneration. Tooth 
immobilisation results in poorer periodontal tissue 
healing by inducing fibroblasts into a catabolic state and 
therefore reducing the amount of collagen produced [3]. 
Sufficient elastic splinting reduces the  risk of  resorp-
tion [13]. Therefore, splints are recommended to avoid 
further injuries and ensure that the  patient feels com-
fortable  [2]. Perfect splinting should prevent further 
injuries and the risk of swallowing the mobile tooth; it 
should allow the  regeneration of  the  periodontal liga-
ment; and the splint should be easily applied and taken 
off without traumatically impacting the  injured teeth 
and the neighbouring soft tissues. It should also stabilise 
the traumatically injured tooth/teeth in the correct po-
sition, allowing physiologic tooth mobility to promote 
periodontal healing. It is also crucial to have the neces-
sary access to assess pulp vitality or start an endodontic 
treatment. The  construction of  splints is also very im-
portant as they should not impede proper oral hygiene 
routines  [10]. Poor hygiene of  the  injured regions can 
lead to gingivitis, even causing alveolar bone resorp-
tion [14]. 

Improper splinting can lead to pulp necrosis, pulp 
canal obliteration, resorption and atrophy of the alveo-
lar process near the  injured tooth  [14]. Pulp necrosis 
is caused by abnormal blood flow in its vessels. Studies 
on animals established that improper splinting could 
increase the  risk of  necrosis, probably because of  per-
turbed creation of new blood vessels as a result of tooth 
immobilisation. Clinical studies similarly established 
that pulp canal obliteration occurred more often in cas-
es of  improper splinting, most likely because of exces-
sive pressure on the neurovascular bundle near the apex 
of the splinted tooth [14]. 

When damage to the periodontal ligament co-occurs 
with a bacterial pulp superinfection, external inflamma-
tory root resorption can occur. When bacterial toxins 
reach the periodontal tissues (through both the dentinal 
canals and apical foramen), resorption-stimulating fac-
tors (prostaglandins, macrophage chemotactic factors, 
and osteoclast activating factors) are released. Periodontal 
tissues are then destroyed by activating the inflammatory 
response and the osteoclasts. This process is faster in im-
mature teeth as their dentinal canals are wider [8]. 

The periodontal ligament heals at two levels: at 
the root (cementum and Sharpey fibre formation) and 
at the  socket (bone tissue formation). When less than 
20% of the root surface is damaged, temporary ankylo-
sis can occur and then resorb if the tooth is stimulated 
by factors such as its physiologic mobility ensured by 
the use of proper splinting [8]. More extensive injuries 
of  the periodontal ligament usually lead to permanent 
ankylosis. The  tissues resorbed by osteoclasts are then 
replaced by bone cells. This leads to tooth infraposition, 
perturbed growth of  the  alveolar process and finally to 

the loss of the ankylosed tooth. The process is much faster 
in children [8, 14].

Since the  splinted tooth needs to have proper mo-
bility, it is crucial to examine what type and extent 
of  splinting would guarantee the  best conditions for 
the periodontium to heal and to reduce the risk of late 
complications.

OBJECTIVES

The study assessed the correlation between mobility 
and the stresses in the injured tooth (after it was splinted 
with an orthodontic wire and a composite), the number 
of splinted teeth, the wire diameter and the stresses on 
the surrounding bone. 

MATERIAL AND METHODS

Code_Aster Open Source and pre- and post-proces
sor Salome-Meca were used in order to assess tooth 
mobility and the level of mechanical stress in teeth and 
in the surrounding bone. These are advanced programs 
using the  finite element method (FEM) and serve to 
assess the deformations and strains in deformable bod-
ies subjected to mechanical forces. FEM is a numerical 
method used for solving differential equations describ-
ing physical phenomena, such as the deformation of de-
formable bodies by external forces. It is commonly used 
for solving problems of engineering and mathematical 
physics, where the phenomenon can be described with 
differential or integral equations. 

The basic FEM concept is that the analysed 3D object 
with a complicated shape can be subdivided into numer-
ous simpler domains, unequivocally defined by nodes, 
i.e. points defining the shape of a line (such as the verti-
ces of a triangle or of a polygon). After dividing the ex-
amined domain into a  collection of  subdomains (the 
so-called finite elements), the researched physical fields, 
such as displacements, strains or stresses within the ma-
terial composing the domain, may be approximately ex-
pressed in nodes, calculated by solving a set of balance 
equations. Recently, more and more FEM studies are 
used in dentistry [16] and dental traumatology [15].

A  simplified geometric model of  the  alveolar crest 
of the maxilla together with the teeth (from 16 to 26) and 
three to five splinted teeth using a flowable composite, 
which was then divided into finite elements, was con-
structed using Salome-Meca to calculate the  strength 
of  the  materials. Between 519570 and 557799 degrees 
of freedom were used to calculate the models.

The avulsion of  the  left maxillary central incisor 
was analysed. The junction of the root to the bone was 
modelled in a  simplified way, assuming that there was 
a  layer of  weaker tissue – the  periodontal tissue – be-
tween the  tooth and the  bone. The  calculations also 
presupposed that all the materials, i.e. the tooth, bone, 
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sumed that all the elements – the wire and the compos-
ite, the composite and the tooth, the healthy tooth and 
the periodontal ligament, and the periodontal ligament 
and the bone – were all perfectly joined.

Figure 1 presents the geometric model. The areas in 
red are those without any degree of  freedom; those in 
green were submitted to a pressure of 6 MPa. The avulsed 
tooth is dark blue.

RESULTS

With three immobilised teeth, the displacement was 
most important for a 0.4 mm diameter (83.31 µm) wire, 
and least important for a 1 mm one (81.78 µm); with five 
immobilised teeth, the  most important displacement 
was 83.36 µm for a 0.4 mm wire, and the least important 
was 81.93 µm for a 1 mm one (Tables 2 and 3).

The stresses on the  injured teeth varied between 
14.28 MPa for a 1 mm wire and three splinted teeth and 
14.52 MPa for a 0.8 mm wire and three splinted teeth 
(Tables 1 and 2). 

Analysis of the displacement distribution established 
that the injured tooth was the most mobile at its incisal 
edge and the  least at its root apex. The  injured tooth 
was always the most mobile; mobility then decreased in 
the subsequent teeth (Figure 2).

The tooth cervix and the root perimeter from the cer-
vix to the apex were the most strained areas, the incisal 
edges of the crowns the least. The stress on the bone was 
the highest at the top of the vestibular lamina of the al-
veolar process; the stress was the lowest above the apex 
of the splinted tooth (Figures 3 and 4).

TABLE 1. Selected mechanical parameters in the model

Geometric model E (MPa) v

Jaw 14,900 0.3

Teeth 19,890 0.3

Periodontal ligament 1379 0.3

Damaged periodontal ligament 1379 0.3

Composite 20,000 0.3

Orthodontic wire 2500 0.3 FIGURE 1. Geometric model

TABLE 2. Von Mises’ peak displacements and reduced 
strains with three splinted teeth

Wire diameter (mm) Displacement (µm) von Mises (MPa)

0.4 83.31 14.42

0.5 83.10 14.38

0.6 82.92 14.33

0.7 82.68 14.41

0.8 82.42 14.52

0.9 82.11 14.38

1.0 81.78 14.28

TABLE 3. Von Mises’ peak displacements and reduced 
strains with five splinted teeth

Wire diameter (mm) Displacement (µm) von Mises (MPa)

0.4 83.36 14.37

0.5 83.21 14.43

0.6 83.00 14.37

0.7 82.81 14.36

0.8 82.58 14.30

0.9 82.30 14.29

1.0 81.93 14.31

FIGURE 2. Displacement field of magnitude vector for 
three teeth with 0.4 mm wire

periodontal ligament and composite, had the same lin-
ear elasticity. The strength was assessed for different wire 
diameters (0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 mm) for both 
three and five splinted teeth. 

Young’s modulus for stainless steel wire was estab-
lished based on static extension MTS Insight Electro-
mechanical Testing; Poisson’s ratio equalled 0.3 and was 
the same for all materials. Young’s moduli for the other 
objects were selected based on published data [7, 17, 18]  
and are presented in Table 1. As data were divergent 
the mean values were selected.

Young’s modulus of  the  periodontal ligament of 
the avulsed tooth was presumed to be ten times lower 
than that of  a healthy periodontal ligament. It was as-
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of different diameters [11]. In the present study, an in-
crease in the diameter of the steel wire by 0.1 mm within 
0.4-1.0 mm did not considerably decrease the mobility 
of the injured tooth – the peak difference was 1.43 μm,  
i.e. a decrease of 1.7% in its mobility. The difference in 
the mobility between 0.4-0.5 mm diameter was 0.21 μm,  
i.e. the  mobility decreased by 0.25%. The  differences 
in the  present and above-mentioned results could be 
the consequence of a different study method of the prop-
erties of the wire or of an imprecise definition of the me-
chanical properties of the wire.

Berthold et al. compared different types of  wire 
and different numbers of  splinted teeth in vitro. 
A 0.45 mm Dentaflex stainless steel wire was consid-
ered elastic when compared to a  0.8 × 1.8 mm wire 
with a rectangular cross-section, both for movements 
that were horizontal and those vertical to the  tooth 
axis. In the case of a 0.45 mm wire, it was enough to 
splint the injured tooth and one of the teeth on both 
sides to properly transmit the  functional forces  [2]. 
The present study also established that splinting three 
teeth (the injured one together with the neighbouring 
mesial and distal teeth) was adequate as the differenc-
es in strains and micromovements with five splinted 
teeth were minimal. 

The selected model was simplified both when it came 
to its project (simplified geometric jaw model; presup-
posed uniformity of  all elements: bone, tooth, peri-
odontal ligament, wire, and composite) and to the bio-
mechanical conditions when masticating or talking. 
Furthermore, there were numerous divergences in 
the publications concerning the mechanical properties 
of different tissues and materials used in the studies. 

DISCUSSION

To properly heal the splinted tooth, the tooth should 
be under similar physiological conditions as a  healthy 
one, i.e. the  deformation of  the  periodontal ligament 
should be around 100-1500 mm and the  tooth micro- 
movements around 50 μm. The  micro-strains along 
the healing tissues were considered to promote the pro-
duction and maturation of  collagen and also the  syn-
thesis of  procollagen in fibroblasts. Micro-movements 
guarantee optimal blood flow, which accelerates the re-
organisation and reformation of  periodontal attach-
ments [3]. 

In the present study, the micro-strains of the injured 
tooth were between 14.28-14.52 MPa and the mobility 
was between 81.78-83.36 μm. The use of a 0.4 mm wire 
was accompanied by the  most important micromove-
ments. The  peak mobility was higher for five than for 
three splinted teeth.

In a finite element study by Isquierdo de Sousa et al.,  
0.8 mm wires made out of  three different materi-
als were selected. The  elastic modulus for a  steel wire  
was 200,000 MPa; for a  titanium molybdenum wire it  
was 84,000 MPa; and for a nickel titanium wire it was 
52,000 MPa [5]. The conclusions of the aforementioned 
study established that, based on the  selected research 
model, the  biochemical behaviour of  the  bone and 
of the periodontium was similar for all the groups [5]. 
The  present study followed a  similar method (finite el-
ement analysis), but steel wires of  different diameters 
(from 0.4 to 1.0 mm) were used. The mean Young mod-
ulus for steel wires, based on strength tests (see Materi-
al and methods) and equalling 2,500 MPa, was used for 
calculations. Despite divergences in the Young moduli in 
the present and aforementioned studies, i.e. the different 
wire diameters and numbers of splinted teeth, the conclu-
sions were similar, i.e. the biochemical behaviour of teeth 
and bones was similar for different splints. 

The masticatory forces varied depending on the type 
of food and methods used. They ranged between 10-20 N  
(for soft foods) and 100 N (solid foods)  [13] up to 
675-788 N for meat or nuts  [4]. In one of  the  studies 
the mean masticatory force was 410 N in patients aged 
7-12 years old [12]. In the present study, the teeth were 
under the  pressure of  6 MPa, which corresponded to 
an exerted force of 350 N. 

In a study on human cadavers, Kwan et al. established 
that a stainless steel wire with a diameter over 0.4 mm 
could considerably increase the  stiffness of  the  splint. 
They concluded that a 0.4 mm stainless steel wire was 
the  borderline between an  elastic and a  non-elastic 
splint. Increasing the diameter from 0.4 to 0.5 mm in-
creased the  splinting effect (i.e. the difference between 
the  mobility before and after splinting measured with 
Periotest M) two-fold, i.e. from 9.1 to 18.6. Such large 
differences did not occur with nickel titanium wires 

FIGURE 4. Cross-section through the model – stresses 
field on a traumatic tooth and bone tissue

FIGURE 3. Stresses field (von Mises) for three teeth with 
0.4 mm wire
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CONCLUSIONS

According to the  finite element method, the  use 
of a different diameter (0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 
1.0 mm) stainless steel orthodontic wire after replanta-
tion of  the maxillary central incisor did not cause any 
considerable changes in tooth micromovements or 
stresses. Also, it is enough to splint the  injured tooth 
with two neighbouring teeth since there were no consid-
erable differences in the mobility with two additionally 
splinted teeth. According to the study, the most strained 
areas in the  traumatised, splinted tooth are the  tooth 
cervix and the root. 
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