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Introduction
Stability after orthodontic treatment has 
always been a key problem for orthodon-
tists, as the teeth and jaws have a tendency 
to return to their former positions, which 
is called orthodontic relapse [1]. Relapse 
mostly manifests as crowded anterior teeth 
or individual tooth rotation, dental spaces, 
recurrence of maxillary protrusion, and 
overbite in class II patients or deepening 
crossbite in class III patients [2]. These 
recurrent problems can be difficult for 
orthodontics to solve and lead to confi-
dence issues in patients. The best way to 
improve performance is to maintain the 
correct treatment effect [3].

Historically, relapses are related to the 
following factors: periodontal and gingival 
tissues, occlusion, maxillofacial soft tissue, 
growth and development, third molar, or 
temporal mandibular joint [4–7]. Human 
maxillofacial soft and hard tissue struc-
tures as well as dental arch shapes vary by 
racial group and affect arch stability after 
orthodontic treatment [8–10]. The shape of 
the dental arch changes in width and length 

during treatment, and a subsequent prob-
lem is the retention of the dental arch shape 
[11, 12]. In addition, clinicians pay more 
attention to the extra force loaded in the 
arches, which breaks the balance between 
the internal and external dental arches, 
causing relapse [13–16].

Many clinicians use a classification 
based on the arrangement of the six anterior 
teeth: square, ovoid, and tapered [17]. With 
the continuous development and innova-
tion of technology, the dental arch shape 
can be analyzed and classified more accu-
rately by computed tomography scanning 
and computerized three-dimensional (3D) 
simulation technology [18]. Some research 
classifies the dental arch by the character-
istics of the lingual side, which might be 
more practical for clinical choice of lingual 
super-elastic wires [19].

At present, there are many studies on the 
digital model of dental arch morphology, 
mostly to determine the tapered, square, 
and ovoid shapes from the width and length 
of the dental arch, and many scholars have 
explored the mathematical description 
method of dental arch morphology [20–23]. 
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Abstract

Background: Orthodontic relapse is fairly common; however, the mechanisms between relapse and the den-
tal arch form remain unclear. The purpose of our study was to establish three-dimensional (3D) finite element 
models of different dental arch forms after orthodontic treatment and to analyze the states of different arches 
applied with various sagittal forces.

Methods: By calculating the equations of different dental arch forms and combining them with a full max-
illary arch (14 teeth), 3D finite element models of square, oval, and tapered dental arches were established; 
they were designed to be subjected to anterior lingual, posterior mesial, and combined forces, respectively.

Results: The von Mises stress and displacement of teeth under different forces were calculated for each load-
ing scenario. Under the different forcing scenarios, all incisors had irregularity trends, and the inclination and 
intrusion of the canines were increased, and the premolars had a tendency to buccal or lingual crown tipping 
or even intrusion in our study. The tapered arch was the most stable and had the smallest displacement and 
von Mises stress, followed by the ovoid arch; the most unstable arch was the square arch.

Conclusions: To achieve a stable orthodontic effect, a tapered or ovoid arch, rather than a square arch, should 
be chosen as the final outcome of treatment.
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BeGole used the cubic spline function to fit the maxillary 
dental arch of permanent dentition and proved that this equa-
tion can better describe the shape of maxillary dental arch 
with normal occlusion [24, 25]. Another study showed that 
the beta function is an accurate representation of the dental 
arch; the average correlation coefficient of the curve fit of 
the mandibular arch is 0.98 and that of the maxillary arch 
is 0.97 [26]. A lateral polynomial function combines a para-
bolic or hyperbolic cosine function for the anterior arch area 
to fit a mathematical curve for the crowded mixed dentition 
posterior arch [27].

The 3D finite element analysis (FEA) is an effective 
method for predicting tooth displacement and stress distri-
bution. It represents a numeric form of analysis based on the 
discretization of a model into a number of simpler elements 
(tetrahedrons and nodes), which are widely used in the field 
of oral biology [28]. However, to the best of our knowledge, 
no study has described the stress distribution and displace-
ment trends induced by sagittal recurrence forces. In addi-
tion, evidence to describe correlations between the different 
dental arches and treatment retention is scarce.

Therefore, the aim of the present study was to evaluate the 
displacement and stress of each tooth as well as the total dis-
placement and stress by calculating the fourth-order polyno-
mial function and FEA. The more concentrated the stress in 
the dental arch, the greater the tendency of the tooth to move 
and, consequently, the greater the chance of recurrence. By 
comparing the recurrence trends of the three types of arches, 
we can guide our clinical treatment plan by selecting the 
most stable arch as the target of orthodontic correction.

Methods

Establishment of the maxillary 
 model
A healthy adult patient after orthodontic treatment was 
selected as the subject of this study. The selection criteria 
were as follows: permanent and full dentition; completed 
alignment and leveling; normal tooth morphology and sym-
metric arch; without dental caries, periodontal disease, or 
tooth loss; without maxillofacial surgery systemic disease. 
Cone-beam computed tomography was used to obtain the 
patient’s maxillary scanning image, which was stored in the 
standard digital imaging and communications in medicine 
(DICOM) format and then imported into Mimics 20.0 soft-
ware (Materialise, Leuven, Belgium). The mandible and soft 
tissues were removed by threshold segmentation using the 
command of ERASE. The model was imported into reverse 
computer-aided design software (Geomagic Studio 2014; 
3D System Inc., Rock Hill, SC, USA) to generate a prelim-
inary 3D model containing the maxilla and maxillary denti-
tion and transformed into a surface model by the command 
of Calculate 3D. After smoothing, a smooth surface model 
of maxilla and maxillary dentition was obtained. To form a 
periodontal ligament structure with a uniform thickness of 
0.2 mm, the whole dentition was expanded outward 0.2 mm 
evenly. The offset command was used to move the alveolar 

bone inward by 1.5 mm and retain the original alveolar bone. 
Then, the subtract operation was used to obtain a cortical 
bone with a thickness of 1.5 mm, and the inside was consid-
ered to be cancellous bone [28–30].

Generation of the 3D finite element 
model
Scholars have collected the full dentition data of the normal 
population and matched the best-fitting curve of the denti-
tion model to the superimposed clear templates (OrthoForm; 
3M Unitek, Monrovia, CA, USA), dividing it into three 
types of dental arches: tapered, ovoid, and square. There are 
significant statistical differences in intercanine width and 
depth and intermolar width; hence, the mean value of each 
measured distance is considered to be representative of dif-
ferent dental arch shapes [21]. The width and depth of each 
dental arch shape are presented in Table 1. The contact point 
between the central incisors is set as the 0 coordinate, the 
width is the x axis, and the depth is the y axis. The fourth-or-
der polynomial function (f(x) = ax4 + bx3 + cx2 + dx + e) can 
predict the ideal personalized dental arch and provide a more 
natural smooth curve, which was therefore selected to depict 
the curve surrounded by the most prominent points of each 
labial surface in the maxillary dentition [23, 24, 31, 32]. The 
width and depth values were brought into the fourth-order 
polynomial function and then combined with the constructed 
symmetrical maxilla. Maxillary dentition, periodontal liga-
ment, alveolar bone, cortical bone, and cancellous bone were 
imported into Ansys Workbench version 18.2 (ANSYS, 
Canonsburg, PA, USA) to generate 3D finite element mod-
els of tapered, ovoid, and square arches and the model fixed 
in the upper portion (Figure 1). A tetrahedral mesh was used 

Table 1  Width and Depth in Each Arch

Measurement (mm)  Tapered  Ovoid  Square
Intercanine width   37.21   37.89   38.68
Intercanine depth   9.02   8.45   8.36
Intermolar width   56.59   57.49   59.85
Intermolar depth   30.17   29.28   29.90

Figure 1  Three-dimensional  finite  element  models  with  different 
arches  were  overlaid  on  the  occlusal  view.  The  blue,  white,  and 
pink arches represent the square, ovoid, and tapered dental arches, 
respectively.
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to divide the cortical bone, cancellous bone, dentitions, and 
ligament and to improve the quality of the grid, thereby 
increasing the accuracy of the data. The square model had 
398,098 nodes and 223,751 elements, the ovoid model 
had 401,800 nodes and 226,177 units, and the tapered model 
had 404,434 nodes and 227,430 elements.

Material biomechanical parameters 
and mechanical loading
In this study, all materials were assumed to be homogeneous, 
isotropic, and linearly elastic; the adjacent surface contact 
area between the teeth was set to 0.1–0.2 mm2 [33–35]. The 
parameters of the materials are presented in Table 2 [36, 37]. 
There were bonded relationships between the teeth and the 
ligament and between the ligament and the bone. The ways 
of loading were considered, and the first is the lingual force 
(LF), the second is the mesial force (MF), and the third is the 
combination of the two forces (CF), which loads to square, 
ovoid, and tapered arches, respectively. Three forces were 
used: 1 N LF was loaded to the center of the labial crowns 
of the maxillary incisors; 1 N MF was loaded to the center 
of the distal crowns of the maxillary first molars; CF was 
loaded simultaneously. Although 1 N is very low, the oral 
growing force or the force due to false use of retainer is low 
and difficult to measure. Hence 1 N representative to con-
trast on different arches even though it is small. Each method 
of loading was applied to the three arch shapes; hence, there 
were nine loading scenarios (Figure 2).

Evaluation indices

The displacement and von Mises stress of each tooth were 
expressed in the x, y, and z axes, which were the directions 
of the horizontal, sagittal, and vertical movements, respec-
tively. The positive values of the x, y, and z axes represent 
the left, backward, and upward movements, respectively. 
Since the dental arch models were symmetrical and the load-
ing forces were simultaneously applied to both sides, the 
right and left side dental arches are theoretically regarded as 
symmetrical structures with exactly the same force value and 
opposite direction. In order to simplify the calculation of the 
right maxillary dentition was selected for analysis according 
to the visualization FEA results.

Results

After analyzing the models, the amount of displacement 
and von Mises stress were calculated for each maxillary 
tooth in nine scenarios. When 1 N LF, MF, and CF were 
applied to the three dental arches were applied, the peak 
values of the total displacement of dentition were the 
highest in the square arch, followed by the ovoid arch, 
and the lowest in the tapered arch: 0.09667, 0.09444, 
0.08481, 0.03411, 0.03057, 0.02999, 0.07574, 0.07506, 
and 0.06948 mm, respectively (Figures 3 and 4, Table 3). 
The crown of the lateral incisor had distal inclination and 
distobuccal rotation with application of LF, and the tapered 
arch had the most obvious rotation trends. Application of 
MF led to mesiobuccal inclination of the crown of the first 
premolar. When CF was applied, the lateral incisor crown 
had distal inclination and a more obvious distobuccal rota-
tion, and the crown of the first premolar rotation had distal 
inclination and distobuccal rotation. Among these scenar-
ios, the teeth of the tapered arch had the most obvious rota-
tion trends, as shown in Figure 5. The arrows represent 
the tendency and direction of displacement, and different 

Table 2  Material Properties

Material  Young’s Modulus 
(GPa)

 Poisson 
Ratio

Tooth   19,600   0.30
Periodontal ligament   0.667   0.45
Cortical bone   13,700   0.26
Cancellous bone   1370   0.30

Figure 2  Model with application of  relapsed  loads:  (A) 1 N  lingual  force  (LF)  loaded  to  the center of  the  labial crowns of  the maxillary 
incisors; (B) 1 N mesial force (MF) loaded to the center of the distal crowns of the maxillary first molars; (C) combined forces (CF) loaded 
simultaneously.
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colors represent different displacement trends: red arrows 
represent the relative maximum displacement, and yellow, 
green, blue, and purple arrows represent the relative mini-
mum displacements.

The maximum von Mises stress of different arches 
showed similar sequences. When LF was applied, the central 
incisors had the highest stress (0.183976691, 0.181922143, 
and 0.150524914 MPa, respectively), followed by the 
canines, lateral incisors, first premolars, second premolars, 
and first molars. When the MF was applied, the canines had 
the highest stress (0.04922527157, 0.04626197966, and 
0.04231465346, respectively); meanwhile, the other teeth 
vary slightly. The central incisors and canines had highest 

stress with CF application (central incisors: 0.11671358, 
0.120290491, and 0.102934085 MPa, respectively; canines: 
0.109576242, 0.107547501, and 0.103179219 MPa, respec-
tively), followed by the lateral incisors, premolars, and first 
molars. The square arch had the highest stress, then the 
ovoid arch, followed by the tapered arch, regardless of the 
force loaded (Figure 6).

The maximum von Mises stress distribution of the right 
maxillary tooth in different arches showed the concentra-
tion areas in the lateral incisors, canines, and premolars. 
When LF was applied on the arches, the stress was concen-
trated on the palatal neck region of the lateral incisors, the 
distal root middle and apical regions of the canines, and the 

Figure 3  Total displacement with lingual force (LF), mesial force (MF), and combined forces (CF) in the three dental arches.

Figure 4  Displacement for each tooth with (A) lingual force (LF), (B) mesial force (MF), and (C) combined forces (CF) in the three dental 
arches.

Table 3  Displacements Under Each Force

 16  15  14  13  12  11  Total
A1   0.01541   0.01716   0.02609   0.03210   0.04003   0.09316   0.09667
B1   0.01465   0.01663   0.02606   0.03177   0.03869   0.09221   0.09444
C1   0.01120   0.01334   0.02420   0.03156   0.03807   0.08306   0.08481
A2   0.03197   0.03411   0.02897   0.02766   0.02353   0.01896   0.03411
B2   0.02958   0.03057   0.02845   0.02646   0.02217   0.01818   0.03057
C2   0.02959   0.02999   0.02591   0.02433   0.02110   0.01856   0.02999
A3   0.02449   0.02917   0.03700   0.04332   0.03720   0.07291   0.07574
B3   0.02196   0.02671   0.03606   0.04218   0.03668   0.07324   0.07506
C3   0.02283   0.02420   0.03201   0.04000   0.03504   0.06781   0.06948
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labial neck region of the first premolars, while the stress of 
the second premolars and first molars was extremely low. 
When the MF was applied on the arches, the stress was 
concentrated on the labial root middle and apical regions 
of the central incisors, the distal root middle and apical 
regions of the lateral incisors, the labial and middle apical 
regions of the canines, the mesial root middle of the first 
premolars, and on the distal and lingual root middle regions 
of the second premolars. When two types of forces were 
applied simultaneously (CF), the stress was concentrated 
on the palatal root middle region of the lateral incisors, 
the distal root middle and apical regions of the canines, 
the labial root middle region of the first premolars, and 
the mesial and lingual root middle regions of the second 

premolars (Figure 7). The colormap of stress shows that 
the maximum von Mises stress distribution of the maxillary 
teeth was more lightly and comparatively centralized in the 
tapered arch, followed by ovoid; the square one being the 
most sporadic.

Discussion

This study generated finite element models of square, ovoid, 
and tapered dental arches and calculated the displacement 
trends and von Mises stress in the three different arches 
induced by three types of horizontal recurrent forces.

Figure 5  Displacement trends of the right maxillary (A) lateral incisors, (B) canines, and (C) first premolars with lingual force (LF), mesial 
force (MF), and combined forces (CF) applied in different arches (occlusal view).

Figure 6  von Mises stress of each tooth with (A) lingual force-LF, (B) mesial force-MF, and (C) combined forces-CF in three dental arches. 
11–16 represent for central incisor, lateral incisor, canine, first premolar, second premolar and first molar in right maxillary (FDI).

Figure 7  Maximum von Mises stress distribution in the right maxillary tooth in different arches: (A) lateral incisors (palatal surface), canines 
(distal surface), and  first premolars  (buccal surface) with  lingual  force (LF);  (B)  lateral  incisors  (palatal surface), canines (labial surface), 
and first premolars (mesial surface) with mesial force (MF); (C) lateral incisors (palatal surface), canines (labial surface), and first premolars 
(buccal surface) with combined forces (CF).
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Usually, orthodontists divide dental arches into three 
types: square, ovoid, and tapered [17]. Over the years, there 
have been many studies and debates on the classification of 
dental arches. Traditional classification has provided some 
guidelines for clinical use; however, there is no mathemat-
ically standardized definition. Scholars have done much 
research on the mathematical description method of arch 
shape. Cubic spline function can describe the ideal maxillary 
dental arch shape but causes a certain deviation point away 
from the arch, and there is no guarantee of arch symmetry 
[24, 25]. Beta function can better use the mandibular arch 
shape to predict the maxillary arch shape, but its application 
is merely based on the depth of the dental arch and the width 
of the molar; this does not take other measurement marks of 
the dental arch into account, nor can it consider the possible 
arch asymmetry [23, 26]. Some scholars used polynomial 
functions, polynomial functions combined with parabolic 
equations, hyperbolic cosine functions, and other functions 
to fit the mathematical curve of the arch. This could more 
accurately reflect the changes of the curvature of the ante-
rior and posterior dental arches, but the complex calculation 
method is more difficult, and there are possible errors in its 
application [27, 31]. The single use of polynomial functions, 
especially fourth-order polynomial functions, is not only 
closer to the clinical measured value than other functions in 
terms of data values, but also covers asymmetric dental arch 
shapes [22]. Therefore, this study applied the fourth-order 
polynomial function, which can most accurately represent 
the arch form and produce smooth curves without wave 
properties, to describe the mathematical characteristics of 
the three different arches. With the width and depth of the 
dental arch, the finite element model with new dental arch 
shapes was established. These models include the three den-
tal shapes, periodontal ligament thickness, alveolar bone 
shape and density, etc., which have a high concordance 
except for the arch shape. In previous studies, the compar-
ison of dental arch shapes was mostly observed in people 
who did not undergo orthodontic treatment, and there was 
little research on the relationship between dental arch shape 
and the biomechanical effects of orthodontic relapse [31, 38, 
39]. The finite element models of the three different arches 
had configuration characteristics and biomechanical mate-
rial properties of the teeth and alveolar bones that can be 
used to simulate force scenarios.

Orthodontic relapse is a significant challenge for cli-
nicians, and the teeth and dental arches have the potential 
to return to their pretreatment state, especially the widths 
between the lateral incisors, canines, and first premolars [40, 
41]. Among the common causes of relapse, the periodontal 
ligament and gingiva, pressure and limitation of oral soft 
tissue, growth and development, and third molar eruption 
are closely related to variation in dental arch shape [4–7]. 
Hawley retainers are frequently used in clinic. If used in 
the wrong condition (such as labial wire deformation), the 
crown of the anterior teeth is often subjected to LF. This 
could cause incisor lingual inclination, labial tipping of the 
canine teeth, and unevenness in the first and the second pre-
molars [15]. This result is similar to the scenario in which LF 
was applied in the study. The growth and development and 
eruption of the third molar make the dentition protracted, 

and some common manifestations of which are the follow-
ing: crowded and uneven anterior teeth; labial tipping of 
the incisors; tendency of the canines towards labial tipping 
and intrusion; tendency of the premolars towards labial or 
lingual tipping; the molars have mesial movement or exten-
sion, even causing open bite [5]. These displacement trends 
of the MF groups correspond to the clinical situation. As for 
the CF applied, i.e., two factors are applied simultaneously, 
the  consequences are largely the same as the before scenar-
ios. In practice, factors that affect the deformation of denti-
tion are more complicated.

In any of the arch FE models, the displacement of the 
canines is relatively small, but they bear a high amount of 
stress. This is closely related to the anatomy of a strong root 
and large periodontal membrane area, which not only pro-
vides a large cushion for adjacent teeth but also plays an 
important role in maintaining the dentition stability [36].

The von Mises stress of a tooth is a comprehensive stress 
that reflects a certain point inside the tooth and is the key 
in the analysis of tooth movement and alveolar bone recon-
struction. Therefore, the von Mises stress can be analyzed 
to study the stress distribution of the teeth. In the case of LF 
and CF application, the von Mises stress and displacement 
trends of most teeth in the tapered arch had the lowest value, 
followed by the ovoid arch, and the square arch had the high-
est value. The weakened areas of each tooth are represented 
by stress distribution; meanwhile, tooth movement is esti-
mated by the displacement trends according to the analysis. 
Therefore, the dental arch after orthodontic treatment is con-
sidered to be most stable in the tapered form, and the square 
arch is the most unstable.

The width of the posterior teeth of the tapered arch 
is narrow, and the width of the buccal corridor is large. 
Orthodontists must take these aesthetic issues into account 
before formulating treatment or after treatment. The buccal 
corridor plays an important role in treatment outcome and 
affects the attractiveness of smiles for people of different 
genders and facial shapes [1, 42, 43]. After treatment, there 
is a certain increase in the width of the dental arch compared 
with before. The width of the dental arch, especially the 
width between the posterior teeth, can affect the existence of 
the buccal corridor; meanwhile, in clinics, commercial arch-
wire is mainly available in ovoid form, and orthodontists 
tend to correct the patient’s arch to a normal or larger shape 
[44, 45]. Orthodontic treatment can increase the width of the 
maxillary and mandible dental arch by a small amount and 
obtain a good occlusal effect. However, in the 22-year fol-
low-up study of Valladares-Neto et al., the transversal width 
of the dental arch gradually decreases, except to perma-
nently retain the mandibular canine width, and this change 
is considered to be a superimposed effect of arcuate contrac-
tion and orthodontic relapse caused by natural aging [13]. In 
the normal population, some scholars reported that class III 
patients are more prone to square arches, whereas class II 
patients are more prone to tapered arches; in addition, class 
III patients have much higher predictability in arch form 
than class I patients [39, 40]. In some populations, such as 
Iranians, generally healthy people are most commonly seen 
with a tapered dental arch [39, 46]. Bourzgui et al. believe 
that allowing orthodontic patients to maintain the original 
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width of the dental arch from the beginning to the end of 
the treatment can better achieve good arch stability, occlu-
sal function, and aesthetic results [47]. For those who have 
not undergone orthodontic treatment, some scholars believe 
that the dental arch has a tendency to gradually widen and 
round during the period of growth from teenager to adult; 
other scholars disagree, believing that the shape of the den-
tal arch remains stable with age and that the original arch 
shape should be maintained after orthodontic treatment [38]. 
In this study, the tapered dental arch has the lowest stress and 
displacement trend, which indicates best stability [48, 49]. 
However, considering the aesthetic effect, it is necessary to 
balance the relationship between aesthetics and stability in 
order to formulate an accurate plan.

There is a connection between the soft and hard tissues 
inside and outside the oral cavity. The abnormal movement 
mode affects the normal development of the teeth and alveo-
lar bone, and an abnormal hard tissue position causes changes 
to the soft tissue posture position. Lingual movement and 
growth also have significant effects on the dental arch. The 
tongue exerts continuous pressure on the hard palate during 
rest; the pressure on the hard palate increases more signif-
icantly when swallowing, and the greater the width of the 
dental arch is, the greater the reducibility of the swallowing 
pressure [50]. Changes in perioral muscle function, espe-
cially the tongue muscles, endanger the long-term stability 
of orthodontics and are likely to cause relapse, as observed 
during myoelectric activity of swallowing in patients with 
class II/1 malformation [51]. In this study, which excluded 
the effects of the lips and tongue, the tapered arch performed 
better on the stability of the transversal forces.

However, we acknowledge the limitations of this study. 
The relationship between the stability of the narrow dental 
arch and tongue movement still needs further investiga-
tion. The transmission of force between the teeth needs to 
pass through the interdental contact surface between adja-
cent teeth. Different races, ages, genders, and periodontal 
conditions can affect the contact area position and size and 
even the degree of close contact. These models were strictly 

symmetrical, despite normal dentition being highly, albeit 
not absolutely, symmetrical in reality, and thus, there will 
be some unavoidable small deviation. Hence, the actual 
transmission effect of the force in the dental arch is compli-
cated and needs to be further demonstrated in future clinical 
research.

Conclusion

Based on the study of the fourth-order polynomial function 
of different dental arches, combined with the finite element 
method, the representative 3D models of square, ovoid, and 
tapered arch shapes can be established effectively. By intro-
ducing precise calculation methods of different arch shapes 
into the FEA method, it provides a new method for studying 
the biomechanics of the FEA method in dental arch as well 
as guidance for clinical work.

In this study, the tapered arch had the least displacement 
trend and the most stable stress, whereas the square arch was 
the most unstable. It is suggested that, in clinical practice, on 
the premise of satisfying the occlusal function and aesthetic 
appearance, orthodontist could choose the most stable arch 
shape, namely the sharp round shape, to better maintain the 
effect after orthodontic treatment.
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