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DEFORMATIONS AT THE CRANIOFACIAL 
COMPLEX DEPENDING ON THE HYRAX 
DEVICE DESIGN 

Finite element analysis of the stress-strain state of a human skull after the expan-
sion of the maxilla with using different designs orthodontic appliance HYRAX 
was carried out. Finite element model of craniofacial complex and supporting teeth 
are obtained on the basis of tomographic data. An orthodontic appliance differs by 
the localization of the screw relative to the palate. The design with location of the 
rods and screw of device in the same horizontal plane as well as the design with 
the location of the screw at the 8 mm closer to the palate relative to the horizontal 
localization are considered. Deformations at the intact skull and a skull with a cleft 
palate were derived. The regions of the largest deformations of the skull bone 
structures are defined for different orthodontic device designs. Effect of the ortho-
dontic device design on displacements of the supporting teeth is analyzed. The re-
sults can be used to design devices HYRAX for the orthodontic correction and 
treatment of the cross-bite patients. 
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1. Introduction  

 Cross-bite is the one of the anomalies of the mutual disposition of transver-
sal dentition requiring active treatment. The most distributed cases of cross-bite 
are dysplasia of the jaw, chewing function decline or chewing on one side,  
a violation of the jaws, as well as congenital cleft palate. For the treatment of 
maxillary defects is used expansion of the upper jaw with large transversal 
forces. For this purpose, various orthodontic designs [3, 9, 10, 21] were used. 

The maxillary expansion may be associated with a feeling of pressure to 
different areas of the maxilla, in particular under the eyes and near nasal cavity 
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[14, 28]. At the same time, an important element of the orthodontic treatment is 
to ensure maxillary extension without any side and negative effects [24]. 

A lot of finite element studies were carried out to assess the influence of the 
rapid maxillary expansion on the bone structures of the craniofacial complex and 
the supporting teeth in patients with and without cleft palate. Recent obtained 
results and the history of the development of this problem are described in [1, 
11, 12, 15, 16, 19, 20, 25]. Usually, in the works related to the calculation of the 
stress-strain state of the maxillary complex, the effect of orthodontic appliance  
is not modeled. The effect of the actual features of orthodontic device on the 
maxillary expansion was not investigated. The correct direction of forces and 
their distribution during maxillary expansion is still relevant. The aim of this 
study is finite element analysis of the bone deformations at the intact skull and 
skull with cleft palate after activation of the different designs of orthodontic de-
vice HYRAX. 

2. Materials and methods 

Stereolithography (STL) model of the skull was obtained with the use of 
MIMICS 14.12 (Materialise BV, Belgium) on the basis of 210 tomographic  
images of the dry cadaveric intact skull of adult man. Step of tomographic slices 
is 1 mm. A similar approach was used in [5, 8, 11, 15] during development of 
three-dimensional solid model of the maxillary complex. The first and second 
premolars of the maxilla and the first permanent molars were removed in a pro- 
cess of generating STL-model. The finite element model is obtained after pro- 
cessing STL-model in 3-matic 6.1 MIMICS. The finite element model contains 
of 26 445 nodes and 91 731 elements like Solid72. Finite element discretization 
was performed automatically. Simulation of the periodontal ligament was not 
carried out, because it has little effect on the stress distribution in the bone struc-
tures of the craniofacial complex during maxillary expansion [27]. Maxillary 
sutures are also not taken into account in the finite element model, because the 
sutures in skull of an adult human the partially or fully ossified and have a small 
thickness [1]. 

Solid models premolars and first molars were obtained on the basis of to-
mographic data of the human skull in SolidWorks 2010 (SolidWorks Corpora-
tion, USA). The SolidWorks graphics primitives were used for modeling ortho-
dontic device HYRAX. Crowns were installed on the first premolars and molars. 
The rods were attached to plates which can be moved apart in a horizontal plane 
by rotation of the screw. The length and width of the plates are 10 mm and 4 mm 
respectively. The radius of the rod cross-section is equal to 1 mm, thickness is 
0.2 mm. Finite element models of the orthodontic device, premolars and molars 
are derived by use Mechanical Model ANSYS Workbench 13. Total number of 
elements is 13 320 and total number of nodes is 26 375. The maximum size of 
the element of orthodontic device model is 1 mm. Contacts between the crowns 
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of orthodontic device and teeth, as well as skull and the teeth was assigned via 
contact elements CONTA173, CONTA174 and TARGE170 (without sliding and 
penetration). The boundary conditions for the skull correspond to rigid fixing of 
the foramen magnum nodes [11, 16, 20]. Finite element model of maxillary 
complex orthodontic appliances and boundary conditions are shown in fig. 1. 
Displacement of each plate along x-axis is u = 0.4 mm (corresponding to the  
activation of half-turned screws) [3, 6, 18, 22, 26]. The elastic properties of  
the tissues of the skull and dental orthodontic device material are indicated in 
tab. 1. 

 
a)   b) 

 

Fig. 1. Finite-element model of craniofacial complex with orthodontic device (a) and boundary 
conditions for FE model (b) 

Table 1. Elastic properties of materials 

Materials Elasticity modulus, GPa Poisson’s ratio 
Orthodontic device 200.0 0.3 

Compact bone [23] 13.7 0.3 

Trabecular bone [23] 8.0 0.3 

Teeth [23] 20.7 0.3 

 
Stress-strain states of the intact skull and skull with palate cleft were de-

rived for two designs of orthodontic device. At the first design of orthodontic 
device the screw and rods are disposed in the same horizontal plane (model A). 
In the second design the screw was located on 8 mm closer to the palate with 
respect to the above horizontal plane (model B). The rods length for the models 
A and B changes from 8.15 mm to 12.20 mm and from 11.05 to 16.45 mm, re-
spectively. 
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3. Results and discussion 

Deformations of the intact craniofacial complex without cleft palate (fig. 2.) 
shows that the direction of displacement changes significantly with the move-
ment of screw of orthodontic device to the palate. For model A the deformations 
has a positive direction along the z-axis. For model B the total deformations (in-
cluding the z-axis components) directed along the negative direction of this axis. 
Skull in this case is rotated forward and downward. This fact is consistent with 
the results of research [17].  

 
a) b) 

  
Fig. 2. Total deformations of intact skull (frontal view): a) model A, b) model B 

The highest and lowest displacements of the maxillary bone structures 
along the coordinate axes are given in tab. 2. – it can be seen that the design of 
the device significantly affects the displacements in the bones of the skull. 
Transversal deformations of the maxilla decreased more than 2 times on the left 
side of the skull and more than 6 times on the right side for model B in compari-
son model A. Largest deformations for the maxilla left side are 0.37u (fig. 2a) 
and 0.12u (fig. 2b), and for right side are 0.55u (fig. 2a) and 0.08u (fig. 2b). 
Some bone structures on the left side of the skull (the individual regions of the 
maxilla, zygomatic bone) displace to the right. This fact can be explained by the 
asymmetry of the craniofacial complex, as well as the asymmetrical fixing of 
crowns on the supporting teeth and rods on the crowns. For model A, maxilla 
near the front incisors slightly moves back along the y-axis in the sagittal plane. 
The greatest displacement in this direction is equal to 0.175u. The maxilla seg-
ment near molars and some other bones of the skull, including the zygomatic 
bone, move forward. In this direction the largest displacement is equal to 0.073u. 
Maxillary segment near front incisors and nasal cavity slightly move down 
(along the z-axis), the other bone structures of the skull are moved upwards. For 
model B, skull bone above the horizontal plane passing through the nasal crest  
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moves forward; segment of the maxilla, located below of this plane moves 
backward. The anterior regions of the skull (maxilla, nasal, frontal and zygo-
matic bones) are moved down in the vertical direction; parietal and occipital re-
gion of the skull are rises. Thus, the skull is rotated in the sagittal plane and the 
center of rotation lies in the region of the nasal cavity. This corresponds to the 
results of experimental work [2] about determination of the skull center of resis-
tance and the skull center of rotation during the maxillary expansion. 

Table 2. Maximum and minimum displacements of the intact skull bone structures for models A 
and B of the orthodontic device 

Magnitude, mm The skull bone structures Direction 
of displace-

ments 
model 

A 
model 

B model A model B 

  0.107   0.047 Along x-axis 

–0.179 –0.029 
Lateral parts of maxilla 

  0.059   0.093 maxilla near first incisors, 
frontal bone 

maxilla Along y-axis 

–0.029 –0.431 lateral part of the maxilla frontal bone 

  0.122   0.237 lateral part of the maxilla occipital bone Along z-axis 

–0.059 –0.443 maxilla near midpalatal 
suture 

posterior part of the maxilla 
and nasal bone 

 
The behavior of supporting teeth during the maxillary expansion should be 

assessed. This caused by that increase in the size of the arc of the upper dentition 
is achieved in part by inclined rotational tooth movement. Incorrect installation 
of orthodontic device may be accompanied by dislocation of the supporting teeth 
and fenestration of cortical bone, root resorption and gingival recession [14]. At 
the same time, in the finite-element researches of the maxillary expansion the 
displacements of the supporting teeth are considered simultaneously with the 
displacements of the maxillary complex [1, 5, 7, 11, 12, 19, 20, 25]. The dis-
placement patterns of the supporting teeth are shown in fig. 3. 

Figure 3a shows that the movement direction of the maxilla and supporting 
teeth on the right side is the same. On the right side the first and second premo-
lars are rotated. The centers of rotation of the tooth are located at the apex of the 
root. The center of rotation of the first and second premolar in a vertical plane 
parallel to the xz-plane islocated on ≈0.3l and ≈0.27l from the root apex respec-
tively (l is the height of the corresponding tooth). Since displacements in the 
transverse direction are large enough (from –0,150 mm in apical region till  
0.356 mm for the points on the occlusal surface) in this plane dislocation of  
supporting teeth can occur. 

In the vertical plane (parallel to yz-plane) all supporting teeth, except the 
first molar on the left side are rotated. The center of rotation lies in the body of  
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the corresponding tooth. Tooth displacements in this plane are small (maximum 
displacement of apical region of supporting teeth on the right side is equal to 
≈0.027 mm). Taking into account the thickness of the periodontal ligament 
(≈0.23 mm [20]), it can be concluded that the displacements of teeth in the sagit-
tal plane do not occur. 

Figure 3b shows that the displacements of the supporting teeth for model B 
are directed mainly downwards, as well as displacement of all maxillary com-
plex. The magnitudes of transversal displacements of teeth approximately coin-
cide with the displacements of the alveolar region of the maxilla. Therefore, we 
can conclude that the centers of rotation of the abutment teeth and upper jaw 
halves are located in the nasal cavity. 

 
a) b) 

  
Fig. 3. Total deformations of supporting teeth in intact skull with orthodontic device (frontal 
view): a) model A, b) model B 

 Deformations of the maxillary complex with cleft for orthodontic device 
with two different structures are shown in fig. 4. The highest and lowest dis-
placements along the coordinate axes of the maxillary bone structures of the 
complex with unilateral cleft palate are given in tab. 3. 
 For the models A (fig. 4a) and B (fig. 4b) of orthodontic appliance the great-
est transversal movement on the left side of maxilla are 0.96u and 0.32u, on the 
right side are 0.94u and 0.25u. These movements are much higher than dis-
placements along the x-axis of the maxilla in the intact skull. Since the cleft  
palate is on the left side of the skull, the displacements of the maxilla left side 
are higher than the displacements of the right side for the models A and B  
patterns of the transversal deformations (along the x-axis) for skull with models 
A and B are almost identical. At the same time, the magnitude of transversal dis-
placements of the skull with model A is on average at three times higher than the 
corresponding displacements for skull with model B. 
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a) b) 

  
Fig. 4. Total deformations of skull with palate cleft (frontal view): a) model A, b) model B 

Table 3. Maximum and minimum displacements of the bone structures for skull with palate cleft 
for models A and B of the orthodontic device 

Magnitude, mm The skull bone structures Direction 
of displace-

ments 
model 

A 
model 

B model A model B 

  0.385   0.128 Along x-axis 

–0.375 –0.099 

maxilla and zygomatic bone maxilla 

  0.102   0.067 frontal and temporal bones maxilla Along y-axis 

–0.074 –0.312 maxilla near palate cleft frontal and parietal bones 

  0.114   0.172 lateral part of maxilla and 
zygomatic bone 

occipital bone Along z-axis 

–0.055 –0.344 maxilla near palate cleft and 
occipital bone 

posterior part of maxilla 
and nasal bone 

 
In the sagittal plane, there are both qualitative and quantitative differences 

between deformations of the maxillary complex. Displacements along y-axis for 
skull with model A have positive values for the anterior incisors region. Dis-
placements of parietal bone have negative values. For model A almost the all 
maxilla moves slightly back and the parietal bone significantly leans forward. 
Zygomatic bones have the greatest displacements in the positive direction of the 
z-axis (up). Region of the maxilla moves slightly down in the vicinity of the 
cleft. For the model B maxilla evenly moves down. The occipital bone is dis-
placed up. 
 Deformations of the supporting teeth for the skull with a cleft palate (fig. 5.) 
shows that the dislocation of the supporting teeth is not observed for the models 
A and B. The centers of rotation of the teeth almost coincide with the centers of 
rotation of the respective halves of the maxilla for models A and B. 
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a) b) 

  
Fig. 5. Total deformations of the supporting teeth in the skull with palate cleft (frontal view):  
a) model A, b) model B 

4. Conclusions 

 Finite element analysis of the maxillary expansion, based on the application 
of a load directly from the orthodontic device HYRAX, more accurately simu-
lates the action of orthodontic forces and the behavior of the skull. Such ap-
proach allows explaining the clinically observed effects [4, 11, 13, 16, 20, 25]. 
 Computations of the maxilla bone structures deformations showed that the 
design of orthodontic device HYRAX with the location of the screw in the same 
horizontal plane with rods and design with the location of the screws near palate 
are not optimal. In the first case there is substantial upward displacement of the 
side portions of the upper jaw, the upper jaw halves rotate with rotation center in 
the horizontal plane as well as a substantial rotational displacement the support-
ing teeth. The main advantage of the horizontal orthodontic design is significant 
transversal movement of the maxilla for the intact skull and for the skull with  
a cleft palate. Transversal deformations of the maxillofacial complex are signifi-
cantly reduced, if the screw orthodontic appliance is located near the palate. At 
the same time, deformations of the maxillary complex and supporting teeth  
repeatedly increase in the sagittal plane, and cause the rotation of the cranium 
forwardly and downwardly in the plane. 
 The occurrence of undesirable displacements of the craniofacial complex in 
the sagittal plane indicates the need to predict the optimal location of the device 
screw relative to the palate. It also seems advisable resizing device plates to pre-
vent rotation of the maxilla in a horizontal plane. Asymmetry of transversal dis-
placements for the intact skull and skull with palate cleft indicates the impor-
tance of correct fixing rods device on the crown, both in height and circuit of the 
crown. 
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WPŁYW RODZAJU APARATU HYRAX NA ODKSZTAŁCENIA 
ZESPOŁU CZASZKOWO-TWARZOWEGO 

S t r e s z c z e n i e  

 Analizę stanu napręŜeń oraz odkształceń ludzkiej czaszki po rozszczepie szczęki górnej za 
pomocą róŜnych aparatów ortodontycznych wykonano za pomocą metody elementów skończo-
nych. Model numeryczny MES zespołu twarzowo-czaszkowego oraz zębów podporowych uzy-
skano na podstawie danych tomograficznych. Przyrządy ortodontyczne róŜnią się lokalizacją śruby 
względem podniebienia. Uwzględniano konstrukcję złoŜoną z prętów i śrub w tej samej płasz-
czyźnie poziomej oraz konstrukcję ze śrubą zlokalizowaną 8 mm bliŜej podniebienia względem 
lokalizacji poziomej. Otrzymano odkształcenia w nienaruszonej czaszce oraz w czaszce z rozsz-
czepieniem podniebienia. Miejsca największych odkształceń struktury kości czaszki zdefiniowano 
dla róŜnych projektów aparatów ortodontycznych. Analizowano wpływ konstrukcji aparatu orto-
dontycznego na przemieszczenia zębów podporowych. Wyniki mogą być wykorzystane w projek-
towaniu aparatów HYRAX do ortodontycznej korekcji i w leczeniu pacjentów ze zgryzem krzy-
Ŝowym. 
 
Słowa kluczowe: czaszka nienaruszona, rozszczep podniebienia, aparat HYRAX, stan napręŜe-
niowo-odkształceniowy 
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