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Three-dimensional finite element analysis
of maxillary protraction with labiolingual
arches and implants
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Introduction: In this study, we aimed to evaluate the effects of maxillary protraction using traditional labiolingual
arches and implant-type protraction devices before orthopedic treatment of patients with skeletal Class III
malocclusion. Methods: A 3-dimensional finite element model of the maxillofacial bones with high biologic
similarity and including the sutures was constructed. Through stress and displacement calculations, a
biomechanical study was performed for the maxillofacial bones, mandible, and sutures. Results:We quantified
detailed changes in the sutures with 2 protraction methods to analyze their effects on the growth of the maxillo-
facial bones. Conclusions: (1) The labiolingual arch is suitable for skeletal Class III patients with crossbite and
deep overbite. The frontomaxillary and zygomaticomaxillary sutures played major roles in the forward displace-
ment and counterclockwise rotation of the maxilla. The temporozygomatic and pterygopalatine sutures did not
change significantly. (2) The implant type of protraction device is suitable for skeletal Class III patients with cross-
bite and open bite. Both the frontomaxillary and zygomaticomaxillary sutures played decisive roles in the forward
displacement and clockwise rotation of maxilla. The temporozygomatic and pterygopalatine sutures showed
small changes. (3) The labiolingual arch caused less stimulatory growth on the maxilla, whereas the implant
caused greater stimulatory growth on the maxilla. Protraction with the labiolingual arch is more suitable for early
skeletal Class III patients at a younger age; protraction with an implant is applicable to skeletal Class III patients
in the late mixed dentition or early permanent dentition. (Am J Orthod Dentofacial Orthop 2015;148:466-78)
Skeletal Class III malocclusion is a common dental
abnormality. This problem, which is primarily
caused by the insufficient development of the

maxillary bone, tends to worsen with age.1-3 Applying
maxillary protraction can effectively direct the
maxillary bone to grow forward, and the effect of this
procedure has been widely acknowledged.4-8 Among
traditional protraction devices, the labiolingual arch
has a superior effect.8-10 However, when this appliance
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guides the maxillary bone to grow forward, the
maxillary anterior teeth also inevitably incline to the
lip side: ie, the dental effects become stronger than or
equal to the bone effects. The labiolingual arch is
applied in the orthopedic treatment of crossbite
accompanied by a deep overbite occlusion.2 For skeletal
Class III malocclusion patients with an open-bite ten-
dency, the maxillary bone should be rotated clockwise
during orthodontic treatment; the bone effects should
be stronger than the dental effects. This condition
cannot be achieved using traditional protraction devices.
Moreover, applying an implant type of protraction appli-
ance can solve these problems. Based on the study of
Smalley et al,11 the bone effects of maxillary protraction
with implants should be significantly stronger than the
dental effects.

To evaluate traditional maxillary protraction and
implant-type protraction devices from the perspective
of biomechanics, as well as to provide clinical
treatment guidelines, in this study we first constructed
a 3-dimensional (3D) finite element model of the maxil-
lofacial bones with high biologic similarity and including
the sutures. The model was designed to simulate
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labiolingual arch loading and implant-type maxillary
protraction appliances. Second, stress and displacement
values were obtained through calculations. Third, a
biomechanical study was performed for the sutures,
the maxillofacial bones, and the mandible. We quanti-
fied the detailed changes in the sutures with 2 protrac-
tion methods to analyze the effects of these methods
on the growth of the maxillofacial bone, particularly
on the 4 sutures that are closely related to the growth
of these bones. Finally, an in-depth discussion is pro-
vided based on our results.
Fig 1. Preliminary 3D model of the maxillofacial bones
built by the Mimics software after the CT scan.
MATERIAL AND METHODS

This study was approved by the medical ethics com-
mittee of the Hospital of Stomatology, Jilin University, in
China.

First, we established a 3D finite element model of the
maxillofacial bones with a physical model of the sutures.
A 16-year-old Asian volunteer with normal occlusion,
good periodontal health, and no temporomandibular
joint (TMJ) disease was chosen to be the model.

The volunteer's craniofacial complex was consecu-
tively scanned in multislices in the normal way. In the
process of scanning, the volunteer was required to lie
on her back with her chin lifted, her head fixed, and
her mouth open slightly, and bite a premade 2-mm-thick
plastic piece to keep the teeth apart. Her bite plane was
identified, and the scanned slice was parallelized with
the bite plane. Scan parameters were tube voltage,
120 kV; electric current, 250 mA; bed speed, 0.8 seconds
per circle; slice thickness, 0.67 mm; and interval,
0.33 mm. We obtained 456 images by cleaning up the
computed tomography (CT) DICOM data from the scans
and recorded them on compact disks.

The CT data output in BMP format was transferred to
Mimics software (version 10.0; Materialise, Leuven,
Belgium), a medical visualization software and a rectan-
gular coordinate system with the x-, y-, and z-axes built
up according to slice image data from the CT scans
(x-axis indicates axial; y-axis, sagittal; z-axis, coronal).
For each slice's CT image, its outline map was formed
into a closed outline curve. Then, based on the
0.33-mm interval between CT slices, each outline that
represented a CT scan slice was transferred to its position
according to its z-value, and a rough 3D model of the
maxillofacial bones was automatically built using the
3D modeling function of the Mimics software (Fig 1).
Based on this model, a new 3D finite element model of
the maxillofacial bones was generated after deleting
the unnecessary skull part, removing the constructed de-
fects between the teeth, separating the maxillary and
mandibular dentitions, and smoothing the surface. The
American Journal of Orthodontics and Dentofacial Orthoped
right orbital rim of this model had some defects caused
by low and irregular bone density; these defects were
fixed during the finite element modeling.

The 3D STL model built was imported to software
(Geomagic, Rock Hill, SC), a professional reverse-
engineering software. An incision on the maxillofacial
bones was determined by Boolean calculation along
the track of the sutures on it, and the basic NURBAS
(Non-Uniform Rational B-Splines) surface model which
is necessary to the analysis was obtained.

Surface element data that were corrected in Geoma-
gic were imported to ICEM CFD software (ANSYS, Can-
onsburg, Pa) at the same time that the surfaces
corresponding to the frontomaxillary, zygomaticomaxil-
lary, temporozygomatic, and pterygopalatine sutures
were built up on the model of the maxillofacial bones,
and filling elements were divided according to surface
of model on the basis of the octree element technique.

On the basis of an initially formed tetrahedron net, a
1-mm-thick prismatic net was formed through the pro-
jections of the frontomaxillary, temporozygomatic, and
pterygopalatine suture trends on the characteristic
face; thus, a 3D finite element model with solid models
of the sutures was formed. We selected the grids of
corresponding faces at the malomaxillary suture and
generated a zygomaticomaxillary suture grid in the
direction of a normal vector.

Finally, we obtained a 3D finite element model of the
maxillofacial bones with 86757 nodes and 485915
cubes, including a physical model of the frontomaxillary,
zygomaticomaxillary, temporozygomatic, and pterygo-
palatine sutures (blue lines in Fig 2). We imported the
ics September 2015 � Vol 148 � Issue 3



Table I. Elastic modulus and Poisson's ratio4

Part Modulus of elasticity (MPa) Poisson's ratio
Bones 1.37 3 104 0.30
Teeth 2.07 3 104 0.30
Sutures 38.6 0.45

Fig 3. Maxillofacial model combined with the labiolingual
arch maxillary protraction appliance.

Fig 2. Three-dimensional finite element model of the maxillofacial bones with the physical models of
the sutures: A, frontomaxillary and zygomaticomaxillary sutures; B, temporozygomatic suture; C,
lateral view of the pterygopalatine suture; D, back view of the pterygopalatine suture.
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repaired STL into the ICEM CFD software for meshing
and assigned values to the material properties
according to the final geometric structure. Table I shows
the assignments of the modulus of elasticity and Pois-
son's ratio.

The principle of the design of an intraoral device for
labiolingual arch protraction is to connect the entire
maxillary dental arch into a whole to reduce the tooth
effect. According to this, the model was simplified
without cutting the maxillary teeth to simulate the in-
traoral device using a labiolingual arch. The protraction
mask was connected directly to the chin to simulate the
chin support. Finally, a 3D finite element model of the
maxillofacial region with the intraoral device for labio-
lingual arch protraction was established (Fig 3).
September 2015 � Vol 148 � Issue 3 American
The protraction model with the implant was simpli-
fied by applying the point between the root apices of
both maxillary canines and first premolars as the traction
Journal of Orthodontics and Dentofacial Orthopedics



Fig 4. Illustration of the action point (red dot) of A, labiolingual arch protraction, and B, protraction with
implant.

Fig 5. Boundary constraints represented by red lines: A, frontomaxillary suture; B, malomaxillary su-
ture; C, condylar process.
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point. The model of the extraoral protraction mask
previously described was used (Fig 3).

In the labiolingual arch protraction model, the maxil-
lary arch was considered as a whole, and the action point
of protraction was set between the maxillary canine and
the first premolar (Fig 4, A). In the protraction model
with the implant, the action point was set between the
root apices of both maxillary canines and first premolars
(Fig 4, B); ie, the implant achieved 100% osseointegra-
tion with the maxillary bone. The materials used in
protraction were spring units; the other extraoral pro-
traction mask was made of rigid materials. According
to the lever principle, the reaction force generated by
protraction was mostly transmitted to the mandible
through the mask.

The growth of the maxilla is mainly accomplished
through bone deposition at the frontomaxillary, zygoma-
ticomaxillary, temporozygomatic, and pterygopalatine
American Journal of Orthodontics and Dentofacial Orthoped
sutures. Except for the zygomaticomaxillary suture, the
other 3 sutures are all located on the edges of the maxil-
lofacial bones. Therefore, the boundary constraints with
zero displacement and zero rotation were applied on the
tangent lines of the outer margins of the frontomaxillary,
temporozygomatic, and pterygopalatine sutures (Fig 5).
The mandible was included in the model. The TMJ
connection between the mandible and the maxilla was
set as absent. Two tangent lines from condylion and the
protrusion of the outer margin of the condylar process
were made, respectively. The boundary constraints with
zero displacement and zero rotation were applied on the
2 tangent lines.

In the labiolingual arch protraction model, the ac-
tion point was set at adjacent points of both maxil-
lary canines and first premolars to simulate the
position of the protraction hook. In the protraction
model with the implant, the action point was set
ics September 2015 � Vol 148 � Issue 3



Fig 7. Displacement nephogram along the y-axis after loading of the labiolingual arch protraction
model.

Fig 6. Direction of protraction (red arrow): A, labiolingual arch protraction; B, protraction with implant.
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between the root apices of both maxillary canines and
first premolars to simulate the implant. In both
methods, 800 g of protraction force was applied on
both sides at a 20� to 30� angle with respect to the
occlusal plane, depending on the position of the
lower lip (Fig 6).
RESULTS

Displacement nephograms along the y-axis and
z-axis after loading of the protraction model using the
labiolingual arch and the implant are shown in
Figures 7-10. The x-axis representing the horizontal
displacement, which was not the displacement
considered in protraction, was ignored.
September 2015 � Vol 148 � Issue 3 American
The forward direction of the y-axis indicates a nega-
tive value, and the backward direction of the y-axis indi-
cates a positive value; the upward direction of the z-axis
indicates a positive value, and the downward direction of
the z-axis indicates a negative value. The displacement
distributions along the y-axis and z-axis were obtained
by the data extraction function of the ANSYS software
(Table II).

Stress distribution nephograms of the maxilla in the
protraction modes using the labiolingual arch and
the implant were calculated (Fig 11). The 4 sutures
were extracted to obtain the stress distribution nepho-
grams (Fig 12). As shown in Table III, the suture stress
distributions of the 2 types of protraction were statisti-
cally analyzed and compared.
Journal of Orthodontics and Dentofacial Orthopedics



Fig 8. Displacement nephogram along the y-axis after loading of the protraction model with an implant.

Fig 9. Displacement nephogram along the z-axis after loading of the labiolingual arch protraction
model.
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DISCUSSION

During previous 3D finite element modeling studies
of the maxillofacial bones, the whole maxillary complex
was always supposed to be continuous, homogeneous,
and isotropic without suture grids.12-15 Thus, in the
sutures, stress was presented as homogeneous, and
there would be a large error once the model was loaded.

“Suture” generally refers to the cells and fibrous
tissues located between the craniofacial bone and the
opposite bone edge, as well as those surrounding the
bone edge. A suture is formed by the interactions between
osteoblasts and fibroblasts. Osteoblasts and fibroblasts
American Journal of Orthodontics and Dentofacial Orthoped
perform different functions. Osteoblasts secrete collagen
and other specialized proteins that constitute a bone
matrix. Fibroblasts inhibit the extensive proliferation of
osteoblasts, thereby preventing suture formation.16

Several researchers have investigated factors
affecting sutures. For example, Iseri et al17 studied the
maxillary palatal raphe using a finite element method
and found that this structure is unconnected; thus,
they did not consider the properties of suture materials.
Verrue et al18 used a 3D finite element method and con-
structed a dog's craniofacial bone with 18 sutures. Using
this model, they hypothesized that the elastic modulus is
ics September 2015 � Vol 148 � Issue 3



Fig 10. Displacement nephogram along the z-axis after loading of the protraction model with an
implant.

Table II. Displacement distribution along y-axis and z-axis (mm)

Part

Displacement along y-axis Displacement along z-axis

Labiolingual arch Implant Labiolingual arch Implant
U1 point in the incisal edge of maxillary central incisor �0.444 �0.163 0.249 �0.312
A-point of maxilla �0.302 �0.275 0.210 �0.253
L1 point in the incisal edge of mandibular central incisor 0.124 0.395 �0.018 �0.018
Pogonion of mandible 0.124 0.395 0.205 0.040
Frontomaxillary suture �0.160 �0.164 0.205 �0.077
Malomaxillary suture �0.160 �0.275 0.134 �0.018
Temporozygomatic suture �0.018 �0.164 �0.018 �0.018
Pterygopalatine suture �0.018 �0.052 �0.018 �0.018

U, upper jaw; L, lower jaw.
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probably 6850 N per square millimeter (about half of the
cortical bone). Verrue et al also showed that maxillary
displacement is possibly close to the result obtained by
laser interferometry if the elastic modulus is approxi-
mately 1 N per square millimeter. Thus, the elastic
modulus of a maxillary suture is preliminarily considered
as 1 N per square millimeter. However, this result does
not accurately indicate the biomechanical changes in
the craniofacial complex. On the basis of these results,
Verrue et al concluded that the establishment of a suture
is more important than the precision of grid division in
traction research.

The growth of a suture from various components is
similar to that of a periodontal membrane. This similar
growth pattern is possibly attributed to the components
of these 2 parts. For instance, the suture is mainly
composed of bone cells, fibrous cells, fibers, and blood
vessels. The periodontal membrane consists of cells,
matrices, fibers, and partial vessels. Furthermore, a suture
September 2015 � Vol 148 � Issue 3 American
exhibits biomechanical behaviors similar to those of a
periodontal membrane when these parts are subjected
to external forces.19,20 For example, tension can induce
bone cells to proliferate, to grow rapidly, and to form
new bones.21 Pressure can cause degenerative changes
and bone absorption, thereby inhibiting bone growth.22

On the basis of these observations, we assigned the elastic
modulus of the suture as 38.6 MPa, which is similar to
that of the periodontium.19 Poisson's ratio of a suture
was set at 0.45 after previous craniofacial finite element
studies were comparatively analyzed.23,24 This value is
approximately equal to the actual Poisson's ratio of a
suture. Additionally, loading executed on the ground of
this model can have a more real stress distribution in
the suture, have better maxillary influence, and provide
more accurate data to clinical work. In this study, the
thickness of the sutures was supposed to be 1 mm,
which would not affect the accuracy of calculations but
would ensure the grid quality.
Journal of Orthodontics and Dentofacial Orthopedics



Fig 11. Stress distribution nephograms of the maxilla in the protraction models with A, labiolingual
arch, and B, implant.

Fig 12. Stress distribution nephograms in the 4 sutures: A, labiolingual arch, and B, implant.

Liu, Zhu, and Zhang 473
According to Ngan et al,25 Cozzani,26 Hickham,27

Itoh et al,28 Hata et al,29 Billiet et al,30 and da Silva Filho
et al,5 the protraction force should be 600 to 800 g to
produce an effect. Otherwise, it may move the maxillary
teeth mesially. Zeng31 suggested that the protraction
force should be at least 500 to 800 g per side, with the
device worn less than 12 to 14 hours a day. Gautam
et al32 biomechanically evaluated 2 treatment modal-
ities—maxillary protraction alone and in combination
with maxillary expansion—by comparing the displace-
ment of various craniofacial structures using the finite
element method. In the first model, 1 kg of force was
directed anteriorly and 30� downward relative to the
occlusal plane near the canine to simulate orthopedic
maxillary protraction forces.
American Journal of Orthodontics and Dentofacial Orthoped
In the labiolingual arch protraction model, the action
point was set at adjacent points of both maxillary ca-
nines and first premolars to simulate the position of
the protraction hook. In the protraction model with an
implant, the action point was set between the root apices
of both maxillary canines and first premolars to simulate
the implant. For the implant type of protraction device,
the miniplate was implanted into the surface of the alve-
olar bone, and the protraction force was increased to
500 to 1000 g. A traditional labiolingual arch protrac-
tion device is 1 type of tooth-anchored maxillary pro-
traction, and the force is usually set to less than 500 g
in clinics.4 However, to compare the variations of maxil-
lary bones and sutures in these protractions, the force
of protraction was set to be the same. Thus, a relatively
ics September 2015 � Vol 148 � Issue 3



Table III. Stress distribution in the 4 sutures

Suture Labiolingual arch (MPa) Implant (MPa)
Frontomaxillary 3.679-4.199 3.121-4.071
Zygomaticomaxillary 0.037-0.557 1.221-2.171
Temporozygomatic 0.557-1.078 5.021-5.971
Pterygopalatine 2.118-3.679 5.971-7.871
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large protraction force of 800 g was loaded on both sides
at a 20� to 30� angle with respect to the occlusal plane,
depending on the position of the lower lip in both
methods (Fig 6).

This model does not include the TMJ. The reason is
that if the TMJ has been established, then the full tem-
porozygomatic suture model cannot be established.
Thus, obtaining accurate data on the displacement of
the temporozygomatic suture is difficult. It conflicts
with the focus of this study. Meanwhile, we loaded the
boundary constraints at the top and rear of the condylar
process. This approach can prevent unlimited rotation of
the mandible under the loading force, simulating the
action of the TMJ to a certain extent.

The y-axis represented sagittal displacement. The
maxillary anterior teeth in the labiolingual arch model
had labial movement of 0.142 mm, which was simply
the difference between the forward displacement of
those teeth and Point A. Point A of the maxilla moved
0.302 mm forward; the movement-effect ratio of the
teeth to the maxilla was 0.47:1, which was close to the
result of 0.58:1 in the labiolingual arch group obtained
by Bao.33 This indicated that our finite element analysis
could reflect the movements of teeth and jaw caused by
protraction in clinical practices. The small discrepancy
might be because natural growth was allowed in their
study, but it could not be assessed with finite element
analysis in this study.

A tangent line was made from the protrusion of the
outer margin of the condylar process, and the boundary
constraints were imposed. The mandibular plane angle
was obtuse. The mandibular condyle was located in
the rear of the ascending ramus. Under the reaction force
of protraction, the mandible underwent clockwise rota-
tion, which led to backward displacement in the sagittal
direction (along the y-axis).

In this study, the protraction point of the implant in
the implant type of protraction model was between the
root apices of the maxillary canines and first premolars.
The site between the root apices of the maxillary lateral
incisor and canine adopted by Ding et al34 was not used
because the root apices of the maxillary lateral incisor
and canine have a thin bony wall. Furthermore, from
the perspective of clinical practice of orthodontic treat-
ment, the rubber band starting from the root apices of
September 2015 � Vol 148 � Issue 3 American
the maxillary lateral incisor and canine could easily press
the upper lip and increase the patient's discomfort. The
rubber band starting from the root apices of the maxil-
lary canine and the first premolar was pulled out from
both sides of the mouth. The thicker part of the upper
lip was avoided to reduce the patient's discomfort. The
protraction line was above the centers of resistance of
the maxillary dental arch and the maxilla, and thus
both the maxillary dental arch and the maxilla under-
went clockwise rotation. An 800-g protraction force
was imposed on the implant, the maxillary forward
displacement was 0.275 mm, and the maxillary anterior
teeth had a forward displacement of 0.164 mm. These
results seemed contradictory because the maxilla and
the maxillary dental arch were on the same curved sur-
face, and the maxilla was posterior to the maxillary ante-
rior teeth. The maxilla and the maxillary dental arch
underwent clockwise rotation simultaneously, so the
forward displacement of the maxilla was greater than
that of the maxillary anterior teeth, and the maxillary
anterior teeth did not undergo labial inclination. The pa-
tients selected by Ding et al were in the middle and late
mixed dentition stages, and the protraction time was
long. In addition to the displacement along the y-axis
of the maxilla and the maxillary dental arch, the
leveraging effect of the mandibular anterior teeth
imposed on the maxillary anterior teeth after the estab-
lishment of shallow coverage and natural growth of the
maxillary dental arch during the treatment of the cross-
bite also occurred. Therefore, the forward displacement
of the maxillary anterior teeth was greater than that of
the maxilla. Since the natural growth of the organism
could not be shown by the 3D finite element method
and the occlusion of the maxillary and mandibular ante-
rior teeth was not modeled, the leveraging effect of the
mandibular anterior teeth on the maxillary anterior teeth
could not be simulated. The data obtained in this study
simply indicated the displacement trend of maxillary
protraction without tissue remodeling and occlusion.
The downward displacements of the maxillary incisors
and the maxilla were 0.312 and 0.253 mm, respectively;
this further confirmed the clockwise rotation of the
maxilla and the maxillary dental arch.

In this study, the displacement and stress nephogram
showed that the forward displacement of the maxilla
along the y-axis in the labiolingual arch model was
0.302 to 0.231mm and closer to 0.302mm. In the model
with the implant, the nephogram of the forward
displacement of the maxilla along the y-axis gradually
decreased from the center of the protraction point to
the periphery. The interval scale was 0.112, which was
greater than that of the labiolingual arch model
(0.071). Although the color of the nephogram of the
Journal of Orthodontics and Dentofacial Orthopedics
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forward displacement of maxilla was at 0.275 mm, for-
ward displacement of Point A was in the range of 0.387
to 0.275 mm and closer to 0.387 mm. The displacement
along the y-axis of the maxilla caused by protraction
using the implant was higher than that caused by the
labiolingual arch.

The backward displacement (0.395 mm) of the
mandible of the model with the implant was greater
than that of the labiolingual arch model (0.124 mm).
The stress distribution nephogram also showed that
the stress of the former was greater than that of the
latter. This might be because the higher protraction
point increased the force arm and the moment on the
maxilla, but the force arm of the mental region serving
as anchorage was unchanged. Therefore, the stress and
the backward displacement of the mandible were
increased.

The displacement nephogram along the z-axis
showed that the maxilla in the labiolingual arch model
underwent upward displacement, which was consistent
with the clinical cases. Because a tangent plane was
made from the mandibular condyle and a boundary
constraint was imposed, it was impossible to accurately
show the mandibular displacement in the coronal direc-
tion along the z-axis. This problem is inevitable in build-
ing the physical model of the suture.

In this study, the protraction point of the labiolingual
arch model was lower. The protraction line passed below
the centers of resistance of the maxilla and the maxillary
dental arch. Both the maxilla and the maxillary anterior
teeth underwent upward displacement: ie, both under-
went counterclockwise rotation. The protraction point
of the model with the implant was higher than that in
the labiolingual arch model. The protraction line passed
over the centers of resistance of the maxilla and the
maxillary dental arch. Both the maxilla and the maxillary
anterior teeth underwent downward displacement: ie,
both underwent clockwise rotation.

As shown in Table III, of the 4 sutures in the labiolin-
gual arch model, the frontomaxillary suture had the
most stress of 3.679 to 4.199 MPa. It had forward
displacement of 0.160 mm along the y-axis and upward
displacement of 0.205 mm along the z-axis. Its counter-
clockwise rotation was greater than that of other su-
tures. The displacement of the maxilla connected to it
had a similar displacement. This might be due to the
following reasons.

First, the frontomaxillary suture is on top of the
maxilla and parallel to the cross-section of the maxilla.
Furthermore, it has the smallest contact area with the
frontal process. Second, the frontomaxillary suture is
closer to the protraction point in the sagittal direction,
and the bone surface in this region is smooth without
American Journal of Orthodontics and Dentofacial Orthoped
the buffering effect of other sutures. Thus, the stress is
little attenuated from the protraction point to the fron-
tomaxillary suture, resulting in a greater displacement
compared with the other sutures. Based on the displace-
ment analysis, both the horizontal and vertical compo-
nents of stress transmitted from the protraction point
to the frontomaxillary suture were relatively high. The
frontomaxillary suture plays a major role in maxillary
protraction with the labiolingual arch.

The stress of the zygomaticomaxillary suture was
0.037 to 0.557 MPa, which was lower than that of other
sutures. This might have been because the zygomatico-
maxillary suture is located at the juncture of the maxilla
and the zygoma, and the latter is an arcuated bone, lead-
ing to the reduction of stress transmitted to this region.
The forward displacement along the y-axis of the maxilla
connected to the zygomaticomaxillary suture was
0.160 mm. The upward displacement along the z-axis
was 0.134 mm, which was close to the displacement of
zygomaticomaxillary suture. However, the forward
displacement of the zygomatic arch along the y-axis
was 0.089 mm, and the upward displacement along
the z-axis was 0.096 mm. These results indicated that
the zygomaticomaxillary suture plays a role in the for-
ward displacement of the maxilla and the zygoma in
maxillary protraction and also influences the counter-
clockwise rotation of the maxilla. This might be because
the zygomaticomaxillary suture is nearly parallel to the
maxillary coronal plane. This is the reason for its major
role in maxillary protraction with the labiolingual arch.

The stress of the temporozygomatic suture was as
low as 0.557 to 1.078 MPa, which was greater than
that of the zygomaticomaxillary suture. This might be
because the temporozygomatic suture is close to the
center of resistance of the maxilla. The rotation of the
maxilla resulted in the stress concentration. Both its for-
ward displacement along the y-axis (0.018 mm) and its
downward displacement along the z-axis (0.018 mm)
were smaller than those of the zygomaticomaxillary su-
ture. The temporozygomatic suture did not change
significantly in the maxillary protraction with the labio-
lingual arch. The forward displacement along the y-axis
was small; this might have been because the temporozy-
gomatic suture is located at the outermost margin of
maxillofacial bone. The horizontal component of stress
is buffered by the zygomaticomaxillary suture, and the
stress is sharply reduced before being transmitted to
the temporozygomatic suture. There was a downward
displacement along the z-axis. However, the zygomatic
bone anterior to the temporozygomatic suture and the
maxilla underwent upward displacement, indicating
that in protraction with the labiolingual arch the maxilla
underwent counterclockwise rotation around the center
ics September 2015 � Vol 148 � Issue 3
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of resistance of the maxilla. Therefore, the temporozy-
gomatic suture underwent downward displacement,
whereas the frontomaxillary suture underwent upward
displacement.

The stress of the pterygopalatine suture was as high
as 2.118 to 3.679 MPa, which was similar to that of fron-
tomaxillary suture. However, its forward displacement
along the y-axis (0.018 mm) and downward displace-
ment along the z-axis (0.018 mm) were lower than those
of the frontomaxillary suture. When the maxilla under-
went counterclockwise rotation, the maximum stress
was located on the lower part of the pterygopalatine su-
ture (Fig 12). The maxilla connected to the pterygopala-
tine suture underwent a large forward displacement.
However, the displacement of the pterygopalatine suture
was smaller (Fig 7). This was due to the relatively large
sagittal distance from the protraction point to the pter-
ygopalatine suture as well as the large variation of the
deformation of the bones. The stress was buffered by
the pterygopalatine suture, and the displacement was
sharply reduced. Therefore, the pterygopalatine suture
did not change significantly in maxillary protraction
with the labiolingual arch.

The stress (3.121-4.071 MPa) and the forward
displacement along the y-axis (0.051 mm) of the fronto-
maxillary suture in the model with the implant were not
significantly different from those in the labiolingual arch
model (Figs 7 and 8). However, the upward displacement
of the frontomaxillary suture along the z-axis changed
to downward displacement, resulting in clockwise
rotation of the maxilla. Therefore, the frontomaxillary
suture plays a major role in maxillary protraction with
the implant.

The stress of the zygomaticomaxillary suture was
1.221 to 2.171 MPa, which was twice that of the labio-
lingual arch model. The forward displacement along the
y-axis (0.275 mm) increased with the stresses (Fig 8). The
upward displacement along the z-axis changed to
downward displacement (Fig 10), which was 1 reason
for the clockwise rotation of the maxilla. The stress of
the zygomaticomaxillary suture in the implant model
was still the lowest among all sutures. This was probably
due to its specific position. However, the large displace-
ment made the zygomaticomaxillary suture play a major
role in maxillary protraction with the implant.

The stress of the temporozygomatic suture changed
significantly in the range of 5.021 to 5.971 MPa. The
stress was greater than that of the zygomaticomaxillary
suture; this was because the temporozygomatic suture is
closer to the center of resistance of the maxilla. The
maxillary rotation caused stress concentration. The for-
ward displacement along the y-axis (0.052 mm) was less
significantly changed than that of the labiolingual arch
September 2015 � Vol 148 � Issue 3 American
model (Fig 8). Compared with the zygoma and the
maxilla, the temporozygomatic suture showed a trend
of upward displacement along the z-axis (Fig 10), indi-
cating that the maxillary bones rotated around the
center of resistance of the maxilla in a clockwise
direction. The temporozygomatic suture underwent
upward displacement, whereas the frontomaxillary
suture underwent downward displacement.

The stress of the pterygopalatine suture was 5.971 to
7.871 MPa, which was twice that of the labiolingual arch
protraction model. When the maxilla underwent clock-
wise rotation, the maximum stress was imposed on the
upper part of the pterygopalatine suture (Fig 12). The
forward displacement of the pterygopalatine suture
along the y-axis (0.052 mm) increased with the stress
but was still much smaller than the forward displace-
ment of the maxilla along the y-axis (Fig 8). This was
due to the large variation of deformation of the bones.
The downward displacement along the z-axis changed
little (0.018 mm). The pterygopalatine suture changed
little in maxillary protraction with the implant.

A 16-year-old patient was chosen because she was a
model without correction and treatment. Based on the
characteristics of this subject, the model and analysis
in this study demonstrate a certain universality and pro-
vide a significant guideline for clinical treatment.

This simulation study was conducted in the freeway
space state because the mandibular molars do not con-
tact. Therefore, the counterforces from the chin to the
mandibular molar and from the mandibular molar to
the maxillary molar were not considered.

In this study, we were unable to simulate the natural
growth of bones and teeth, a common limitation of the
finite element method. In addition, we could apply sin-
gle loading and analyze the tendency of displacement
and stress of the maxilla but could not obtain the
nonlinear variations of displacement and stress in
long-term loading. With these limitations, we aimed to
provide a guide for clinical treatments instead of repre-
senting a clinical case.

CONCLUSIONS

A complete model of the maxillofacial bones
including physical models of the sutures closely related
to the growth of the maxilla was established using spiral
CT combined with Mimics and ANSYS software.

1. After loading of the maxillary protraction model
with the labiolingual arch, the maxilla underwent
forward displacement, the maxillary anterior teeth
underwent labial inclination, and the maxilla under-
went counterclockwise rotation. These results were
similar to the clinical findings, which suggested
Journal of Orthodontics and Dentofacial Orthopedics
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the reasonability and feasibility of the modeling.
The labiolingual arch is suitable for skeletal Class
III patients with crossbite and deep overbite. The
frontomaxillary and zygomaticomaxillary sutures
played major roles in the forward displacement
and counterclockwise rotation of the maxilla. The
temporozygomatic and pterygopalatine sutures
did not change significantly.

2. After loading of the maxillary protraction model
with the implant, the maxilla underwent forward
displacement. The maxillary anterior teeth did not
undergo labial inclination, and the maxilla under-
went clockwise rotation; these were consistent
with the clinical findings. The implant type of pro-
traction device is suitable for skeletal Class III pa-
tients with crossbite and open bite. Both the
frontomaxillary and zygomaticomaxillary sutures
played decisive roles in the forward displacement
and clockwise rotation of the maxilla. The tempor-
ozygomatic and pterygopalatine sutures showed
small changes.

3. According to the analyses of clinical cases and the
data of this study, the labiolingual arch causes less
stimulatory growth on the maxilla, whereas the
implant causes greater stimulatory growth on the
maxilla. Protraction with the labiolingual arch is
more suitable for early skeletal Class III patients at
younger ages; protraction with the implant was
applicable to skeletal Class III patients in the late
mixed dentition or early permanent dentition.
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