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ABSTRACT OF THE THESIS

The Efficacy of Maxillary Protraction Protocols With and Without Micro-implants
- A Finite Element Study

By

Kimberley Wu, DMD
Master of Science in Oral Biology
University of California, Los Angeles 2012
Dr. Won Moon, Co-chair
Dr. Ki-Hyuk Shin, Co-chair

Objectives: The purpose of this study	
  was	
  to	
  use	
  Finite	
  Element	
  Method	
  (FEM)	
  to	
  simulate	
  various	
  
clinical	
  protocols	
  for	
  maxillary	
  protraction	
  with	
  micro-‐implants,	
  which	
  can	
  provide	
  skeletal	
  changes	
  
without	
  the	
  use	
  of	
  surgery.	
  We	
  aim	
  to	
  analyze	
  how	
  location	
  and	
  direction	
  force	
  alters	
  the	
  skeletal	
  
effect.	
  Analysis	
  of	
  the	
  skeletal	
  effects	
  can	
  be	
  used	
  to	
  improve	
  clinical	
  protocols	
  for	
  treating	
  class	
  III	
  
patients.
Methods: A 3-dimensional cranial mesh model with associated maxillary sutures was developed
from CT images and Mimics modeling software. Utilizing ANSYS simulation software, protraction
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forces were applied at different locations and directions to simulate conventional facemask therapy;
seven different maxillary protraction protocols utilizing micro-implants. Stress distribution and
displacement were analyzed. Video animations and superimpositions were created to illustrate the
skeletal effect from varying location and direction of force application.
Results: Conventional facemask and facemask from anterior micro-implants at 15° below and 30°
above the occlusal plane result in counter-clockwise rotation of the maxillary complex. In contrast,
maxillary protraction at 45° below the occlusal plane with anterior or posterior micro-implants
displayed clockwise rotation of the maxilla. At 30° below the occlusal plane, Facemask with palatal
or anterior micro-implants translated the maxilla downward and forward, while protraction from
posterior micro-implants closely resembled pure anterior protraction of the maxilla. Facemask
without micro-implants resulted in higher internal stresses, suggesting force dissipation to bone
rather than to the sutures.
Conclusion: Location of micro-implant placement and direction of pull altered the skeletal response,
changing the upward or downward displacement of the maxillary complex, maxillary incisor
upward or downward movement, and amount of protraction. Brachyfacial class III patients with a
deep bite would benefit from counter-clockwise rotation of the maxilla, resulting in bite opening.
Dolicofacial patients with open bite tendency require protraction that minimizes maxillary
downward movement. As a result, class III growth modification treatment with micro-implants can
be customized for each patient to maximize clinical effectiveness.
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Introduction
A. Conventional Facemask Therapy
A skeletal class III malocclusion often presents with a concave profile, prominent chin,
retrusive nasomaxillary area, and protruded lower lip.1, 2 Affecting nearly 10% in Caucasians and
19% in Asians, a class III malocclusion is one of the more common facial deformities. The etiology
of the class III skeletal profile can be due to maxillary skeletal retrusion, mandibular skeletal
protrusion, or a combination of both.3 Until the 1970s, it was believed that a class III skeletal
discrepancy was primarily a mandibular problem. For patients with excessive mandibular growth,
clinicians may opt to delay definitive treatment until growth has ceased and treat with a combination
of orthodontics and orthognathic surgery.4, 5 This avoids the risk of creating an unsatisfactory profile
with compromised dental relationships. Unfortunately, these patients have to suffer through their
teenage years with a socially and functionally handicapping malocclusion.
Since then, many studies have shown that maxilla hypoplasia is often the primary etiology in
many cases – 65 to 67% of Class III malocclusions are due to maxillary deficiency.1, 6 In these class
III maloclussions, the mandible only appears large because of a deficient maxilla. The goal of
treatment is always to protract the maxilla forward to reduce the relative protrusion of the mandible.
However, depending on the clinical presentation of the case, other treatment goals may differ. For
example, while one case may benefit from simultaneous upward movement of the maxilla, another
may benefit from downward movement.
Research has shown that class III patients with maxillary deficiency can be treated quite
successfully with facemask therapy using dental anchorage (Figure 1). Clinical studies have shown
that 4 mm of maxillary advancement can be achieved within 8-12 months of treatment with
maxillary protraction headgear using tooth-borne anchorage. These results include the forward
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movement of the maxilla, downward and backward rotation of the mandible, and labial tipping of
maxillary incisors. 7-10

Figure 1. Facemask Appliance
However, dental anchorage results in force dissipation to the periodontal ligament area,
which detracts from skeletal change.11 This dental compensation is a complication of conventional
facemask therapy. The complications of conventional facemask therapy may include proclination of
maxillary incisors, and extrusion and mesial tipping of the maxillary molars

7, 8

These dental

compensations detract from the major goal of orthopedic treatment, which is to correct the jaw
discrepancy via skeletal correction.12
Dental anchorage also diminishes the ability to apply orthopedic force directly onto the
maxilla. To overcome this challenge, many investigators have attempted to provide the necessary
anchorage using micro-implants, onplants, and osseointegrated titanium implants. 7
Current research shows that overcorrection is the key to success in any maxillary protraction
therapy. Even with overcorrection, Ngan states that treatment of Class III patients with facemask
therapy has a success rate of 50-60% at best. 16 The reason is that most of the unwanted orthodontic
movements from facemask therapy are unstable and have a high relapse tendency. In addition, class
III patients continue to grow in a class III manner after facemask therapy. If the result is
unsuccessful then the only option left for the patient may be orthognathic surgery, which can only be
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performed after completion of growth. This requires decompensation of previous treatment,
necessitating more time, money and risk for root resorption. As a result, it is clear that obtaining
skeletal anchorage is beneficial in facemask therapy, to transfer orthopedic forces directly to the
sutural sides of the maxilla.
Since facemask therapy in class III correction is a type of growth modification, it is
extremely important to consider the timing of treatment. While some studies show that there is no
statistical difference in treatment among younger (5-8yo) and older (9-12yo) patients9, 10, others state
that there is a small window of opportunity for treating skeletally class III malocclusions. Delaire19,
McNamara11, and Proffit2 suggested that in order to achieve skeletal effects, rather than dental
effects, facemask therapy should begin before age 8. Melson and Melson found that with increasing
age, sutural morphology becomes highly interdigitated and thus it becomes increasingly difficult for
the palatal bone to disarticulate from the pterygoid process.12 Baccetti et al found that patients in
early mixed dentition showed significantly greater advancement of maxillary structures and more
upward and forward direction of condylar growth (compared to late mixed dentition patients).13 In a
thorough meta-analysis conducted by Kim et al17, it was found that facemask therapy is effective in
patients that are still growing, but the effect is lessened in patients older than 9 years old. In younger
patients, mean A-point advancement was 0.9-2.9mm, however in older patients (late mixed
dentition) it was confirmed that skeletal effects are minimal. Numerous other studies also confirmed
that the effects were minimal in older patients:
1. Franchi et al12 – 0.7 mm mean advancement of the maxilla (not clinically significant)
2. Takada et al14 – In patients older than 12 years old, SNA increased by 0.9 degrees (very weak
indication of maxillary advancement)
3. Sudu et al – In girls (mean age 10.3 yr), SNA increased 0.9 degrees. In boys (mean age 10.8
yr), SNA increased 1.3 degrees
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4. Baik et al15 – In patients older than 12 years old, A point moved 1.9mm in the horizontal
direction.
Cha et al16 showed in older patients, maxillary protraction results in greater dentoalveolar
side effects. In patients past pubertal growth, there is increased dentoalveolar effect (40%) and
decreased skeletal effect (60%). Therefore, it is important, especially in patients above the age of 9, to
utilize skeletal anchorage in order to achieve greater skeletal effects and profile changes with
protraction therapy.
B. Maxillary Protraction with Skeletal Anchorage
Unfavorable dental effects of facemask therapy and the limited skeletal effects of treatment in
older patients both indicate that skeletal anchorage could greatly improve treatment outcomes in
class III patients. Over the years, researchers have attempted a range of methods to achieve skeletal
anchorage. The following studies applied protraction forces to the different methods of anchorage
listed below:
1. Kokich et al17 – ankylosed deciduous canines
2. Singer et al18 – osseointegrated implants in the zygomatic buttress
3. Enacar et al19 – titanium lag screw in the processus pterygoideus and the remaining anterior
teeth displacement of the nasomaxillary complex.
4. Hong et al20 – onplant on the palatal bone

Miniplates for Skeletal Anchorage
More recently, studies have particularly favored the use of mini-plates for skeletal anchorage.
The studies below have shown incredible skeletal results, although two surgical procedures, one to
place the mini-plates and another to remove them, are required.
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In 2008, Kircelli et al21 performed a study looking at midfacial protraction with skeletally
anchored miniplates for facemask therapy. Miniplates were surgically placed on the lateral nasal
wall of the maxilla in 6 subjects. Even though the mean age of the subjects was 11.8 years, a large
range of maxillary advancement was achieved (2.8mm-8.6mm). The lowest amount of advancement
is still more effective than conventional facemask therapy in patients of the same age. This is because
the skeletal movement in facemask therapy is limited by unwanted dental movements, like excessive
flaring of maxillary incisors.
In 2010, a study conducted by Cevidanes et al22 compared maxillary protraction in two
models. The study found that Bone Anchored Maxillary Protraction (BAMP) with class III elastics
(Figure 2) induced significantly larger maxillary advancement than combined expansion/facemask
therapy by 2 to 3 mm. These results are even more impressive, considering that the mean age for the
BAMP sample was 11y 10m, while the mean age for the expansion/facemask sample was 8y 3m at
the start of treatment. 22

A	
  

B	
  

Figure 2. A. Panoramic radiograph depicting miniplates in the zygomatic buttress.
B. Intraoral view of the miniplates post-surgical placement.
A similar comparative study published in 2011 evaluated the treatment effects of facemask
therapy with skeletal anchorage compared with conventional facemask in a prospective, controlled,
clinical study design.22 This study found that many of the undesired dentoalveolar effects of
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conventional facemask therapy, which include mesialization and proclination of the maxillary teeth
and extrusion of the maxillary molars, were reduced or eliminated with miniplate anchorage.
While these studies suggest utilization of skeletal anchorage can improve the results of
maxillary protraction, the current literature published on maxillary protraction with skeletal
anchorage involve surgery. At least two surgical procedures are required: one for placement of the
skeletal anchorage device and another for removal. Even though these surgical procedures are
considered minimally invasive, most parents do not want their growing child to undergo surgery,
therefore, the application of micro-implants for skeletal anchorage may provide a better alternative.
C. Circummaxillary Sutures
In studying maxillary protraction, it is important to consider the sutures surrounding the
maxilla. Sutures are the soft tissue articulations between craniofacial bones. According to Mao et
al23, sutures experience, absorb, and transmit mechanical stresses generated by orthopedic loading.
Suture biomechanics will thus facilitate innovative design of new devices and improvement of
current orthopedic appliances.
The objective of facemask therapy is to augment growth at the cirummaxillary sutures,
separating the sutures, translating the maxilla anteriorly through promoted growth. Typically, 5001500g of total force is applied for protraction of the maxilla. 34 Ideally, the orthopedic force should be
directly transferred to the relevant circummaxillary sutures for greatest efficiency. The displacement
of the maxillary complex and zygomaticomaxillary suture can be altered by the direction of traction
force.24 25 To predict bony change by orthopedic force, consideration of the intraoral appliance
design and the direction of forward traction are important”.26
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D. Finite Element Method (FEM)
Recently, finite element method has become a popular simulation tool to study effects of
treatment in orthodontics. FEM is a computer-aided mathematical technique that predicts the
response of physical systems subjected to external influences by approximating numerical solutions
for complex problems in engineering, science, and applied mathematics.27
While Courant originally developed FEM to investigate torsion on a cylinder, it has now
been developed into a technique for analyzing electromagnetic, thermal, fluid, and structural
working environments.28 In the 1950’s, Boeing developed model airplane wings with the aid of
triangular mesh elements for stress analysis. Several years later, Clough coined the term “finite
element”.29
The basic premise of FEM is that a solution region can be approximated by a collection of
discrete elements. FEM has the ability to take simple geometric shapes and assemble them into
complex geometries, allowing development of an intricate craniofacial model through a collection of
tetrahedron elements. As a result, a complex problem can be simplified to a series of basic problems.
The elements are assigned material properties and forces can be applied to simulate clinical loading.
Ultimately, FEM helps to visualize where structures bend and twist, and reveals the distribution of
displacements and stresses.27, 30
In this study, FEM was used to evaluate stress and strain within the craniofacial complex
when protraction forces are applied in 8 different simulations. The goal is to evaluate the skeletal
response and efficacy in conventional facemask therapy, micro-implant supported facemask with
palatal implants (Figure 3), protraction directly from micro-implants placed in the anterior and
posterior maxilla. Ultimately, FEM allows analysis of how varying the location and direction of
force will alter clinical results. Since these protocols cannot be studied in human clinical trials, FEM
is a non-invasive and useful alternative. In the near future, micro-implants will have the capability to
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withstand orthopedic forces, and when that time comes, this research will provide great insight as to
how micro-implants can be best utilized for early treatment of class III malocclusions. These
simulations can be directly applied to improve clinical protocols.

Figure 3. Intraoral view of micro-implant supported facemask with palatal implants (Pal-MIFM).
E. Aims of Study
The aims of the study are to:
•

Construct an anatomically accurate FEM model of a complete skull from a patient with no
craniofacial anomalies. Incorporate circummaxillary sutures in the model.

•

From this model, design simulations that would replicate different clinical protocols for
maxillary protraction, including conventional facemask therapy and other methods of
maxillary protraction involving micro-implants. Analyze how differences in location and
direction of force alter the efficacy of maxillary protraction.

•

Study and compare the skeletal effect, stress distribution, and displacement within the
craniofacial complex when simulated protraction forces are applied to the maxilla.
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•

Correlate the simulated findings to how clinical protocol can be improved in treatment of
growing class III individuals.

F. Hypothesis
•

The location and direction of force application will alter the skeletal effect and rotation of the
maxillary complex. The	
  direction	
  of	
  force	
  and	
  the	
  position	
  of	
  micro-‐implant	
  will	
  
differentially	
  affect	
  the	
  circummaxillary	
  sutures	
  resulting	
  in	
  counter-‐clockwise	
  rotation	
  or	
  
clockwise	
  rotation	
  as	
  well	
  as	
  upward	
  and	
  downward	
  movement	
  of	
  the	
  complex.

•

In addition, the amount of forward displacement of the maxillary complex will vary
depending on the force vector and position of the micro-implant.

•

In comparison to conventional facemask therapy, where forces are applied to the maxillary
first molars, micro-implants can be utilized to more effectively protract the maxilla, as
evidenced by less internal stress within the maxilla.
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Materials and Methods

Note: The Institution Review Board of the University of California, Los Angeles (UCLA) has
approved all protocols used for this study.
A. Computed Tomography (CT) Raw Data
DICOM raw data was extracted from a CT scan of a 42-year-old male patient of the
Department of Biomedical Sciences at Ohio University, where informed consent was obtained prior
to data collection. While Cone-Beam CT (CBCT) is the standard 3D radiography utilized in
Orthodontics, spiral CT was chosen in this case, due to its comparably intrinsic high-contrast
resolution.31 It provides clearly defined hard-tissue boundaries for creation of a highly accurate 3D
finite element model. Utilizing a CBCT in this case would not have provided such clarity.
The CT scan used in this study was performed with the following parameters: 120 kV, 360
mA, 512x512 matrix size, 0.300 mm slice thickness, and 0.463 x 0.463 x 0.300 voxel size.31 The CT
slices were then modified to remove artifacts, scatter and the mandible from the 3D skull model.
B. Finite Element Analysis
Finite element analysis is conventionally divided into three general components:
1) Preprocessing
2) Solution
3) Postprocessing
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C. Preprocessing Stage
In this first stage of finite element analysis, the 3D skull is developed into a FEM model and
material properties are assigned.
The FEM model is generated first by importing the CT volumetric data into Mimics 13.1
software from Materialise: Leuven, Belgium (Figure 4). The threshold segmentation function within
Mimics analyzes the tissue density of each CT slice in Hounsfield Units (HU). In general,
Hounsfield units is a scale of relative densities based on air (-1000), walter (0), and dense bone
(+1000).27 Mimics was utilized to distinguish HU values between 238 and 3071 to identify the hard
tissues of interest, including enamel, cancellous bone and compact bone, resulting in a 3D mask of
the craniofacial complex.

Figure 4. 3D Skull Generation
Following, additional masks (Figure 5) were created in order to delineate intermaxillary
sutures within the model. Past research has shown that the average width of cranial sutures is highly
variable and cannot be definitively determined. However, they estimate that the average width
ranges from 1-2.5 mm.32 As a result, sutures of 1.5-2mm were manually generated: mid-palatal,
pterygomaxillary (2), zygomaticomaxillary (2), zygomaticotemporal (2), median nasal, and lateral
nasal (2).
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B	
  

A	
  

Figure 5. 3D skull with manually generated sutures. A. Frontal View B. Lateral View
Several steps were completed to refine the model, including: mask smoothing, triangle
reduction, and remeshing. The Laplacian boundary-edge function was performed five times to
remove sharp edges in the model. Triangle reduction removed any overlapping and misshapen
triangles. Remeshing condensed the number of elements and refined the mesh for proper
representation of the 3D structure.
The 4-Node Tetrahedral Structural Solid (Figure 6) was chosen as the unit element for the
3D Mesh, as it generally works well with irregularly shaped models, like a skull. This element
consists of four nodes. Each node has six degrees of freedom, including translation and rotation in
the x, y, and z directions.33 This means that each node has the capability to translate and rotate
along all axes in 3D. Finally, the 3D mesh from Mimics was imported into ANSYS 12.0 (ANSYS
Inc, Canonsburg, PA) FEM software program (Figure 7).
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Figure 6. 3D 4-Node Tetrahedral Structural Solid (SOLID72)

Figure 7. 3D Mesh of Skull
In ANSYS software, material properties were assigned to elements. Generally, elements
were defined to be linear-elastic, meaning linear relationship between stress and strain, and isotropic,
uniformity in all directions. The bone and tooth structures in the model were assigned properties of
compact bone: Poisson’s ratio of ν = 0.3 and a Young’s Modulus of E = 1.37x103 (kg/mm2).34, 35
Sutural elements were assigned values of connective tissue: ν = 0.49 and E = 6.8x10-2 (kg/mm2).34, 36,
37
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D. Solution Stage
The solution stage of finite element analysis involves determination of boundary conditions
and force application.
Boundary Conditions: Nodes along the foramen magnum and on the center of the forehead
were constrained in all degrees of freedom, with zero displacement and zero rotation (Figure 8).
These boundary constraints were similarly used in previous facemask studies involving FEM.26

Figure 8. Red “X” depicts where nodes along the foramen magnum and on the center of the
forehead are constrained.
Force Application: Different locations and directions of force application were applied to
mimic varying clinical protocols for maxillary protraction. Simulation A mimics conventional
facemask therapy, with force applied to the buccal of the first maxillary molars, angled 30° below the
occlusal plane (Figure 9). Simulation B models the Pal-MI-FM protocol used in the UCLA clinic
shown in figure 3. The forces are applied 3mm lateral to the mid-palatal suture, at a 30° angle below
the occlusal plane (Figure 10). For Simulations C, D, and E, facemask therapy directly from anterior
micro-implants placed in between the canine and first premolar roots is being modeled. The
direction of force application is respectively 15°, 30°, and 45° below the occlusal plane (Figure 11).
Simulation F also has forces applied in the anterior between the canine and first premolar roots, but
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is directed 30° above the occlusal plane, simulating use of an intermaxillary spring pushing the
maxilla forward and upward (Figure 12). Finally, Simulation G and H model the use of
intermaxillary elastics from posterior maxillary micro-implants to anterior mandibular microimplants (Figure 13). Point of force application is in between the roots of the second premolar and
first molar, directed 30° and 45° below the occlusal plane (Figure 14).

Figure 9. Location of force application for Simulation A - FM (-30°)

Figure 10. Location of force application for Simulation B - Pal-MI-FM (-30°)
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Figure 11. Location and direction of force application for Simulation C - Ant-MI-FM(-15°),
Simulation D - Ant-MI-FM(-30°), and Simulation E - Ant-MI-FM(-45°)

Figure 12. Location and direction of force application for Simulation F - Ant-MI-FM (+30°)

Figure 13. Intermaxillary elastics with skeletal anchorage.
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Figure 14. Location and Direction of force application for Simulation G - Post-MI-FM (-30°) and
Simulation H - Post-MI-FM (-45°)
Listed in Table 1 below, are the 8 Simulations, which were designed to replicate the
corresponding clinical protocols. The location of force delineates where the elastics of the facemask
appliance pull from in Simulation A and the location of micro-implant placement in Simulations BH. The direction of force delineates protraction in relation to the occlusal plane. Values of 1000g per
side were applied for all simulations.

Simulation	
  
A	
  
B	
  
C	
  
D	
  
E	
  
F	
  
G	
  
H	
  

	
  

Table	
  1.	
  Simulations	
  of	
  8	
  clinical	
  protocols	
  for	
  maxillary	
  protraction	
  
Clinical	
  Protocol	
  
Location	
  of	
  force	
  
Direction	
  of	
  force	
  	
  
(Bilaterally)	
  
(to	
  occlusal	
  plane)	
  
FM [-30°]	
  
Buccal surface of maxillary first molars	
  
-30°	
  
Pal-MI-FM [-30°]	
  
3mm lateral of the mid-palatine suture	
  
-30°	
  
Ant-MI-FM [-15°]	
  
-15°	
  
Between	
  roots	
  of	
  canine	
  and	
  first	
  premolar	
  
Ant-MI-FM [-30°]	
  
-30°	
  
Between	
  roots	
  of	
  canine	
  and	
  first	
  premolar	
  
Ant-MI-FM [-45°]	
  
-45°	
  
Between	
  roots	
  of	
  canine	
  and	
  first	
  premolar	
  
Ant-MI-FM [+30°]	
  
+30°	
  
Between	
  roots	
  of	
  canine	
  and	
  first	
  premolar	
  
Post-MI-FM [-30°]	
  
-30°	
  
Between	
  roots	
  of	
  second	
  premolar	
  and	
  molar	
  
Post-MI-FM [-45°]	
  
-45°	
  
Between	
  roots	
  of	
  second	
  premolar	
  and	
  molar	
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E. Postprocessing Stage
With the ANSYS software:
1. Contour plots from nodal and element solutions were plotted to reveal areas of high stress
and displacement. First principle stress measures tensile stress, while third principle stress
measures compressive stress.
2. In order to analyze internal stresses within the model, vertical cross-sections within the
maxilla were created.
3. Video animations were developed for all simulations.
4. Superimpositions were created to show the skeletal displacement as a result of force
application.

Calculation of Principle Stresses:

The cubic equation above is used to calculate all principle stresses within each node in the model.
The determinant is expanded, producing an equation, before derivation of three roots. The most
positive root is defined as σ1, which represents first principle stress (tensile), while the most negative
value is defined as σ3 representing third principle stresses (compressive). The second principle stress
usually approaches zero, and is not significant for the study.
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Statistics:
Since one model was utilized for the study and all simulations were conducted on this one
model, there is no random variability. As a result, statistics were not needed for this study. If a
simulation were to be repeated several times, the results would never change.
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Results
Model Generation:
The FEM model generated from the ANSYS software yielded 91,933 elements and 344,451
nodes. Initially, the first model generated had significantly more elements, however, due to the
limitations of the software as well as the hardware memory, elements were reduced. In order to
maximize precision of the FEM postprocessing analysis, smaller elements, and hence a greater
concentration of elements, were designed in the nasomaxillary complex of the skull. Subsequently
larger elements were utilized in the posterior cranium that were furthest away from the site of force
application, as resultant stresses have minimal effect in this region.
Model Comparison:
A. First Principle Stresses
Figures 15-17 illustrate the distribution of first principle stresses (tensile stress) in Simulation
A-H, in the anterior, occlusal, and lateral views respectively.
On initial examination of the figures, it is apparent that as a result of the force loading, the
skeletal structure in several simulations has undergone some deformation. Particularly in the lateral
view, the nasofrontal sutures of Simulations A, C, and F appear to be compressed and the maxillary
complex appears to be tipped upwards. In contrast, the nasofrontal sutures of Simulations E and H
are elongated and the maxillary complex appears to be tipped downwards.
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C	
  

D	
  

E	
  

F	
  

G

H

v	
  

v	
  

Figure 15. Frontal View of 1st Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM [15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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D	
  

E	
  

F	
  

G

H
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x
Figure 16. Occlusal View of 1st Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM
[-15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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Figure 17. Lateral View of 1st Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM [15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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For all of the simulations, there is a high concentration of tensile stress directly posterior to
the location of force application. In Simulation A, this stress encompasses the maxillary first molar.
In Simulation B, high levels of tensile stress is located in the posterior portion of the palate, but not
involving the mid-palatal suture. In Simulations C-F, this involves the apical region distal of the
upper canines, while in Simulations G and H, this involves the apical region of the first maxillary
molars.
In addition, tensile stresses concentrate at the pterygoid plates in all simulations, with
slightly lower levels in Simulation E. Tensile stresses are also evident in the medial orbit of all
simulations, with greater levels in Simulations E, F, and H. Other simulations have several areas of
stress concentration unique to the simulation. In Simulation A, tensile stresses are also present in the
maxillary buttress. In Simulations E and H, tensile stresses congregate near the lateral orbit, as well
as the frontal process distal to the zygoma. The most unique pattern of tensile stress involves
Simulation F, with additional tensile stresses in volving the forehead, orbit, zygomaticomaxillary
suture, frontal process of the zygoma, and extending from the pterygoid plates backward to the
foramen magnum.
B. Third Principle Stresses
Figures 18-20 illustrate the distribution of third principle stresses (compressive stress) in Simulation
A-H, in the anterior, occlusal, and lateral views respectively.
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Figure 18. Frontal View of 3rd Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM [15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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Figure 19. Occlusal View of 3rd Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM
[-15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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Figure 20. Lateral View of 3rd Principle stresses. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM [15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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For all of the simulations, there is a high concentration of compressive stress directly anterior
to the location of force application. In Simulation A, this stress encompasses the mesial region of the
maxillary first molar. In Simulation B, high levels of compressive stress are located in the anterior
and lateral portion of the palate, but not involving the mid-palatal suture. In Simulations C-F, this
involves the apical region of the upper canines, while in Simulations G and H, this involves the
apical region of the second maxillary 2nd premolar.
All simulations display compressive stresses in the forehead, with significantly less in
Simulation F. There is also a general concentration of stresses lateral to the infraorbital foramen
although this is minimal in Simulations E and H. The distribution of stresses is distinctly unique in
Simulation F, with areas of compressive stress involving the lateral border of the orbit, medial
superior border of the orbit, maxillary buttress, zygoma, and in the frontal bone distal to the
zygoma.
C. Displacement
Figure 21 illustrates the amount of displacement along the Y axis (along the sagittal plane).
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Figure 21. Lateral View of anterior displacement. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM
[-15°] D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H:
Post-MI-FM [-45°]
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Simulations A, B, C, D, F, and G have similar contour plots, with the majority of anterior
displacement (Y-direction) localized within the maxillary complex. The amount of anterior
displacement increases with proximity to the dentoalveolar region of the maxilla, with the Ydisplacement being greatest in Simulations C, F, and G. On the contrary, Simulations E and H show
a different pattern of Y-displacement. In Simulation H, the tip of the nasal bone has displaced more
anteriorly than the dentoalveolus. In Simulation E, the dentoalveolus has actually displaced
posteriorly. Like Simulation H, the nasal tip has displaced anteriorly the most.
D. Internal Tensile Stresses
Vertical cross sections were created for all simulations within the maxilla in between the
maxillary first molar and maxillary second molar (Figure 22 and Figure 23).

Figure 23: Site of vertical cross-section within maxilla to examine internal tensile stresses.
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Figure 23. Internal stresses within maxilla. A: FM [-30°] B: Pal-MI-FM [-30°] C: Ant-MI-FM [-15°]
D: Ant-MI-FM [-30°] E: Ant-MI-FM [-45°] F: Ant-MI-FM [+30°] G: Post-MI-FM [-30°] H: PostMI-FM [-45°]

	
  

	
   31	
  

In Simulation A, there are large concentrations of stress within the maxilla, including the
molar region, maxillary buttress, and the maxillary sinus. Simulations C, D, E, and G all show small
amounts of stress within the maxillary sinus, while Simulations D and E also display stress at the
lateral border of the orbit. Simulation H also displays stress within the maxillary sinus and at the
lateral border of the orbit, but with greater intensity. In contrast, Simulation B has most stress
concentrated within nasal septum and hard palate. Simulation F shows the most unique distribution
of internal stresses, with stress displayed throughout the forehead, orbit, maxillary sinus, nasal
meatuses and palate.
E. Video Animations & Superimpositions
Animation videos of each simulation were created. All videos have been included in the
supplemental section (Simulations A-H).
In addition, superimpositions of “before” and “after” force application were created. The
contour plot legend below illustrates that as the color moves further away from dark blue on the left,
the skeletal structure has displaced more in the positive Y-direction (Figure 24). For the
superimpositions, the “before” image is shown in blue, while the “after” image is displayed in a
range of colors that directly correspond to the amount of Y-displacement (pure protraction)
following force application (Figure 25-32).

Figure 24. Color plot of Y-displacement.
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Figure 25. Simulation A Superimposition

Figure 26. Simulation B Superimposition
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Figure 27. Simulation C Superimposition

Figure 28. Simulation D Superimposition

	
  

	
   34	
  

Figure 29. Simulation E Superimposition

Figure 30. Simulation F Superimposition
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Figure 31. Simulation G Superimposition

Figure 32. Simulation H Superimposition
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Table 2 below summarizes the general and significant findings from each simulation video.
Table	
  2.	
  Skeletal	
  effects	
  on	
  the	
  Maxillary	
  Complex	
  
Simulation	
   Clinical	
  Protocol	
  
Movement	
  of	
  
Details	
  of	
  Maxillary	
  Movement	
  
Maxillary	
  Complex	
  
FM [-30°]
Counter-clockwise
A	
  
Forward	
  and	
  upward	
  movement;	
  
Rotation
slight	
  posterior	
  downward	
  movement	
  
Pal-MI-FM [-30°]
Translates forward
B	
  
Equal	
  forward	
  and	
  downward	
  
and downward
movement	
  
Ant-MI-FM [-15°]
Counter-clockwise
C	
  
Forward	
  and	
  upward	
  movement;	
  
Rotation
Entire	
  maxilla	
  moves	
  upward	
  
Ant-MI-FM [-30°]
Translates; slight
D	
  
Forward	
  and	
  downward	
  movement	
  
clockwise rotation
Ant-MI-FM [-45°]
Clockwise Rotation
E	
  
Downward	
  and	
  backward	
  movement;	
  
Nasal	
  bone	
  protracted	
  forward	
  
Ant-MI-FM [+30°]
Counter-clockwise
F	
  
Forward	
  and	
  upward	
  movement;	
  
Rotation
entire	
  maxilla	
  moves	
  upward	
  
Post-MI-FM [-30°]
Translates forward
G	
  
Significant	
  forward	
  movement;	
  slight	
  
downward	
  movement	
  
Post-MI-FM [-45°]
Clockwise Rotation
H	
  
Slight	
  forward,	
  but	
  mainly	
  downward	
  
movement	
  of	
  maxilla	
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Discussion
A skeletal class III malocclusion is a socially and functionally handicapping malocclusion,
and while mild cases can be treated with dental compensation, without early intervention, many
cases require orthognathic surgery. Traditionally, orthodontists may attempt phase I conventional
facemask therapy as most skeletal class III cases are due to maxillary retrognathism.1, 6 Facemask has
shown some effectiveness in modifying growth and eliminating surgery in some patients, however,
there are many limitations. Traditional facemask is a toothborne appliance, which has minimal
skeletal effects and results in unwanted dental compensations. Effectiveness is also minimized after
age 9. To overcome these limitations, some researchers propose the use of miniplates for skeletal
anchorage, which has resulted in greater skeletal effects, even in older patients. With microimplants, it is now possible to achieve skeletal anchorage without the surgical procedure involved
with miniplates. While micro-implant supported facemask has shown evidence of clinical success,
few studies have been published on this technique and few have analyzed how micro-implants can
be utilized for maximal clinical effectiveness.
Recently, FEM has been utilized to study stress, strain, and force distributions when
evaluating conventional facemask therapy. As a noninvasive technique, FEM is a great method to
analyze how different clinical protocols of maxillary protraction can produce different skeletal
results.
A. Model Generation
Mimics software was utilized to generate the final FEM model with 91,933 elements and
344,451 nodes. An optimal mesh was generated with smaller elements within the nasomaxillary
complex for more accurate postprocessing analysis. As sutures experience, absorb, and transmit
mechanical stresses generated by orthopedic loading23, sutures should theoretically reduce resistance
to forces generated by maxillary protraction. As a result, the following sutures were incorporated
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into the model: mid-palatal, median nasal, lateral nasal, and pterygomaxillary,
zygomaticomaxillary, and zygomaticotemporal. Modeling other published studies which
incorporated the midpalatal suture and PDL,37, 38 the material property of connective tissue was
applied to all sutures. It has been demonstrated that the midpalatal suture and PDL have similar
histological characteristics to that of connective tissue.37 Studies have also concluded that sutures
articulating the maxilla on average range from 1-2.5mm.38 Sutures in our model were 1.5mm in
width, which is similar to the element size in our model.
B. Simulations & Clinical Applications
For all Simulations, 1000g of protraction forces were applied, as studies have shown that
500-1500g is an appropriate force load for maxillary protraction. As expected, tensile stresses are
visible posterior to the site and direction of force application, while compressive stresses are observed
anterior. This phenomenon was observed in all simulations. This is logical, as pulling anteriorly will
tend to compress the anterior and place tension on the posterior.
The video animations and superimpositions clearly portray the skeletal effects in each
simulation. Because the attachment of the maxilla to the skull is complex, the center of rotation
changes depending on the location and vector of force. Varying the location and direction of force
produces either translation, clockwise rotation or counter-clockwise rotation of the maxillary
complex. For example, a force that is located more anteriorly in the maxilla with a strong downward
vector will tend to tip the anterior segment forward. The contour plots showing first and third
principle stresses also correspond with the rotation/translation of the maxilla
However, simulations that result in the same rotation or translation movement do not
necessarily have the same skeletal effect. A simulation may result in upward movement of the
maxilla, while another results in downward movement. In addition, the amount of forward
displacement also depends on the location and direction of force. By varying the location and vector
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of force, the effect on sutural expansion changes. The complex anatomy of the skull and
circummaxillary sutures directly influences the skeletal response from different maxillary protraction
protocols. As a result, the video animations provide valuable additional information that can be
applied to treatment of patients in the clinical setting.
While the video animations and superimpositions paint a clear picture of the skeletal
response as a result of the force application, the simulation merely explains the skeletal response and
cannot accurately predict the dental response, as no PDL has been incorporated into the model.
Studies have shown that PDL is generally 0.25mm in width and unfortunately due to the memory
constraints of the computer and element size, PDL cannot be accurately incorporated into the
model. As a result, the teeth are essentially ankylosed in the dentoalveolar bone and the dental effect
cannot be accurately predicted from these simulations. Logically, the PDL should absorb a
proportion of the forces and resorption and deposition of bone should occur in the dentoalveolar
bone. However, this study provides valuable information on the skeletal effect, which is dependent
on the location and direction of force application. Ultimately, the skeletal effect is most important
when it comes to growth modification like maxillary protraction.
Several simulations display counter-clockwise rotation of the maxilla. Conventional
facemask therapy has the point of force application furthest from maxillary fulcrum of rotation, as a
result there is significant counter-clockwise rotation. The simulation is an oversimplification, as the
force is applied directly to the maxillary molars, and incorporation of PDL into the FEM model
would have revealed extrusion, buccal tipping, and mesial movement of the maxillary molars and
proclination of the maxillary incisors. These all contribute to unwanted dentoalveolar complications.
Ant-MI-FM [-15°] and Ant-MI-FM [+30°] also display counter-clockwise rotation. Ant-MI-FM [15°] symbolizes protraction directly from anterior micro-implants while Ant-MI-FM [+30°]
simulates an intermaxillary spring from mandibular posterior micro-implants to anterior maxillary

	
  

	
   40	
  

mini-implants. As Ant-MI-FM [-15°] impacts the maxillary complex, this protocol would be
beneficial in patients who display a high mandibular angle and excessive incisor show, as the force
vector intrudes the maxillary incisors. Significantly more noticeable impaction of the maxillary
complex is present in Ant-MI-FM [+30°]. This clinical protocol is unique would be beneficial for
Class III malocclusions with maxillary excess displaying excessive gingiva both in the anterior and
posterior regions. The disadvantage is that maxillary impaction results in autorotation of the
mandible, worsening the class III relationship. However, this protocol results in significant
protraction of the maxilla.
On the contrary, Ant-MI-FM [-45°] and Post-MI-FM [-45°] display clockwise rotation of the
maxilla. Interestingly, Ant-MI-FM [-45°], which simulates facemask protraction from anterior
micro-implants, displaces the maxillary complex significantly downward and backwards which is
counterintuitive, given that the goal of maxillary protraction is to move the maxilla forward. PostMI-FM [-45°] does move the maxilla downward and slightly forward. This protocol which simulates
intermaxillary class III elastics from posterior micro-implants to anterior mandibular microimplants, would be beneficial for severely brachyfacial patients with a deep bite, minimal incisal
show and reasonable maxillary A-P position.
The remaining simulations all translate the maxilla, but all in a slightly different manner. In
Pal-MI-FM [-30°], the maxillary complex translates downward and forward equally, translating the
whole midfacial segment forward. The clinical effect is similar to a LeFort 3 advancement. In
facemask therapy involving anterior micro-implants, Ant-MI-FM [-30°], the maxillary complex
mainly translates downward and forward, with slight occlusal tipping of the anterior region. This
could be useful in mild class III individuals with a shallow bite. Lastly, Post-MI-FM [-30°],
simulating intermaxillary elastics to micro-implants, mainly translates the maxilla forward, with
very slight upward tipping of the anterior region. Of all the simulations, Post-MI-FM [-30°] most
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closely resembles pure anterior protraction of the maxilla and would benefit most class III patients.
This suggests that a 30° vector for intermaxillary class III elastics between micro-implants is more
effective in class III correction.
Examining the internal stresses within the maxilla provides additional insight on the
efficiency of the protraction. FM [-30°] has considerable stress within the maxillary bone compared
to several other micro-implant supported models. As the point of force application is furthest from
the site of maxillary attachment to the skull, there is considerable internal “tweaking” of the bone.
The stresses and strains are dissipated within the maxillary bone, which results in inefficiency.
Considerable stress is also seen within the maxillary complex in Ant-MI-FM [+30°]. This is
reasonable, given that the location and direction of force does not directly pull away from the
sutures. It may result in considerable compression of some sutures. Although Pal-MI-FM [-30°]
displays stress in the hard palate, this is directly due to the location of the palatal micro-implants,
which will result in tensile stress in this location as the maxilla is protracted. In general, less internal
stresses are seen in the micro-implant models (with the exception of Ant-MI-FM [+30°]), resulting in
less internal tweaking of bone, and more efficient protraction of the maxilla.
C. Study Limitations
While the study is able to simulate the skeletal response to force application, no simulation is
as reliable as real life, so there are some limitations we must be aware of. First, the model utilized in
this study is generated from a CT scan of a 42-year-old male patient. Even though the literature
states that there is no difference in using a adult model for FEM studies, sutural morphology and
bone anatomy changes throughout growth. Thus, the sutures were incorporated into the model to
resemble that of an adolescent, however, the general shape of the model is more similar to an adult.
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Additionally, the accuracy of finite element analysis is strongly dependent on the quality of
the model. The material properties of bone in this study were assumed to be linear elastic, isotropic
and time-independent. This is a simplification, as real bone is more anisotropic and time-dependent,
meaning that there is a skeletal response that occurs over time. In addition, no distinction was made
between cancellous and cortical bone. During the model development phase in Mimics, no
differentiation of bone type can be automated, and thus all bone was assigned material properties of
cortical bone. Future studies could manually input different bone types, but this estimation may
result in error.
The material properties of sutures, while based on several publications, are still an
approximation and may not be 100% coincident with connective tissue. Suture morphology was
estimated, as sutural anatomy was difficult to extract from the scanned image. Unfortunately, due to
limitations in computer memory and model element size, PDL could not be accurately incorporated
into the model. In actuality, incorporating PDL for all maxillary dentition would be highly
beneficial and should be considered for future FEM studies. Without PDL, the teeth are essentially
ankylosed within the bone. The model also does not predict the osteoblastic and osteoclastic activity
within the bond that results in remodeling. Without PDL, soft tissues, and remodeling within the
model, the simulation does not accurately predict the dental effect. It does, however, demonstrate
the skeletal effect, which is of primary concern when it comes to growth modification procedures
like maxillary protraction. This study is valid in comparing how location and vector of force alters
the skeletal effect.
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Conclusions
Traditionally, early treatment of class III malocclusions is attempted with facemask therapy,
which can be effective in younger patients; however, it creates more dental side effects and less
skeletal enhancement after age 9. Skeletal anchorage with mini-plates has shown greater skeletal
protraction of the maxilla, even in older patients. Unfortunately, surgery is required for placement
and removal of the mini-plates. In this study, a Finite Element Method (FEM) model with
associated circummaxillary sutures was developed to simulate different clinical protocols for
maxillary protraction with micro-implants, which can provide skeletal anchorage without the use of
surgery.
The video animations and superimpositions showed that depending on the location and
direction of force, the maxillary complex rotated clockwise, counter-clockwise, or translated
anteriorly. In addition, each simulation resulted in a different skeletal response, with respect to
upward or downward displacement of the maxillary complex, maxillary incisor upward or
downward movement, and amount of protraction. Depending on the type of class III malocclusion,
a different micro-implant supported protraction protocol would be most beneficial. As a result,
Micro-implant location and direction of force can be altered to maximize clinical effectiveness in
different class III patients.
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