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ABSTRACT

Introduction: This study describes a novel device known as "SAVE” to effectively protract the deficient maxilla in class Ill malocclusion by
quantifying and evaluating the changes in the maxilla through a finite element analysis (FEA).

Materials and methods: The patented novel SAVE device was three-dimensionally modeled using Autodesk Fusion 360. An existing computed
tomography (CT) scan of a patient exhibiting class Il malocclusion was used to generate a finite element (FE) model. The total number of nodes
was 8,49,682 and 5,30,716 elements. The material of choice for the appliance was medical-grade polyetheretherketone (PEEK) polymer.The loading
was performed to simulate maxillary protraction (after assigning material properties). The loading forces of 3.5, 5.5, and 9 N were simulated on
each side with 30° angulations to the occlusal plane. The color changes in terms of areas of maximum (red) and minimum (blue) deformation.
Results: The FEA results with protraction forces of 3.5, 5.5, and 9 N showed deformation of the maxilla in the forward and downward directions.
Equivalent von Mises stress on the SAVE appliance showed stress on the superior surface of the main frame and on the area below the struts where
the force module was attached. In relation to the implant, the stress concentration was on the posterior and superior area around the implant.

Conclusion: The FEM analysis force vectors showed a forward and downward deformation of the maxilla with counterclockwise rotation,

supporting the fact that the novel appliance could bring about effective maxillary protraction in a shorter duration.
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INTRODUCTION

Class lll malocclusion is considered a complicated dentofacial
deformity, which could be due to dental or skeletal
decompensation or a combination of both, the majority of which
are related to maxillomandibular bone discrepancies caused by
maxillary deficiency."? The correction of this malocclusion with
maxillary deficiency can be done orthopedically with facemask
therapy, with or without maxillary expansion in growing
patients.?

Dental inconsistencies may commonly be resolved by
orthodontic treatment. However, class Il malocclusion with skeletal
discrepancies has three main categories of approaches: (1) at the
end of primary dentition or beginning of mixed dentition: rapid
maxillary expansion with face mask therapy,*- (2) at late mixed
dentition: skeletal anchorage by intermaxillary elastics for class
Il correction, and (3) after the growth has stopped: orthognathic
surgery is performed.”®

As a result of anteroposterior and transverse deficiency of the
maxilla in class Il malocclusion, face mask (FM) therapy provides
a constant anterior force on the maxilla, which changes the
orientation of facial growth.”'° Some demerits of face mask therapy
are poor patient compliance, reduced duration of appliance wear,
and social acceptance. Hence, a novel appliance was designed to
overcome the demerits of the face mask.

The finite element method (FEM) serves as a powerful
mathematical tool for constructing computer models that
accurately depict the shapes and physical characteristics of
complex geometric objects. Physical interactions of the various
components of the model can then be calculated in terms of
stress and strain. This method enables the computation of
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physical interactions among the diverse components within the
model, providing insights into stress and strain. The significance
of FEM becomes evident when dealing with complex anatomical
structures and their interactions with surrounding tissues.
Obtaining such detailed information through experimental or
analytical means proves challenging, making FEM a valuable
approach for unraveling the complexities of these intricate
systems.

The displacement of the deficient maxillary complex depends
on the magnitude, direction, and duration of the load applied to
it.""* Hence, the current study aimed to develop a novel device
known as "SAVE" to effectively protract the deficient maxilla in class
Il malocclusion for the quantification and direction of force with
finite element analysis (FEA).

©TheAuthor(s). 2024 Open Access. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.
org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and non-commercial reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



SAVE: A Novel Maxillary Protraction Device

MATERIALS AND METHODS

Description of the Device

The patented novel SAVE device was three-dimensionally modeled
using Autodesk Fusion 360 software (Fig. 1A) (patient application
number: 201941006367). The anchorage head is the part of the
device that will be secured/fixed to the angle of the mandible with
the help of bone screws. The anchorage head consists of two slots
for the placement of bone screws, which help with its stabilization. It
also consists of a channel for the insertion and removal of the main
frame (Fig. 1B). The main frame consists of two units: the left and
right frame, which is the removable part of the device. The medial
end of the anterior part of the right frame consists of one small rod
and a channel on the left frame. The rod will slide into the channel of
the opposite frame, making it one unit once assembled. The upper
surface of the horizontal part of the right and left frame consists of
struts, which will help in engaging elastics to apply force.

A small hinge joint was added to the posterior end of the main
frame before the insertion rod; this facilitated minor movement in
the transverse plane foraccommodation of varying mandibular size
(Fig. 1C). The material of choice for the appliance is medical-grade
polyetheretherketone (PEEK) polymer, due to its biocompatibility
and structural stability. An existing computed tomography (CT)
scan exhibiting class lll malocclusion was used to generate a finite
element (FE) model (Fig. 2). The DICOM files of the same were

Figs 1A to C: (A) Complete assembly of the “SAVE" device; (B) Anchorage
heads; (C) Removable main frames with struts for engaging force module

Fig. 2: DICOM images from CT
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imported into Materialise Interactive Medical Image Control System
(MIMICS) software, Materialise NV, Belgium.

The scanned model from MIMICS was in STL format and was
converted to an FE model for further simulation. The 3D model
of the SAVE device was assembled with the FE model of the skull
for simulation. Infrazygomatic crest (IZC) screws of 12 mm length
and 2 mm diameter were 3D modeled and incorporated at the
infrazygomatic crest, and the maxillary arch did not contain any
orthodontic appliance. Material properties were meticulously
assigned to various structures, including the device, bone, and
teeth. These material properties were derived from experimental
data obtained in prior studies (Table 1). The base of the skull was
restrained to prevent undesirable motion that might occur in
response to the protraction load on the dentoalveolar structures.
The calculation was performed using steady-state analysis, and the
properties of the skull model were isotropic without incorporating
sutures due to computational constraints, thereby enhancing the
precision of the study findings.

Note: Deformation and stresses were determined at the SAVE
appliance, maxilla, and infrazygomatic crest (IZC) screw implant
placement site.

Application of Forces
Maxillary Device

The loading was performed to simulate maxillary protraction
from IZC screws to the struts of the SAVE appliance. The
protraction loads were simulated at 300 angulations to the
occlusal plane, representing orthodontic and orthopedic forces.
Load 1 was 3.5 N, load 2 was 5.5 N, and load 3 was 9 N (Figs 3A
to Q), respectively.

REesuLTs

The results showed changes in terms of total deformation and
von Mises stresses. The total number of nodes was 8,49,682
and 5,30,716 elements. The color changes in terms of areas of
maximum and minimum deformation and stresses were seen
after the material properties were assigned. The red color shows
the maximum, and the blue shows the minimum deformation
and stress regions.

The finite element model of the SAVE appliance and 1ZC
screws was assembled on the finite element model of the skull.
A protraction force of 3.5, 5.5, and 9 N was applied from the
SAVE appliance to the IZC on either side of the maxilla with a 300
angulation to the occlusal plane.

The results were calculated in terms of total deformation
in the following regions of the maxilla: zygomaticomaxillary,
nasomaxillary, and mastoid regions, and in terms of von Mises
stress on the SAVE appliance and the area where the 1ZC screw
was placed.

The analysis of total deformation revealed that the protraction
force brought about a forward and downward movement of the
maxilla, depicted by colored arrows. The highest deformation was

Table 1: Young's modulus and Poisson’s ratio for the materials

Material Elastic modulus (MPa) Poisson’s ratio
Compact bone 13400 03
Cancellous bone 1370 0.3
PEEK polymer 4100 0.4

Data from Tanne and Sakuda.'® The values are in Megapascal (MPa)
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seen in the zygomatic arch, posterior two-thirds of the maxilla,
and the area corresponding to the pterygomaxillary region in all
protraction forces. It was represented by green-colored arrows
showing downward and forward directions. The magnitude
of deformation was 0.00024044 mm at a force of 3.5 N. The
nasomaxillary complex, incisors, and anterior nasal spine showed
deformation in the upward direction, represented by blue arrows,
indicating the least amount of deformation. The deformation
around the mastoid region was in the downward direction,
represented by blue arrows (Fig. 3A). The magnitude of deformation
on application of 3.5, 5.5, and 9 N is given in detail (Table 2 and
Figs 3A to C).

Equivalent von Mises stress on different parts of the SAVE
appliance was measured on the application of the loads mentioned.
It showed that the maximum stress was seen on the superior
surface of the main frame near the hinge, represented by red color.
On application of a force of 3.5 N, the maximum stress was 13.116
MPa; with 5.5 N, it was 20.611 MPa; and with 9 N, it was 33.727 MPa
(Table 3). The area below the struts, where the force module was
attached, experienced the second-highest stress distribution,
indicated by orange color (Fig. 4).

Equivalent stress in the infrazygomatic crestal bone around
the 1ZC screw was measured after the application of the loads. The
stress concentration was around the posterior superior region of
the bone surrounding the IZC screws at the bone-implant interface.
The maximum stress for 3.5 N was 2.882 MPa, for 5.5 N was 4.5302
MPa, and for 9 N was 7.4131 MPa (Figs 5A to C and Table 4).

Discussion

The SAVE appliance is designed to overcome the limitations of
existing maxillary protraction devices. Class Ill malocclusion may
arise from skeletal or dental etiology. In cases involving skeletal class
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Il malocclusion, approximately 40-60% of patients exhibit maxillary
deficiency, making maxillary protraction a viable treatment
strategy.!” Facemask therapy has been documented in the literature
asan approach for addressing class Il malocclusion.'®"” The optimal
timing for intervention is during the eruption of the maxillary
incisors, typically occurring between 7 and 9 years of age.'® While
protraction facemask therapy is a commonly employed early
treatment method, it presents challenges, including issues with

Table 2: Deformation of maxilla with the force of 3.5, 5.5, and 9 N and
angulation of 30°

Zygomatico-maxillary ~ Nasomaxillary ~ Mastoid region
Force (mm) (mm) (mm)
35N 0.00024044 0.0000480888 0.000096175
55N 0.00037783 0.000075566 0.00015113
9N 0.00061827 0.00012365 0.00024731

Table 3: Equivalent von Mises stress on SAVE appliance with the force
of 3.5, 5.5, and 9 N and angulation of 30°

Force Equivalent von Mises stress
35N 13.116 Mpa
55N 20.611 Mpa
9N 33.727 Mpa

Table 4: Highest equivalent stress around the implant site in the maxilla
with the force of 3.5, 5.5, and 9 N and angulation of 30°

Force Equivalent von Mises stress
35N 2.882 Mpa

55N 4.5302 Mpa

9N 74131 Mpa
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Figs 3A to C: (A) Total deformation, load of 3.5 N, 30° angulation; (B) Load of 5.5 N, 30° angulation; (C) Load of 9 N, 30° angulation
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Figs 5A to C: (A) Equivalent stress around the implant site, load of 3.5 N, 30° angulation; (B) Equivalent stress around the implant site, 5.5 N; (C)

Equivalent stress around the implant site, 9 N

patient compliance and undesired dentoalveolar effects.'” The
SAVE appliance has a minimalistic design, which is semifixed and
will ensure increased patient compliance.

The SAVE appliance is also partially fixed, reinforcing patient
compliance. The anchor heads of the appliance are fixed to the
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angle of the mandible with miniscrews. The introduction of skeletal
anchorage systems has revolutionized maxillary protraction by
using surgical mini plates for anchorage, ensuring skeletal support
and maximizing orthopedic effects. The bone-anchored maxillary
protraction method, or the BAMP protocol, introduced by De Clerck
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et al., is one where modified surgical mini plates are placed in both
the maxilla and mandible, connected by class Il intermaxillary
elastics.2’ This technique applies pure bone-borne orthopedic forces
for a longer time, minimizing dentoalveolar compensations and
enhancing patient compliance. Despite the effectiveness of BAMP, it
necessitates surgical intervention for both the insertion and removal
of the appliance.?’ The complications of BAMP include increased
failure rates when used in young patients due to poor bone quality.??

FEM analysis of the SAVE appliance with medical-grade PEEK
polymer as a material shows that the maximum stress was seen
on the superior surface of the main frame and on the area below
the struts where the force module was attached. This stress was
significantly low to cause permanent deformation or failure of
the appliance because of the excellent strength, stiffness, and
durability of PEEK polymer. The other advantages of PEEK are its
biocompatibility and elastic modulus, which is comparable to that
of cortical bone. The flexibility in designing and production with
additive manufacturing (3D printing) paved the way for choosing
a suitable material for this study.

A protraction force of 3.5, 5.5, and 9 N was applied with an
angulation of 30° to the occlusal plane in the FEM model. The
selected force levels ranged from orthodontic force to orthopedic
force based on the literature.”” The force vector showed deformation
of the maxillary bone in a forward and downward direction. The
deformation and distribution of the stress with respect to the
zygomaticomaxillary, nasomaxillary, and mastoid regions showed a
counterclockwise rotation and forward displacement of the maxilla
in a desired manner.'® Similar skeletal changes were observed in
other maxillary protraction devices, such as the facemask.'

Maxillary protraction using the SAVE appliance is performed
at aforce level of 9 N, which is equivalent to 900 gm of orthopedic
force on either side of the arch of the maxilla. This is an increase of
100 gm compared to the most-used force level.* However, it is still
within the maximum allowable orthopedic force.?* Consequently,
the high force levels will result in a faster and shorter duration of
maxillary protraction.

CONCLUSION

With this FEM study, it can be concluded that this novel device helps
in the correction of class Ill malocclusion effectively in a forward
and downward direction. The name “SAVE” stands for saving the
retrognathic maxilla, thus avoiding surgical interventions. Further
clinical evaluation is required to assess the efficacy and reliability
of the SAVE appliance. The advantages of the SAVE appliance
design are that it is more aesthetic, patient-friendly, offers better
compliance, is hygienic, durable, and can withstand the application
of heavy orthopedic forces to bring about faster skeletal changes.

Limitations

This study shows a positive change in response to the protraction
force with the SAVE appliance on the maxilla. However, clinical
outcomes may vary depending on individual variation in
biological structures, as the model is considered isotropic since
the incorporation of sutures was not possible due to technical
constraints.
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