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Main Points
Stress, particularly around the orbital compartment, increases with bone ossification; however, this can be reduced by using a hybrid device.
Significant stresses occur at the superior orbital fissure and optic foramen, through which the oculomotor nerve and the optic nerve pass.
Increased ossification reduces displacement but elevates Von Mises stresses, thereby increasing the risk of neurovascular compression.

ABSTRACT

Objective: This study aimed to use finite element analysis to evaluate the effects of acrylic HYRAX and hybrid HYRAX devices in the
treatment of rapid maxillary expansion (RME), particularly on the orbital compartments.

Methods: In the present study, a craniofacial model was developed utilizing computed tomography data obtained from the visible
human project. A total of four distinct models were generated by designating the sutures in the adult variation as closed and those
in the non-adult variation as open while incorporating both expansion devices into the model. Both acrylic and hybrid device models
were subjected to expansion forces of 0.25 mm and 5 mm, yielding eight distinct scenarios for comprehensive analysis.

Results: Significant stress and displacement were observed, particularly around the orbital compartments in all scenarios.
Displacement decreased with increased sutural ossification and the resulting stresses demonstrated elevation. In adult models, the
hybrid device generated reduced stress, especially around the orbital compartments.

Conclusion: Based on these findings, it is proposed that the orbital compartments may serve as a clinically relevant site for measuring
the increased intracranial pressure during RME treatment. To prevent possible side effects, RME should be performed at an early age,
and if ossification is suspected to be increased, bone-supported expansion devices are recommended.

Keywords: Hybrid HYRAX, orbital compartment stress, FEA, RME

INTRODUCTION

Transversal maxillary deficiency is among the most common skeletal problems in the craniofacial region.! The
concept of separating the maxillary halves through rapid maxillary expansion (RME) was first introduced by E.H.
Angellin 1860. Currently, a variety of appliances are used for this purpose, including tooth-supported, tooth-and-
tissue-supported, hybrid (tooth-and-bone-borne), and bone-supported appliances. During tooth-supported
RME, orthopedic forces of up to 100 N have been reported,? with effects transmitted not only to the maxilla but
also to adjacent cranial bones through their associated sutures.® In animal studies involving rhesus monkeys,
increased cellular activity was observed not only in the maxilla but also in the nasal, zygomaticomaxillary, and
zygomaticotemporal sutures adjacent to the maxilla.* Furthermore, sutural separation has been observed even
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in the lambdoid and parietal sutures, and spheno-occipital
synchondrosis.’

Maturation of the midpalatal suture, which progresses with
the completion of growth, reduces the potential for transverse
expansion.® As this maturation increases, the forces generated
during RME are increasingly transmitted to surrounding
craniofacial structures. One region that may be particularly
susceptible to these stresses is the eye-maxillary complex,
including the orbital floor, infraorbital rim, and maxillary sinus,
where even minor skeletal changes could potentially affect
orbital support and surrounding neurovascular pathways.
Increased mechanical stress in these areas can lead to
deformation of adjacent bones, elevated risk of fracture, and
potential damage to critical vascular and nerve structures.’
Reports have also indicated hemodynamic alterations within
the brain during RME? along with clinical observations
of orbital volume increases and associated elevations in
intracranial pressure (ICP), which may result in symptoms such
as headache and diplopia.®™

Given the complexity of these anatomical relationships, direct
clinical evaluation of such effects remains challenging. Finite
element analysis (FEA), an engineering method designed
to calculate stress and deformation in complex structures,
providesareliable approach for evaluating these biomechanical
changes. It has become a widely applied tool in biomedical
research and is increasingly used in orthodontics to model
craniofacial responses under various treatment modalities."

Previous FEA studies have assessed the impact of both
conventional tooth-supported (acrylic-coated HYRAX) and
tooth-bone-supported (hybrid HYRAX) devices on cranial
structures. However, their specific effects on the orbital
compartment have not been systematically examined. One of
the most accessible and non-invasive methods for evaluating
changes in ICP is the measurement of the optic nerve sheath
diameter (ONSD)."?

Because the orbital compartmentis closely related anatomically
to the maxilla and serves as the most clinically feasible site for
noninvasive ICP assessment, evaluating its response to RME
is essential for determining whether such measurements
accurately reflect pressure changes induced by expansion.
Therefore, this study aimed to evaluate the effects of acrylicand
hybrid HYRAX devices on stress distribution within the orbital
compartment during RME at two distinct stages of midpalatal
suture maturation.

METHODS

This study was approved by the Marmara University Faculty
of Dentistry Clinical Research Ethics Committee (approval no.:
2022/40, date: 24.02.2022). For the creation of the maxilla and
craniofacial bone model, computed tomography (CT) data
were selected from the visible human project.” Tomography
data were reconstructed with a slice thickness of 0.1 mm and
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were then imported into the 3DSlicer software in DICOM (.dcm)
format. CT data in DICOM format were separated according to
appropriate Hounsfield unit values (Supplementary Table 1)
in 3D Slicer software and converted into a three-dimensional
model through a segmentation process. The model was
exported in STL format.

The three-dimensional model was imported into the ALTAIR
Evolve software, where maxillary cortical and cancellous
bone and tooth geometries were modeled. The periodontal
ligaments (PDLs) were modeled with optimal thickness with
reference to the outer surfaces of the teeth. Perimaxillary
sutures were developed using cutting surfaces in ALTAIR
Evolve, based on bone models obtained from tomography.
Both acrylic and hybrid HYRAX devices were also modeled in
the same software. In both devices, a 10 mm HYRAX expansion
screw was incorporated (Forestadent Snap Lock Expander,
Pforzheim, Germany). The hybrid HYRAX device included two
2x8 mm mini screws, two mini screw sleeves, and extensions
to the premolars, which represented a modification adopted
to enhance anchorage (Tasarimmed, istanbul, Tiirkiye). Mini-
screws were placed 2 mm laterally to the midpalatal suture in
the region of the third palatal ruga, which has been identified in
the literature as the most suitable site for screw placement. This
location is also anatomically close to the center of resistance of
the nasomaxillary complex.™

All models were prepared using material properties defined by
their Young’s modulus and Poisson’s ratio values (Table 1) and
placed in the correct coordinates in 3D space (Figure 1). The
total number of nodes and elements that the models consist
of is given in Table 2. To enable force transfer between models,
mesh matching was performed in ALTAIR Hypermesh software.

In this study, a mesh convergence test was conducted to ensure
the finite element model’s reliability and accuracy, aiming
for an error rate below 3% while maintaining computational
efficiency. To maintain consistency in comparison, each mesh
with element sizes ranging from coarse to fine was generated

Table 1. Poisson’s ratio and Young's modulus determining the
biomechanical properties of the materials in the study'

Materials Young's modulus  Poisson’s
(MPa) ratio

Hybrid device and acrylic device | 110000 0.3

Tooth 20000 0.3

Cancellous bone 1370 0.3

Cortical bone 13700 0.3

PDL 1.18 0.3

Suture 0.68 0.45

PDL, periodontal ligament.

Table 2. Total node and element numbers of models

Acrylicdevice  Hybrid device
Total nodes 530,016 706,614
Total elements 2,065,964 2,827,372
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and analyzed under identical loading and boundary conditions.
The variation in the evaluation metric was observed through
comparing results from successive mesh refinements. The
relative error between two consecutive meshes was calculated.
The process was repeated until the relative error dropped
below the 2-3% threshold. Triangular 2D and tetrahedral 3D
meshes were used for their suitability in capturing complex
geometries and curved surfaces in bone models. Mesh quality
was evaluated for skewness angles over 80° and a minimum
element length of 0.001, with necessary refinements applied
when either criterion was not met.

Activation forces simulating 0.25 mm, and 5 mm displacement
along the X-axis (transverse direction) were applied to both
acrylic and hybrid devices across all models (Figure 1). These
values correspond clinically to activations of 1/8 turn and 5
turns, respectively. The load was transmitted to the maxilla
via the expansion appliance. Distinct analysis scenarios were

established for adult and non-adult variations using the same
model: adult scenarios were simulated with closed sutures,
and non-adult scenarios with open sutures. A total of eight
static analyses were solved linearly under the specified loading
conditions.

To calculate the stress and strain effects created by the externally
applied force on the model, three boundary conditions were
applied in this study:

« Boundary condition shown in blue: The models were fixed
at the nodes around the foramen magnum by restricting all
degrees of freedom to prevent movement in all three axes
(Figure 2).

+ Boundary condition shown in red: A boundary condition was
applied on the X-axis normal, symmetrical with respect to the
Y-Z plane (Figure 2).

Figure 1. A) Acrylic HYRAX device placed in the correct coordinates in 3D space and activation forces simulated along the X-axis. B) Hybrid HYRAX
device, including two 2x8 mm mini screws and two sleeves, placed in the correct coordinates in 3D space and activation forces simulated along the

X-axis

Foramen maghum

Cranial base

Palatal bone

Blue: All DOF fixed

Red: A symmetry condition was applied on the Y-Z plane (X-axis normal)

Green: Translation restricted along Y-axis only

Figure 2. Boundary condition shown in blue: The models were fixed at the nodes around the foramen magnum by restricting all degrees of freedom
(DOF) so that the movement in all three axes is prevented, Boundary condition shown in red: The palatal bone was modeled as two unconnected

segments separated by the vertical plane of symmetry, permitting unrestricted lateral movement relative to this plane (X-axis normal, symmetrical
with respect to the Y-Z plane) , Boundary condition shown in green: All cranial points on the symmetry plane (Y-axis) were constrained from motion
perpendicular to it, except for the palatal bone, which remained fully unconstrained
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« The boundary condition shown in green is applied to restrict
motion in the Y-axis only (Figure 2).

A FREEZE type contact was defined in the bone-suture and
bone-PDL-tooth contact areas, based on the assumption that
these areas move in full correlation during displacement.

After obtaining the mathematical models, we solved the
FEA using Nastran-based ALTAIR Optistruct (2021, Altair
Engineering, Inc., Troy, MI, USA) implicit solver.

Through FEA, the 0.25 mm and 5 mm displacement amounts
in the models were measured in millimeters (mm), along
the X (transversal plane), Y (anteroposterior plane), and Z
(vertical plane) axes. Von Mises stress values were calculated
in megapascals (MPa=N/mm?) and presented as color-mapped
images. Each color in the obtained images represents a stress
range, and the color scale is displayed to the left of each image.

RESULTS

In this study, von Mises stresses resulting from the initial
activation of 0.25 mm, and the displacement amounts
resulting from a total expansion of 5 mm for both acrylic
and hybrid devices in adult and non-adult models were
evaluated. Given that the forces generated during RME do not
increase cumulatively as screw activation increases, additional
investigation into the impact on bone remodeling is necessary.
Therefore, von Mises stresses resulting from 5 mm expansion
were not evaluated as they do not accurately represent clinical
scenarios. The values resulting from a 0.25 mm expansion were
also excluded from evaluation due to their negligible amounts.

0.25 mm Activation

When the Von Mises stresses after 0.25 mm expansion in the
non-adult models are examined (Figure 3); the highest total
craniofacial stress was observed in the acrylic device (18.97
MPa), followed by the hybrid device (10.38 MPa). Stress at the
lateral orbital tubercle was also higher in the acrylic device
(3.63 MPa) than in the hybrid device (1.88 MPa). While stress in
the optic foramen was higher than in the infraorbital foramen
with the acrylic device, the stress in the optic foramen was
lower with the hybrid device (Table 3).
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When the Von Mises stresses after 0.25 mm expansion in the
adult models were examined (Figure 4), the total craniofacial
stress was once again the highest in the acrylic device (106.68
MPa), followed by the hybrid device (18.58 MPa). Stress in the
lateral orbital tubercle was significantly greater in the acrylic
device (21.23 MPa) compared to in the hybrid device (3.35
MPa). While stress in the optic foramen was higher than in the
infraorbital foramen with the acrylic device, it was lower in the
hybrid device (Table 4).

In both devices, stress values were higher in the adult models
compared to the non-adult models following 0.25 mm
expansion.

5 mm Activation

When the resultant displacements after 5 mm expansion in
the non-adult models were examined (Figure 5), total resultant
displacement across all craniofacial structures was highest with
the acrylic device (40.89 mm), followed by the hybrid device
(21.72 mm). The greatest resultant displacement was observed
at the zygomaticomaxillary suture (1.86 mm) in the hybrid
device, and at the pterygoid hamulus (6.92 mm) in the acrylic
device. Total resultant displacement was higher in an acrylic
device, particularly in regions surrounding the orbital area.
Although the junctional displacements in the optic foramen
and superior orbital fissure were similar between devices, they

Table 3. Von Mises stresses (MPa) at 0.25 mm expansion in non-adult
models with both devices

Acrylic Hybrid
Lateral orbital tubercle 3,6396 1,8885
Zygomaticomaxillary suture 2,7924 1,5132
Optic foramen 0.9088 0.536
Foramen rotundum 0.9083 0.5327
Infraorbital foramen 0.6781 0.5474
Medial pterygoid lamina 0.6102 0.3098
Carotid canal 0.569 0.3498
Foramen ovale 0.3897 0.2156
Superior orbital fissure 0.2166 0.1528
Lateral pterygoid lamina 0.2099 0.1157

Figure 3. A) Von Mises stresses in the non-adult model given an expansion force of 0.25 mm with Acrylic device. B) Von Mises stresses in the non-adult
model given an expansion force of 0.25 mm with Hybrid device
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Figure 4. A) Von Mises stresses in the adult model given an expansion force of 0.25 mm with Acrylic device. B) Von Mises stresses in the adult model

given an expansion force of 0.25 mm with Hybrid device

Table 4. Von Mises stresses (MPa) at 0.25 mm expansion in adult
models with both devices

Acrylic

Hybrid

Lateral orbital tubercle 21,2312 3,3577
Zygomaticomaxillary suture 16,4535 2,7361
Foramen rotundum 5,2291 0.9636
Optic foramen 52168 0.9704
Medial pterygoid lamina 3,6964 0.5562
Infraorbital foramen 3,6705 0.9995
Carotid canal 3,2436 0.6455
Foramen ovale 2,2409 0.3876
Lateral pterygoid lamina 1,2159 0.2104
Superior orbital fissure 1,2088 0.2829

was greater with the acrylic device. In the adult models, the
resultant displacement at the infraorbital foramen was notably
higher with the acrylic device (1.42 mm) compared to the
hybrid device (0.43 mm) (Table 6).

In both devices, displacement were higher in the non-adult
models compared to the adult models, following 5 mm
expansion.

DISCUSSION

Numerous clinical and animal studies have investigated the
effects of RME on skeletal and dental tissues.8 In addition,
many studies using finite element analysis have been
published, examining these effects.”>'® Published studies
consistently report that the effects of RME are not limited to
the dentoalveolar region and midpalatal suture but extend
to more extensive craniofacial structures through the sutures,
potentially impacting critical neurovascular structures.’ In two
case reports, patients were reported to experience symptom
resolution after the discontinuation of RME treatment, which
they had undergone due to ocular symptoms.’”'® Since the
ocular region is considered the most clinically accessible and
non-invasive site for ICP monitoring,’ the potential effects of
RME on this area warrant careful evaluation. The FEA method

Unlike previous FEA studies, this study employed an acrylicand
a modified hybrid device, with extensions to the premolars,
selected for their ability to produce greater skeletal effects
and reduce dental side effects compared to traditional banded
tooth-supported HYRAX devices.>???* This modification was
incorporated based on clinical experience, which emphasized
the need to enhance anchorage support in the event of
miniscrew failure, thereby allowing the appliance to continue
functioning as a tooth-supported device if necessary.

In order to standardize all anatomical factors except sutural
maturation, a single CT dataset was modeled; the sutures
designated as open for non-adult models and closed for adult
models, representing two different age groups. Although the
timing of midpalatal suture fusion varies significantly among
individuals, with some patients retaining an open suture into
early adulthood and others showing partial or complete fusion
in their mid-teens 6, the general clinical approach is to perform
RME as early as possible to reduce the risk of adverse effects,
increased resistance, and relapse associated with delayed
treatment.®

Von Mises Stress Findings

Regardless of whether the sutures were open or closed, the
total Von Mises stresses were found to be higher in the acrylic
device than in the hybrid device, consistent with findings from
previously published studies. It has been demonstrated that
because the hybrid device provides expansion force from a
location closer to the center of resistance of the maxilla, the
resulting stresses do not spread to the deep tissues of the facial
skeleton as much as with the acrylic device.”

For both devices, the stresses observed in the adult models
were higher than those in the non-adult models. This finding
supports the understanding that the elasticity of sutures and
bones may decrease with increasing age, thereby increasing
the risk of complications that may occur during RME treatment
in adult patients.’

In this study, the highest stress between the sutures was
found to occur in the zygomaticomaxillary suture, as reported
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Figure 5. A) Resultant displacement in the non-adult model given 5 mm expansion force with Acrylic device. B) Resultant displacement in the non-
adult model given 5 mm expansion force with Hybrid device

Table 5. Resultant displacement (mm) at 5 mm expansion in non-
adult models with both devices

Acrylic Hybrid
Pterygoid hamulus 6,9238 1,7904
Lateral pterygoid lamina 5,138 1,592
Zygomaticomaxillary suture 3,8062 1,8652
Infraorbital foramen 3,523 1,6588
Lateral orbital tubercle 3,0767 1,7805
Medial pterygoid lamina 1,7329 0.4924
Carotid canal 0.6297 0.2047
Optic foramen 0.5478 0.5211
Superior orbital fissure 0.4839 0.4443
Foramen rotundum 0.3992 0.4056
Foramen ovale 0.3216 0.3024

in previous studies.”® It has also been reported that clinical
microcracks may occur due to limited displacement in this
region.?

It was observed that stresses also occurred in the wings of the
sphenoid bone, and pterygoid laminae. There was significant
stress at points where important nerves and vascular bundles
pass, such as the foramen ovale and foramen rotundum.
Particularly in the adult models, the stress that was observed in
the foramen rotundum after expansion with the acrylic device
(5.22 MPa) was substantially higher than expansion with the
hybrid device (0.96 MPa). Holberg and Rudzki-Janson? who
reported similar results, emphasized that attention should
be paid to hypersensitivity in the areas innervated by cranial
nerves and temporary ocular movement limitation due to the
stresses of RME treatment. They recommended that if rapid
expansion treatment is to be performed in adults, surgical
assistance should be considered, and the pterygomaxillary
junction should be separated prior to expansion.”

Around the orbital compartments, the highest stress occurred
at the lateral orbital tubercle in all models. In adult models,
the acrylic device caused significant stress around the eye
(31.32 MPa), whereas, in both adult and non-adult models, the
hybrid device was found to cause less stress. Stress around the

infraorbital foramen was slightly higher than around the optic
foramen in all hybrid models, whereas in all acrylic models,
stresses around the optic foramen exceeded those around the
infraorbital foramen. However, MacGinnis et al.” reported that
stresses around the infraorbital foramen were higher than those
around the optic foramen in both devices. This discrepancy is
thought to be due to the absence of acrylic in the conventional
HYRAX device used in their study. Another FEA study yielded
similar findings, demonstrating significant stress at the optic
foramen and superior orbital fissure. These findings may
provide a biomechanical basis for previously reported case
studies describing ocular manifestations associated with RME.”

The results of this study correlate with the stress findings
around the orbital compartments and with previously
published case reports of dizziness and tension in the under-
eye and cheekbone area during RME treatment."”

Resultant Displacement Findings

As in a previous thesis study, the total resultant displacements
observed in this study were found to be higher in the acrylic
devices under all sutural conditions.?® The total resultant
displacement was found to be higher in the non-adult model
than in the adult model for both devices. Although this finding
is consistent with previous studies,” there is also literature
reporting contradictory results.”® It can be assumed that in
adult models, due to increased rigidity of bones and sutures,
the amount of displacement caused by expansion forces
decreases compared to non-adult models, while the resulting
stresses in adult models increase.

In both device models, significant displacements of the lateral
and medial pterygoid laminae were observed, consistent
with previous studies.” Displacements in these regions were
consistently greater in the acrylic device across all sutural
conditions. Particularly in the adult model, the amount of
displacement observed in the hybrid device was substantially
lower than that observed in the acrylic device. This finding
supports the hypothesis proposed by researchers who have
suggested that in adult patients, the use of tooth-bone
supported devices, as opposed to tooth-supported devices
alone, can reduce complications during RME treatment.™
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Figure 6. A) Resultant displacement in the adult model given 5 mm expansion force with Acrylic device. B) Resultant displacement in the adult model

given 5 mm expansion force with Hybrid device

Table 6. Resultant displacement (mm) at 5 mm expansion in adult
models with both devices

Acrylic Hybrid
Pterygoid hamulus 2,6681 0.4401
Zygomaticomaxillary suture 1,4678 0.4856
Lateral pterygoid lamina 1,9831 0.3985
Infraorbital foramen 1,4281 0.4323
Lateral orbital tubercle 1,3635 0.4623
Medial pterygoid lamina 0.6678 0.1277
Carotid canal 0.3324 0.0631
Optic foramen 0.3071 0.1501
Superior orbital fissure 0.2718 0.1266
Foramen rotundum 0.2567 0.1174
Foramen ovale 0.1239 0.0849

this study found that, particularly when examining the orbital
compartment, the total amount of resultant displacement was
higher in non-adult models. The acrylic device models caused
more displacement around the orbital compartment, with
the infraorbital foramen identified as the most significantly
affected site. Consistent with previously published studies,
significant displacements were also observed in the superior
orbital fissure, infraorbital foramen, and optic foramen.”?%
These displacements were notably reduced with the hybrid
device, especially in adult models (Figure 6).

It was also observed that in RME-affected craniofacial bones,
beyond the maxilla, considerable stress and displacement
occurred particularly around the orbital compartment. In a
previously published case by Romeo et al.,,' it was noted that
the symptoms, such as double vision and headache, during RME
treatment, were caused by the protrusion of the optic nerve
head and increased volume in the perioptic subarachnoid
space. Additionally, idiopathic intracranial hypertension may
develop due to elevated ICP."” The most prominent clinical
symptoms of IHH include disturbances such as diplopia,
headache, and papilledema, which can lead to blindness if not
appropriately managed.*® Therefore, clinical evaluation and
reliable measurement of ICP are critical in patients at risk of
IHH. Evensen and Eide'? reported that one of the non-invasive
methods for monitoring changes in ICP is ONSD measurement.

Based on the findings of this study, the ability to visualize
stress and displacement around the orbital compartments
during RME, suggests that measuring ICP through the orbital
compartment may yield clinically meaningful results.

Study Limitations

The main limitation of this study is the assumption that all
anatomical structures, including cortical bone, sutures, and
soft tissues, are isotropic and homogeneous, whereas in reality
they are anisotropic and heterogeneous. In particular, the
PDL exhibits non-linear and viscoelastic behavior, which may
significantly influence stress distribution. Additionally, the
assumption of bilateral symmetry and the use of a single time
point analysis lead to the exclusion of time-dependent force
dynamics, potentially limiting clinical applicability. Another
limitation is the use of CT data from a single individual, which
restricts generalizability, and the assumption of bilateral
symmetry with a single time-point analysis, excluding time-
dependent force dynamics. Furthermore, individual variability
in suture maturation should be acknowledged, Despite these
limitations, finite element analysis remains a valuable and
comprehensive method for estimating the biomechanical
effects of RME. Consequently, it is believed that the findings
of this study may help guide future clinical research on the
potential impact of RME on ICP.

CONCLUSION

In the expansion treatments performed with both devices,
regardless of the suture ossification level, the highest stress
was observed at the zygomaticomaxillary suture, rather than
the midpalatal suture.

Significant stress and displacement also occurred at the
pterygoid laminae of the sphenoid bone, suggesting that
hybrid devices should be preferred to reduce neurovascular
risks. Stress increased with enhanced sutural ossification,
particularly around the orbital compartment, and this stress
may be reduced by hybrid devices. During RME, stress were
observed in the superior orbital fissure, and optic foramen,
which may explain reported ocular symptoms. Based on these
findings, it is suggested that the orbital compartments may be
used as a clinically relevant site to assess ICP during RME.
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As ossification increases, displacement decreases, while
stresses increase. To avoid potential adverse effects, early
expansion is recommended, and bone-supported devices
should be considered in adults.
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