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Objective: To investigate the biomechanical effects of maxillary orthodontic
treatment on different alveolar bone grafting positions loaded with occlusal
forces in an unilateral cleft lip and palate (UCLP) patient.

Methods: Finite element analysis was employed to simulate clinical scenarios
more accurately by loading with occlusal forces on 8 bone-grafted models
during maxillary orthodontic treatment. Displacement and von Mises stress
pattern during maxillary protraction, expansion, and combined protraction and
expansion were analyzed.

Results: The seven bone-grafted models exhibited significantly smaller horizontal
displacements at the non-cleft side landmarks during maxillary protraction and
expansion compared to non-bone grafted models. Additionally, alveolar cleft
bone grafted in the upper 1/3 and middle 1/3 exhibited greater asymmetry
displacement and stress under maxillary protraction and expansion.

Conclusion: The study highlights the necessity of considering occlusal forces in
finite element study on orthodontic therapies for UCLP patients. The upper 1/
3 and middle 1/3 bone graft conditions may require secondary bone graft
supplementation to ensure the effectiveness of maxillary orthodontic treatment.
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1 Introduction

Alveolar clefts, as one of the most common congenital craniofacial defect, often lead to
significantmaxillary underdevelopment due to congenital jaw defects and scarring from facial and
palatal surgery (Toro-Ibacache et al., 2014). This underdevelopment can result in a narrowed
dental arch and a Class III skeletal profile, severely impacting the patient’s appearance and
psychosocial wellbeing (Nucci et al., 2021;Mossey et al., 2009; Shi and Losee, 2015). Unilateral cleft
lip and palate (UCLP) patients are particularly affected as a result of the asymmetry of the
maxillary bones on both sides (Kochhar et al., 2021). Currently, the rectification of these maxillary
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deformities relies on a team approach, most crucially the surgical
intervention of alveolar bone grafting (ABG) by surgeons and
orthodontic interventions by orthodontists. ABG can provide
continuity and stability to the maxilla, facilitating better orthodontic
outcomes (Daw and Patel, 2004). However, bone resorption post-ABG
remains a significant challenge, with reported resorption rates ranging
from 10.4% to 100% (Jing et al., 2024; Tai et al., 2000; Zhang et al., 2012;
Feichtinger et al., 2007). Therefore, understanding the biomechanical
effects of functional orthodontics under varying bone graft volumes post-
surgery is crucial for surgical planning, including potential secondary
grafting, and offers predictive insights for orthodontic outcomes.

Finite element analysis remains the most dominating method to
study biomechanical effect of maxillary functional orthodontic
treatment, which mainly includes protraction and maxillary
expansion, since it was first used in dental research in nearly
50 years ago (Thresher and Saito, 1973). However, with the
increase of clinical demand, more simulated finite element
models are needed to provide more accurate guidance for clinical
practice (Grassia et al., 2024). Previous similar studies on maxillary
therapies of UCLP have been primarily studied with an emphasis on
maxillary protraction, while often neglecting the impact of occlusal
forces, may result in potential shortcomings in the conclusions
drawn (Chen et al., 2013; Chen et al., 2015; Parveen et al., 2020).
Regarding maxillary expansion, existing research has predominantly
focused on the timing of the procedure, whether pre-ABG or post-
ABG (Velez-Muriel et al., 2021; Mathew et al., 2016). However, the
specific effects of maxillary expansion on varying regional bone
formation in UCLP have not been adequately investigated.

Recent studies have demonstrated that both occlusal and
orthodontic forces significantly affect facial symmetry. Patients
with alveolar clefts exhibit more asymmetric deformations under
mastication (Luo et al., 2019). Meanwhile, magnitude of masticatory
forces could affect the mechanical environment of sutures, with
variations in strain magnitude, frequency, and the type of stress
accelerating suture growth (Mao et al., 2003; Gautam et al., 2009;
Mao, 2002). Our previous study also demonstrated that occlusal
states were non-negligible for evaluating the stability of different
bone graft types in UCLP (Tian et al., 2022). All of these illustrated
that occlusal force should be included in the biomechanical study of
functional orthodontics for alveolar cleft.

In this study, to more accurately simulate clinical conditions, we
investigated biomechanical patterns in different graft types in an
UCLP patient undergoing maxillary expansion, protraction, and
combined protraction and expansion. This was done while applying
occlusal forces and accurately constructing simulation models. This
study was designed to elucidate the impact of bone formation at
specific alveolar sites on the stability of various orthodontic
treatments and to determine the conditions under which bone
grafting may compromise the effectiveness of functional
orthodontics, thereby necessitating supplementary grafting.

2 Materials and methods

2.1 Patient and equipment

An 11-year-old male patient, diagnosed with unilateral cleft lip
and palate accompanied by maxillary hypoplasia was selected in this

study, devoid of systemic bone diseases, periodontal disease or
historical treatment of maxillary orthopedic and orthodontics.
With the full informed consent of the patient and his parents,
The patient’s head and neck region was scanned by Philips MX 16-
slice X-ray computed tomography device (Philips Electronics,
Netherlands) and CT data in DICOM (Digital Imaging and
Communications in Medicine) format were collected for further
analysis. The specific index was as follows: window width,
508*660 mm, bulb voltage, 120 kV, bulb current, 282 mA,
obtained a total of 308 pieces with layer thickness of 1 mm, and
layer spacing is 0.5 mm. All procedures were approved by the
Medical Ethics Committee of West China Stomatology Hospital,
Sichuan University (approval number: WCHSIRB-D-2022-001).

2.2 Establishment of UCLP maxillofacial 3D
CAD models of non-bone graft

CT data in DICOM format was imported into Mimics
20 software (Materialise, Belgium), employing Hounsfield Unit
(HU) values pre-set to differentiate between bone and teeth
(DenOtter and Schubert, 2021). Superfluous structures, including
the mandibular cervical vertebra and the hyoid bone, were omitted
to focus on the UCLP craniomaxillofacial complex. The resulting
model underwent a series of refinements to repair pores and trim the
surfaces of teeth and bones, and was saved (Figures 1A–C) in STL
(StereoLithography) format. Further advanced refinements,
including patching, smoothing, and detailed modeling of planes
and surfaces were processed in Geomagic Studio 2014 (3D Systems,
United States) to obtain a preliminary three-dimensional (3D)
model in STEP (Standard for the Exchange of Product Model
Data) format (Figure 1F). Concurrently, the teeth and
periodontal membranes, with a thickness of 0.2 mm were
reconstructed (Figure 1D) (Park et al., 2017; Tian et al., 2022).
The UCLP 3Dmodel, including the teeth and periodontal ligaments,
was then imported into Siemens PLM NX 12.0.0 software (Siemens,
Germany) for assembly, where further detailing was conducted.
Bone sutures of 0.2 mm width, including the frontonasal (FNS),
frontomaxillary (FMS), internasal (INS), frontozygomatic (ZFS),
nasomaxillary (NMS), pterygopalatine (PPS),
zygomaticomaxillary (ZMS), and zygomaticotemporal (ZTS)
sutures, were accurately depicted (Figure 1E) (Knaup et al, 2004;
Trojan et al., 2013; Fricke-Zech et al., 2012). The final UCLP
craniomaxillofacial complex model was archived in PRT (Pro/
ENGINEER) format, showcasing a detailed non-bone graft model
(Figures 1G–I).

2.3 Establishment of 3D bone graftmodels in
different sites of the alveolar cleft

In this study, we employed Siemens NX software to create and
analyze detailed 3D finite element models of cleft alveolar bone
grafts, focusing on both total maxillary and alveolar clefts. The
initial non-bone graft model was imported into the software,
facilitating the generation of comprehensive models for full
maxillary cleft bone grafts and full alveolar cleft bone grafts,
as illustrated in Figure 2A.
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Subsequently, the bone module implanted in the alveolar cleft,
extracted from the 3D model of the full alveolar cleft bone graft
(Figure 2Ba), was re-imported into Siemens NX. This module was
divided into three equal sections based on height, with the alveolar
crest designated as the lower section and the nasal base as the upper
section, as depicted in Figure 2Bb. Considering various clinical
scenarios of bone resorption, the bone fragments were
segmented into five distinct grafting modes: upper 2/3, lower 2/3,
upper 1/3, middle 1/3, and lower 1/3. These segments were then
reassembled in Siemens NX software (Figure 2C) to construct
corresponding bone grafting models. This methodological
approach resulted in the formation of eight distinct UCLP 3D
models for further analysis.

2.4 Boundary conditions and force loading

In this study, ANSYS v19.2 Workbench software (ANSYS,
United States) was utilized to create and analyze eight 3D finite
element models of the UCLP cranio-maxillofacial complex under
various mechanical loads to simulate clinical conditions. A
conventional Hygienic Rapid Expander (hyrax) spiral rapid
palatal expander was created via laser scanning and programmed
as a finite element model for further study (Mathew et al., 2016), as
illustrated in Figure 3Ab. Young’s modulus and Poisson’s ratios of
structures were set according to Table 1 (Yu et al., 2007; Chen et al.,
2015; Tanaka et al., 2016; Yoshida et al., 2001; Jones et al., 2001; Kim
et al., 2015). The contact relationships of all adjacent structures were

FIGURE 1
Establishment of UCLP craniomaxillofacial three-dimensional (3D) CAD model. (A-C) The preliminary model was obtained by repairing pores and
trimming the surfaces of teeth and bones in Mimics; (D) Construction of maxillary teeth and periodontal ligaments; (E) Maxillary bone sutures; (F) A
preliminary 3Dmodel obtained by the further advanced refinements, including patching, smoothing, and detailed modeling of planes and surfaces were
processed in Geomagic Studio; (G-I) Assembly of the maxillary teeth, the periodontal ligaments and the craniomaxillofacial bones in Siemens NX,
showcasing the final UCLP maxillofacial 3D CAD model of non-bone graft and the selected landmarks of the maxilla and bone sutures: Frontal (H) and
lateral view (Right: (G), Left: (I)) of the model including selected landmarks of the maxilla and bone sutures. Landmarks: point 1, anterior nasal spine; point
2, subspinale; point 3, superior prosthion; point 4, frontal process; point 5, inferior orbital rim; point 6-8, superior, middle, and inferior zygomatic process.
Bone sutures: the frontonasal (FNS), frontomaxillary (FMS), internasal (INS), frontozygomatic (ZFS), nasomaxillary (NMS), pterygopalatine (PPS),
zygomaticomaxillary (ZMS), and zygomaticotemporal (ZTS) sutures.
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set to “bonded”. 10-node solid 187 elements (tetrahedron) were used
for meshing. Mesh convergence was evaluated according to the
results of the maximum displacement and the maximum principal
stress (MPS) of the models under the simulated forces, following the
general rules of FEM using (Schmidt et al., 2009). The most
suitable convergence effect was obtained when the sizes of
0.5 mm, 1 mm, 0.3 mm, and 3 mm were used for tetrahedral
meshes of periodontal ligaments and bone sutures, teeth and
miniplates, expanders, and bones of the model, respectively.
These models consisted of 405,515–497,447 elements and
795,106–948,728 nodes (Supplementary Table S3), and the
tetrahedral meshing results of the models were shown in
Supplementary Figure S1. One of the tetrahedral meshing results
was shown in Figures 3B, C.

In addition, boundary conditions were applied to the nodes
around the foramen magnum and frontal region of all models to
mimic the stabilizing effect of a clinical mask structure, with zero
displacement and rotation (Chen et al., 2013; Kumar et al., 2016;
Velez-Muriel et al., 2021) as shown in blue in Figure 3E. All of the
models were subjected to occlusal forces to replicate the state of

maxillary dentition in centric relation occlusion, applying a force
of 50N on the posterior teeth of both sides perpendicular to the
occlusal plane (Velez-Muriel et al., 2021; Trojan et al., 2013;
Widmark et al., 1995), as shown in Figure 3E. To simulate the
protraction effect, a force of 5N was applied at the mesial ends of
the bilateral titanium plates on the infrazygomatic crest,
corresponding to a clinical protraction force of 500 g (Eom
et al., 2018; Yang I. H. et al., 2012; Chen et al., 2013). This
force was directed forward and downward at a 30° angle to the
occlusal plane, as shown in Figure 3D. In terms of maxillary
expansion, the hyrax expander, wildly employed to widen the
dental arch in clinic practice (Park et al., 2017), exerts a distance
of 0.25 mm per turn during expansion (Velez-Muriel et al., 2021),
the expander force was applied at the lingual sides of the crowns
of the first molar, first premolar, and second premolar (Parveen
et al., 2020). The working conditions were classified into three
groups, consisting of 24 models (Supplementary Figure S1), in
order to simulate different clinical scenarios, protraction without
expansion, expansion only and protraction with expansion of
different bone graft types.

FIGURE 2
UCLP maxillofacial 3D models of non-bone graft and alveolar cleft bone graft. (A) non-bone graft (a), full maxilla cleft (b) and full alveolar cleft (c)
bone graft 3D model. (B) the bone module implanted in the alveolar cleft. (C) Maxillofacial 3D models of non-bone graft (a), full maxilla cleft (b) and full
alveolar cleft (c) bone graft, bone graft in lower 2/3 (d), upper 2/3 (e), lower 1/3 (f), middle 1/3 (g) and upper 1/3 (h) of the alveolar cleft.
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2.5 Analysis index

The analysis focused on two key indices: displacement and
von Mises stress patterns. Particular attention was given to the
bone sutures closely associated with the maxilla, as these play a
critical role in facilitating three-dimensional maxillary expansion
during functional orthodontic treatment. The von Mises stress in
each suture was measured and compared across different groups
using ANSYS Workbench software. This stress, also known as
equivalent stress, represents the internal force that resists
external pressures and returns the structure to its original
shape after deformation (Lee and Baek, 2012; Yang I. H. et al.,
2012; Chen et al., 2013). Simultaneously, we assessed the
displacement of key maxillary landmarks across various
models under conditions of protraction and expansion. The

FIGURE 3
Boundary conditions and force loading. (A) Three-dimensional model of the miniplate (a), hyrax spiral expander (b), and the assembly of the UCLP
3D model (c, d); (B, C) Tetrahedral meshing result of non-bone graft model with expander. (D) The direction of protraction force (E) Blue areas indicate
fixed areas, which are the boundary areas (shown by blue arrows). Red arrows designate forces, including occlusal force [shown as red in (B) and (C)] and
protraction force [shown as red in (D) and (E)].

TABLE 1 Young’s modulus and Poisson’s ratio for the materials used in the
models.

Material Young’s
modulus (MPa)

Poisson’s
ratio

Cortical bone 13,700 0.3

Cancellous bone 7,900 0.3

Suture 0.68 0.47

Periodontal ligaments 0.69 0.49

Tooth 20,700 0.3

Miniplate and
Miniscrew

103,000 0.33

Stainless steel 200,000 0.3
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analysis primarily targeted the maxilla, which is significantly
affected by functional orthodontics (Lee and Baek, 2012)
(Figures 1G–I).

3 Results

3.1 Displacement and stress pattern on
protraction without expansion

Descriptive statistics of overall horizontal and sagittal
displacement values of the selected landmarks after maxillary
protraction without expansion were given in Supplementary
Tables S1, S2. In terms of horizontal displacement, in the
non-bone grafted model, horizontal displacement on the non-
cleft side was greater than the cleft side. All seven bone-grafted
models exhibited significantly reduced displacements on the
non-cleft sides but notably increased displacements on the
cleft sides of the maxilla compared to the non-bone graft
model (Supplementary Table S1). Especially, the displacements
of landmarks near the middle line were smaller in the seven bone-
grafted model (Figure 4A). However, variations in sagittal
displacement across different models were minimal
(Supplementary Table S2). The asymmetry between the cleft
and non-cleft sides under protraction is highlighted by the
differences in horizontal displacements, with the non-bone
graft model showing the largest disparity, followed by the
upper 1/3 and middle 1/3 bone graft models. The lower 1/3
and upper 2/3 bone graft models showed intermediate
differences, while the models with lower 2/3, full maxilla cleft,
and full alveolar cleft bone grafts exhibited the smallest
differences. Specifically, the displacement difference at the
inferior point of the zygomatic process (point 8) was
significantly greater in the non-bone graft and middle 1/3 bone
graft models compared to the other models (Figure 4B).

Von Mises stress concentrated in the frontal process of the
maxilla in all models with no notable differences among them
(Figure 5A). The observed bone sutures showed no significant
differences between the 8 models. However, von Mises stress at
the pterygomaxillary suture (PPS) was significantly higher on the
cleft side compared to the non-cleft side in all models (Figure 5B).

3.2 Displacement and stress pattern on
expansion only

Under maxillary expansion, horizontal displacements across
different models were investigated. The seven bone-grafted
models displayed significantly smaller horizontal displacements at
the landmarks on both the cleft and non-cleft sides of the maxilla
compared to the non-bone graft model. Moreover, the direction of
displacement altered following bone grafting (Table 2). The
displacements of landmarks near the middle line were small, and
smaller in the seven bone graft model than non-bone graft model
(Figure 6A). In comparison of symmetry on both sides, the non-
bone graft model exhibited the largest disparity in horizontal
displacement between the cleft and non-cleft sides, succeeded by
the upper 1/3 and middle 1/3 bone graft models, then the lower 1/
3 and upper 2/3 bone graft models. The models with lower 2/3 bone
graft, full maxilla cleft bone graft, and full alveolar cleft bone graft
demonstrated the smallest differences (Figure 6B).

Regarding the distribution of von Mises stress during maxillary
expansion, it was primarily located in the frontal process, alveolar
process, and implanted bone mass of the maxilla. Among the
implanted bone fragments, the von Mises stress was highest in
the upper 1/3 and middle 1/3 bone graft models, with the upper 1/3
model experiencing the greatest stress (Figure 7A). Additionally, the
von Mises stress in the zygomaticomaxillary suture (ZMS) was
notably higher in these models than in other grafted models on
both the cleft and non-cleft sides (Figure 7B).

FIGURE 4
Displacement pattern on protraction without expansion. (A) Horizontal displacement of landmarks near the middle line in all models. (B) The
difference of horizontal displacements of the landmarks between non-cleft sides and cleft sides.
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FIGURE 5
Von Mises stress distribution of maxillary complex and bone sutures under protraction. In all models, stress concentrated on frontal process of the
maxilla (A), and stress of all bone sutures show similar value in both non-cleft sides and cleft sides (B).

TABLE 2 Horizontal(x) Displacement Value of the Landmarks in the 8 bone graft models under Maxillary Expansion (mm).

Selected
landmarks

Non-bone
graft

Full maxilla
cleft

Full alveolar
cleft

Lower
2/3

Upper
2/3

Lower
1/3

Middle
1/3

Upper
1/3

non-cleft side 1 8.02E-02 −2.35E-03 −2.06E-03 −2.50E-03 −6.75E-03 −4.18E-03 −7.50E-03 −8.86E-03

2 −5.39E-02 −7.45E-03 −2.84E-02 −3.08E-02 −3.71E-02 −4.07E-02 −3.92E-02 −4.44E-02

3 8.43E-02 −1.47E-03 −1.02E-03 −1.22E-03 −4.87E-03 −1.66E-03 −5.08E-03 −6.66E-03

4 −2.61E-03 −4.09E-03 −3.98E-03 −4.22E-03 −4.01E-03 −5.32E-03 −4.68E-03 −3.48E-03

5 4.01E-02 −1.08E-02 −8.65E-03 −1.08E-02 −1.67E-02 −2.12E-02 −2.10E-02 −2.00E-02

6 4.02E-02 −9.80E-03 −6.65E-03 −8.55E-03 −1.39E-02 −1.80E-02 −1.78E-02 −1.67E-02

7 5.40E-02 −5.95E-03 −2.19E-03 −3.24E-03 −7.19E-03 −8.46E-03 −9.39E-03 −8.81E-03

8 5.89E-02 −1.55E-03 6.43E-03 6.53E-03 5.20E-03 6.37E-03 5.04E + 00 5.93E-03

cleft side 4 3.21E-03 5.21E-03 8.99E-03 9.32E-03 9.96E-03 9.66E-03 9.56E-03 1.03E-02

5 −4.51E-02 1.05E-02 2.17E-02 2.40E-02 3.25E-02 3.22E-02 3.48E-02 3.92E-02

6 −4.16E-02 1.03E-02 1.94E-02 2.16E-02 2.94E-02 2.98E-02 3.18E-02 3.54E-02

7 −5.49E-02 6.35E-03 1.44E-02 1.57E-02 2.20E-02 1.93E-02 2.32E-02 2.68E-02

8 −5.91E-02 1.28E-03 5.94E-04 4.93E-04 2.71E-03 −1.29E-03 2.56E-03 3.69E-03

Landmarks: point 1, anterior nasal spine; point 2, subspinale; point 3, superior prosthion; point 4, frontal process; point 5, inferior orbital rim; point 6–8, superior, middle, and inferior zygomatic

process.

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Zhang et al. 10.3389/fbioe.2024.1448286

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1448286


3.3 Displacement and stress pattern on
protraction with expansion

Under the combined forces of protraction and maxillary
expansion, the seven bone graft models exhibited significantly

smaller horizontal and sagittal displacements at the maxillary
landmarks on both the non-cleft and cleft sides compared to the
non-bone graft model (Table 3, 4). Both the horizontal and sagittal
displacements of landmarks near the middle line were smaller in the
seven bone graft model than non-bone graft model (Figures 8A,C).

FIGURE 6
Displacement pattern on expansion. (A) Horizontal displacement of landmarks near the middle line in all models were obvious greater in non-bone
graft model. (B) The difference of horizontal displacements of the landmarks between non-cleft sides and cleft sides.

FIGURE 7
Von Mises stress distribution of maxillary complex and bone sutures under expansion. Stress mainly distributed on frontal process of the maxilla and
implanted bone fragments in seven bone-grafted models (A). Stress distribution of bone sutures in non-cleft sides and cleft sides (B).
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Among the bone graft models, the horizontal displacement
differences were most pronounced in the upper 1/3, middle 1/3,
lower 1/3, and upper 2/3 bone graft models, followed in magnitude
by the lower 2/3, full alveolar cleft, and full maxilla cleft bone graft
models (Figures 8B,D).

Concurrently, the distribution of von Mises stress was primarily
observed in the frontal process, alveolar process, and implanted
bone mass of the maxillas. The von Mises stress in the frontal
process of the maxilla was lower in the non-bone graft model
compared to the bone graft models. Notably, the stress
distribution in the non-bone graft model differed significantly
from that in the bone graft models (Figure 9A). On the non-cleft
side, the nasomaxillary suture (NMS) and infraorbital suture (INS)
exhibited significantly higher stress levels compared to other bone
graft models, whereas the frontomaxillary suture (FMS) showed
significantly lower stress. On the cleft side, the FMS and
zygomaticotemporal suture (ZTS) displayed significantly higher
von Mises stress, while the pterygopalatine suture (PPS) showed
lower stress levels. In the bone graft models, the upper 1/3, middle 1/
3, lower 1/3, and upper 2/3 bone graft models experienced higher
stress across each bone suture (Figure 9B).

4 Discussion

Distinguishing it from previous studies, this finite element
analysis study incorporated occlusal force factors into the analysis
of alveolar cleft bone grafting effects under maxillary orthodontic
conditions. It was well-established that occlusal forces are essential for

exploring orthodontic treatments of the maxilla. Chen et al. developed
six finite element ABG models without loaded occlusal forces to
simulate various types of bone resorption following alveolar bone
grafting and subsequent protraction orthodontic treatment (Chen
et al., 2013). Their findings indicate that non-resorptive models
demonstrate optimal outcomes under maxillary protraction forces,
with lower bone graft resorption showing superior protraction effects
compared to upper bone graft resorption. However, the results of this
study show that alveolar clefts grafted in the upper 1/3 and middle 1/
3 are more unstable under protraction forces, differing from their
results. This discrepancy may arise from the significant alterations in
the magnitude and direction of protraction forces due to occlusal
forces. Research shows that occlusal forces are distributed across five
vertical and two horizontal supports in the midfacial skeleton. These
forces, with potential changes in magnitude and/or direction, can lead
to significant changes in cortical and trabecular bone structures
(Janovic et al., 2015). It was noted that mechanical stress from
natural activities (such as chewing) and external forces (such as
orthodontic therapy) collectively influence mechanical transmission
at sutures (Mao et al., 2003). Therefore, these results demonstrate
again that the effect of occlusal force loading onmaxillary orthodontic
treatments is significant. Therefore, to accurately simulate clinical
scenarios, more finite element analysis studies involved occlusal force
are needed to illustrate the biomechanical effects of maxillary
orthodontic post alveolar cleft bone graft. However, this study
solely considered the occlusal forces of the centric occlusion. In
further studies, we will explore the effects of occlusal forces in
various occlusion scenarios to offer more precise guidance for
clinical practice.

TABLE 3 Horizontal and Sagittal Displacement Value of the Landmarks in Non-cleft side of the 8 models under Maxillary Protraction and Expansion (mm).

Selected
landmarks

Non-bone
graft

Full maxilla
cleft

Full alveolar
cleft

Lower
2/3

Upper
2/3

Lower
1/3

Middle
1/3

Upper
1/3

horizontal(x) 1 6.67E-02 −1.31E-02 −1.37E-02 −1.45E-02 −2.10E-02 −1.60E-02 −2.10E-02 −2.15E-02

2 7.35E-02 −1.08E-02 −1.10E-02 −1.14E-02 −1.72E-02 −1.12E-02 −1.64E-02 −1.75E-02

3 9.40E-02 −5.43E-03 −5.45E-03 −4.56E-03 −8.92E-03 1.39E-03 −5.97E-03 −7.85E-03

4 −2.54E-02 −3.33E-02 −3.16E-02 −2.99E-02 −2.93E-02 −2.59E-02 −2.53E-02 −2.76E-02

5 1.00E-02 −3.53E-02 −3.46E-02 −3.81E-02 −4.45E-02 −4.99E-02 −4.92E-02 −4.60E-02

6 1.30E-02 −3.28E-02 −3.05E-02 −3.37E-02 −3.95E-02 −4.42E-02 −4.36E-02 −4.05E-02

7 3.59E-02 −2.17E-02 −1.83E-02 −2.02E-02 −2.50E-02 −2.60E-02 −2.72E-02 −2.51E-02

8 5.46E-02 −8.86E-03 7.42E-04 4.87E-04 −1.80E-03 7.60E-04 −1.37E-03 2.25E-05

Sagittal(y) 1 −2.78E-02 −1.50E-02 −6.96E-03 −6.22E-03 −3.70E-03 −4.33E-03 −2.24E-03 −1.93E-03

2 −2.86E-02 −1.39E-02 −4.84E-03 −4.00E-03 −1.24E-03 −1.97E-03 3.78E-04 8.15E-04

3 −3.06E-02 −1.29E-02 −2.84E-03 −1.96E-03 1.91E-04 −5.80E-04 1.95E-03 2.05E-03

4 −9.40E-03 −1.11E-02 −9.62E-03 −9.65E-03 −8.31E-03 −9.06E-03 −8.07E-03 −7.60E-03

5 −2.22E-02 −2.48E-02 −3.11E-02 −3.18E-02 −3.24E-02 −3.37E-02 −3.32E-02 −3.34E-02

6 −2.27E-02 −2.92E-02 −4.06E-02 −4.21E-02 −4.46E-02 −4.64E-02 −4.65E-02 −4.70E-02

7 −2.23E-02 −2.93E-02 −4.10E-02 −4.22E-02 −4.57E-02 −4.64E-02 −4.70E-02 −4.80E-02

8 −2.37E-02 −3.00E-02 −4.28E-02 −4.40E-02 −4.83E-02 −4.86E-02 −4.94E-02 −5.08E-02

Landmarks: point 1, anterior nasal spine; point 2, subspinale; point 3, superior prosthion; point 4, frontal process; point 5, inferior orbital rim; point 6–8, superior, middle, and inferior zygomatic

process.
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The accuracy of finite element analysis results largely depends
on the accuracy of the modeling (Gautam et al., 2007). This research
ensures precise data by using low-radiation CT scans, obtaining

1 mm slice thickness and 0.5 mm inter-slice spacing DICOM data,
and utilizing various software to accurately reconstruct 3D models.
Herring et al. emphasized studying craniofacial bones as composites

TABLE 4 Horizontal and Sagittal Displacement Value of the Landmarks in cleft side of the 8 models under Maxillary Protraction and Expansion (mm).

Selected
landmarks

Non-bone
graft

Full maxilla
cleft

Full alveolar
cleft

Lower
2/3

Upper
2/3

Lower
1/3

Middle
1/3

Upper
1/3

horizontal(x) 4 8.92E-03 1.18E-02 1.11E-02 8.84E-03 3.43E-03 8.93E-04 8.02E-04 1.53E-03

5 −4.69E-02 2.22E-02 3.39E-02 3.60E-02 4.40E-02 4.05E-02 4.42E-02 4.61E-02

6 −4.34E-02 2.28E-02 3.18E-02 3.38E-02 4.09E-02 3.79E-02 4.11E-02 4.25E-02

7 −6.31E-02 1.07E-02 1.87E-02 1.97E-02 2.62E-02 2.01E-02 2.57E-02 2.75E-02

8 −7.49E-02 −2.63E-03 −4.96E-03 −5.53E-03 −2.48E-03 −1.01E-02 −3.60E-03 −3.11E-03

Sagittal(y) 4 −5.95E-03 −5.03E-03 −1.49E-03 −2.00E-03 −2.58E-03 −4.16E-03 −2.80E-03 −2.34E-03

5 −2.20E-02 −2.00E-02 −2.36E-02 −2.47E-02 −2.73E-02 −2.89E-02 −2.82E-02 −2.90E-02

6 −1.90E-02 −2.20E-02 −3.21E-02 −3.38E-02 −3.88E-02 −4.00E-02 −3.99E-02 −4.18E-02

7 −1.37E-02 −1.72E-02 −2.92E-02 −3.05E-02 −3.44E-02 −3.51E-02 −3.56E-02 −3.76E-02

8 −7.18E-03 −1.44E-02 −2.98E-02 −3.05E-02 −3.31E-02 −3.19E-02 −3.37E-02 −3.57E-02

Landmarks: point 4, frontal process; point 5, inferior orbital rim; point 6–8, superior, middle, and inferior zygomatic process.

FIGURE 8
Displacement pattern on protraction and expansion. (A) Horizontal displacement of landmarks near the middle line in all models were obvious
greater in non-bone graft model. (B) The difference of horizontal displacements of the landmarks between non-cleft sides and cleft sides. (C) Sagittal
displacement of landmarks in all models. (D) The difference of sagittal displacements of the landmarks between non-cleft sides and cleft sides.
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of independent bone segments with sutures, rather than as a single
structural entity, due to the unique structure of unilateral complete
cleft lip and palate patients (Herring and Teng, 2000). This approach
involves modeling eight key suture systems closely related to
maxillary growth and orthodontic treatment (Lee and Baek, 2012;
Yang I. H. et al., 2012) with suture widths set at 0.2 mm (Knaup et al.,
2004; Fricke-Zech et al., 2012;Wang et al., 2009). The significant role
of the periodontal ligament in stress distribution is well recognized
(Tanne et al., 1987; Middleton et al., 1996), necessitating its
reconstruction for accurate biomechanical behavior simulation
during chewing, orthodontic treatment, and maxillary expansion.
Thus, the study involves separating the dental arch, expanding it by
0.2 mm on its surface (Yoshida et al., 2001; Wang et al., 2009) to
simulate the periodontal ligament and reassembling it into the
craniofacial complex. Moreover, to closely mimic clinical
maxillary expansion situations, differing from previous studies
that applied direct force or displacement on either side of the
dental arch, this study employed hyrax spiral expanders
(Carvalho Trojan et al., 2017; Ngan et al., 2015; Velez-Muriel
et al., 2021), where one complete turn of the expander equates to
0.25 mm expansion, effectively averaging 0.125 mm per side. These
measures ensured the precision of the reconstruction of the alveolar
bone graft models, providing a solid foundation for subsequent
biomechanical analysis.

One main controversy in arch constriction for patients with
alveolar clefts is whether to expand the dental arch before or after

bone grafting. The prevailing view supports post-grafting maxillary
expansion, as it is beneficial for reducing defect size, facilitating
tension-free gingival closure, and requiring less bone graft material,
thus promoting more unified maxillary bone and enabling palatal
suture expansion (Santiago et al., 2014). Further clinical studies
demonstrate that rapid maxillary expansion (RME) post alveolar
grafting for UCLP does not compromise the graft’s effectiveness,
regardless of RME success rates (da Silva Filho et al., 2009).
Similarly, Ade et al. found that RME had no adverse effects on
bilateral graft regions in BCLP patients, and confirmed the
orthodontic effectiveness of suture expansion (Cavassan Ade
et al., 2004). Yang et al. also conducted maxillary expansion in
post-graft UCLP patients, with cephalometric analysis showing
significant increases in maxillary and arch widths without notable
radiographic changes in the grafted areas (Yang C. J. et al., 2012).
These findings emphasize the significance of maxillary expansion in
correcting arch constriction post-alveolar cleft bone grafting.
However, bone resorption frequently occurs subsequent to
alveolar bone grafting. It is clinically significant to investigate the
biomechanical effects of maxillary orthodontic forces under varying
osteogenic conditions.

The development of maxillary protraction techniques
increasingly incorporates temporary anchorage devices, gaining
attention for anterior maxillary protraction in patients with
midfacial deficiencies. Miniplates placed below the zygoma as
skeletal anchorage systems have proven effective in correcting

FIGURE 9
Von Mises stress distribution of maxillary complex and bone sutures under protraction and expansion. Stress on frontal process of the maxilla and
implanted bone fragments were obvious greater in upper 1/3 bone graft models (A). Stress distribution of bone sutures in non-cleft sides and cleft
sides (B).
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Class III malocclusion. In contrast, palatal plates can be placed at a
single site without flaps or incisions, minimizing risks to critical
anatomical structures. Although studies found that greater anterior
movement with palatal plates compared to zygomatic miniplates
and traditional dental adjusters, the application of palatal plates in
alveolar cleft is limited due to absence of palatal plate. Therefore, in
this study, miniplates were placed on the zygomatic alveolar ridge.
Regarding the magnitude of protraction forces, optimal force values
should be minimal to achieve maximal skeletal effects and minimal
dental effects. Yepes et al. recommend using forces of 300–400 g, as
they produce similar effects without causing greater biological wear
on the body (Yepes et al., 2014). Parveen et al. suggest that compared
to facemask protraction forces (600 g), using protraction forces of
1200 g maintains initial displacement and stress distribution within
a higher range (Parveen et al., 2020). For younger patients with
ample treatment time and relatively fragile sutures, smaller forces of
less than 5N per side are chosen to avoid compressing the upper
dental arch and causing potential damage to the cranio-maxillary
complex. For older patients with limited treatment time and
gradually closing sutures, larger forces of more than 5N per side
are selected to achieve treatment goals quickly. Therefore, 5Nwas set
as the magnitude of protraction forces in this study.

Under maxillary protraction or expansion, the results presented
highlight notable distinctions in displacement and stress patterns
when comparing bone-grafted models to non-bone grafted models.
The results demonstrate that bone-grafted models undergo
significantly less horizontal displacement at both cleft and non-
cleft side landmarks when subjected to maxillary protraction forces,
compared to non-bone grafted counterparts. This suggests that bone
grafting might stabilize the skeletal structure, thereby mitigating
asymmetry between the cleft and non-cleft sides. The von Mises
stress of implanted bone fragments was highly distributed under
maxillary expansion forces, while it was small under the action of
protraction or combined protraction and expansion forces. This
suggests that protraction may be more conducive to the stability of
the implanted bone, and combined maxillary protraction and
expansion may be better than expansion alone in UCLP patients.

Notably, the study highlights significant variance in the
displacement across different grafting models between non-cleft and
cleft sides, with the upper 1/3 and middle 1/3 bone graft models
showing the greatest difference. Although the observed bone sutures
showed no significant differences between the 8models undermaxillary
protraction. Under maxillary expansion, the von Mises stress in the
zygomaticomaxillary suture (ZMS) was notably higher in the upper 1/
3 and middle 1/3 bone graft models than in other grafted models on
both the cleft and non-cleft sides. However, undermaxillary protraction
and expansion, the bone graft models, including the upper 1/3, middle
1/3, lower 1/3, and upper 2/3 bone graft models, experienced higher
stress across each bone suture. All these results indicate that grafting in
the upper 1/3 and middle 1/3 conditions may require secondary bone
graft supplementation to ensure the effectiveness of maxillary
orthodontic treatments.

5 Conclusion

This study underscored the critical importance of incorporating
occlusal forces in finite element study on orthodontic therapies for

UCLP patients. Under occlusal forces, the upper 1/3 and middle 1/
3 bone graft conditions exhibited greater asymmetry between cleft
and non-cleft sides during maxillary orthodontic treatment. This
suggests that additional bone graft supplementation may be required
to optimize the effectiveness of maxillary orthodontic treatments in
these areas. Further research is expected to explore the effects of
occlusal forces in various occlusion scenarios on the stability of the
UCLP craniomaxillofacial complex, which could provide valuable
clinical insights and refine treatment strategies for improved
patient care.
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