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Abstract

This study aimed to evaluate the influence of mini-screw position and number in mini-
screw-assisted rapid palatal expansion (MARPE) expanders in a patient with cleft lip
and palate (CLP). A cone-beam computed tomography scan of a patient aged 17 years
with bilateral complete CLP was used to construct six finite element models with
MARPE expanders: three bone-borne and three tooth-bone-borne configurations,
varying by mini-screw number (two or three) and position (anterior or posterior). Each
expander was transversely activated to achieve 1.0 mm expansion. Equivalent elastic
strain (U€) distributions were assessed in the maxillary palatal bone, dentoalveolar
bone, and anchoring teeth. Deformation patterns in the palate and alveolar ridges
(<4,000 p€) were influenced by both mini-screw number and, more significantly,
position. The presence of at least one mini-screw was critical for generating strain in
the anterior palate. Expander arms produced notable strain at the insertion sites of
banded anchoring teeth (<100 u€E). Mini-screw position appeared more influential
than quantity in determining strain distribution. An anterior mini-screw was essential
for inducing anterior palatal stress, while expander arms, regardless of mini-screw
configuration, contributed to stress distribution across anchoring teeth and posterior
alveolar ridges.

Keywords: Bone screws. Cleft lip. Cleft palate. Finite elements analysis. Maxillary exp
ansion.
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Effect of mini-screw positioning and quantity in a MARPE expander in a young adult cleft palate patient: a finite element study

1. Introduction

Cleft lip and palate (CLP) is a common congenital deformity caused by incomplete fusion of the
maxillary and palatine processes, resulting in functional and esthetic impairments of the craniofacial
complex (Cobourne 2004). A frequent manifestation is lateral maxillary constriction, predominantly in the
anterior region, which often necessitates maxillary expansion (Yang et al. 2012).

Various expander types are selected according to bone resistance. In cases of increased resistance,
devices with enhanced dentoskeletal anchorage are required. Mini-screw-assisted rapid palatal expansion
(MARPE), with variable mini-screw number and position, effectively overcomes this resistance (Lagravere et
al. 2010; Mathew et al. 2016; Moon et al. 2020) and facilitates correction of maxillary atresia in late
adolescents and young adults (Mathew et al. 2016; Moon et al. 2020; Lee et al. 2014). However, cleft
morphology may restrict mini-screw placement and number, potentially reducing expander efficiency.
Additionally, patients with cleft palate frequently present increased palatal soft tissue thickness, limiting the
transmucosal portion available for bicortical anchorage in palatine bone. In such conditions, connecting
expander screws to posterior teeth (tooth-bone-borne configuration) enhances stability (Holberg et al. 2007;
Pan et al. 2007; Mathew et al. 2016; Lee et al. 2016).

This study aimed to evaluate the effects of MARPE bone-borne (BB) and tooth-bone-borne (TBB)
expanders on palatal and dentoalveolar structures in patients with cleft lip and palate, considering variations
in mini-screw number and position, using finite element analysis.

2. Material and Methods

This study was approved by the ethics committee of the National University of Colombia and
Pediatric Hospital La Misericordia (protocol B. CIEFO-243-18). A cone-beam computed tomography scan was
obtained from the image database of the Orthodontic Department of Pediatric Hospital La Misericordia,
Bogota, DC, Colombia.

A maxillary scan of a patient aged 17 years with bilateral complete cleft lip and palate, previously
treated with a secondary cancellous iliac crest bone graft at age 9 years prior to eruption of permanent
canines, was analyzed. The patient presented complete permanent dentition to the second molars, absence
of the right central and lateral incisors, and transposition involving the canines and first premolars.

A structural, nonlinear three-dimensional (3D) finite element model was developed from a cone-
beam computed tomography scan (CS9300 Carestream, 90 Kv, 15 mA, field of view 10 x 5 cm, 0.18 mm slice
thickness, 0.3 mm voxel size) using Mimics software (version 21.0; Materialise, Leuven, Belgium). The maxilla
was segmented from the incisal edges to the zygomatic arch, and tissues, including cortical bone, cancellous
bone, enamel, and dentin, were differentiated using density thresholding (Jaecques et al. 2004; Pessoa et al.
2010). A 0.2 mm periodontal ligament layer was incorporated (Pessoa et al. 2010) onto tooth roots via
Boolean operations (Kronfeld 1931; Jaecques et al. 2004). Following segmentation, three-dimensional
surface models were exported in stereolithography (STL) format, while orthodontic bands and expander
connecting arms were designed in 3-Matic software 19 (version 18.0; Materialise, Leuven, Belgium).

The STL files were imported into MSC Patran 2010 (MSC Software Corporation, Santa Ana, CA, USA)
and discretized using tetrahedral elements. The resulting mesh was imported into the MSC finite element
analysis software package (MSC Marc/Mentat, MSC Software) for structural analysis. The model included
134 tetrahedral element types, with shared nodes between bone and mini-screw systems to ensure interface
continuity. Boundary conditions fixed nodes on the superior maxillary surface, excluding the palatal region,
in x-(horizontal), y-(vertical), and z-directions, reflecting minimal or no mobility due to craniofacial
articulations. Mesh convergence was achieved by refining contact interfaces, geometric discontinuities, and
regions of interest (second premolars, molars, and peri-screw areas) until peak stress and displacement
variations were <1%.

Material properties, including elastic modulus and Poisson ratio, were assigned from the literature
(Table 1) (Sano et al. 1994; Rees and Jacobsen 1997; Carter and Hayes 1997; Zarone et al. 2006; Lee et al.
2014; Matsuyama et al. 2015). Bonded interfaces were defined to prevent relative displacement between
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structures, ensuring structural continuity and eliminating maxillary rotation. Components of the expander
screw requiring interaction were considered rigid.

Table 1. Material properties of the evaluated structures.

Structure Elastic modulus (MPa) Poisson’s ratio
Enamel 84.100 0.30
Dentin 18.600 0.31
Periodontal ligament 50 0.45
Trabecular bone 1.370 0.30
Cortical bone 13.700 0.30
Mini-screw (titanium) 110.000 0.30

A total of six finite element models were generated: three MARPE-NoDS (bone-borne) models (A—C)
and three MARPE-DS (tooth-bone-borne) models (D—F) (Figure 1).

Model A Model B Model C

Model E Model F

Figure 1. Finite element models evaluated: MARPE (BB) (A—C) and MARPE (TBB) (D—F).

e MARPE-NoDS (bone-borne) model A: A MARPE SL 9 mm (PeclLab) expander was supported by three mini-
screws (Peclab) (diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were
positioned in the left and right posterior mid-palatal regions and the left anterior region.

e MARPE-NoDS (bone-borne) model B: A MARPE SL 9 mm (PecLab) expander was supported by two mini-
screws (Peclab) (diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were
positioned in the bilateral posterior mid-palatal regions.

e MARPE-NoDS (bone-borne) model C: A MARPE SL 9 mm (PeclLab) expander was supported by two mini-
screws (Peclab) (diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were
positioned in the left anterior and right posterior regions.

e MARPE-DS (tooth-bone-borne) model D: A MARPE SL 9 mm (PeclLab) expander with four-banded dental
anchorage (upper second premolars and second molars) was supported by three mini-screws (PeclLab)
(diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were positioned in the
bilateral posterior mid-palatal regions and the left anterior region.

e MARPE-DS (tooth-bone-borne) model E: A MARPE SL 9 mm (PeclLab) expander with four-banded dental
anchorage (upper second premolars and second molars) was supported by two mini-screws (Peclab)
(diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were positioned in the
bilateral posterior mid-palatal regions.

e MARPE-DS (tooth-bone-borne) model F: A MARPE SL 9 mm (PeclLab) expander with four-banded dental
anchorage (upper second premolars and second molars) was supported by two mini-screws (Peclab)
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(diameter: 1.8 mm; length: 10 mm; transmucosal portion: 3 mm). The mini-screws were positioned in the
left anterior region, anterior to the mid-palatal area, and the right posterior region.

In the MARPE-DS models, the bilateral second premolars and second molars were banded and
connected using bonded interfaces with shell elements. Bonded interactions were assigned to bone-to-
bone, root-to-periodontal ligament (PDL), PDL-to-bone, and tooth-to-attachment interfaces, whereas all
tooth-to-tooth contacts were defined as frictionless.

Each band was connected to the expander screw base and the lingual surfaces using a 1.5 mm
stainless steel wire. Each model comprised 1,286,756 elements and 5,502,525 nodes, with a processing time
of 120 hours per model.

The expanders were activated transversely in 0.1 mm increments, producing a total expansion of 1.0
mm along the X-axis. Movement in the Y- and Z-axes was unrestricted to avoid constraint effects. Equivalent
elastic strain (u€) distributions were evaluated in the maxillary palatal bone, dentoalveolar bone, and
anchoring teeth. Model validation was performed using coherence analysis to confirm appropriate stress
direction and distribution.

3. Results

Results are presented in occlusal views (Figure 2), lateral views (Figure 3) of the maxilla, and buccal
views of the maxillary second premolars and molars (Figure 4).

In the occlusal view, all MARPE models (BB and TBB) demonstrated that strain distribution depended
on both the number and, primarily, the position of the mini-implants. Strain concentrated around the mini-
screws, exceeding 4000 p&, while also showing a more uniform distribution in adjacent regions (Figure 2).
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Figure 2. The strain distribution (u€) in the alveolar and palatal bone structures from the MARPE (BB) (A)
and MARPE (TBB) (B) models under 1.0 mm of activation.

Lateral view findings were consistent with occlusal observations. Strain distribution was greater along
the buccal walls and within the alveolar ridges, particularly near mini-screw sites, and varied according to
their number and position. In model B, which lacked anterior palatal mini-screws, strain distribution was
negligible. Strain intensity also varied with alveolar ridge size. The right ridge, reduced due to the greater
cleft extent and consequently lower resistance to movement, exhibited consistently lower strain across all
models (Figure 3).
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Figure 3. The right and left buccal surface views of the strain distribution (LE) from the MARPE (BB) (A—C)
and MARPE (TBB) (D—F) models under 1.0 mm of activation.

The presence of dental anchorage arms increased strain distribution in both occlusal and lateral views
across all models. These structures generated strain even in regions without mini-screws, indicating force
transmission despite the absence of direct anchorage (Figures 2 and 3).

In buccal views of the maxillary second premolars and molars, strain patterns were similar and
depended on the presence of arms connecting the expander screw to the anchoring teeth. Without these
arms, no strain was detected on the buccal surfaces (Figure 4). In contrast, when arms were present, all
models showed significant strain exceeding 100 p€ at the band insertion sites, regardless of mini-screw
number or distribution (Figure 4).
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Figure 4. The strain distribution (uE) on the buccal and lingual surfaces of maxillary second premolars and
molars from the MARPE (BB) (A—C) and MARPE (TBB) (D—F) models under 1.0 mm of activation.
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4, Discussion

This study involved a female aged 17 years with bilateral complete cleft lip and palate who had
undergone secondary bone grafting at age 9, with satisfactory outcomes. The case was selected because it
represents a typical presentation of this craniofacial condition, including partial palatal resorption of the
graft and near-complete craniofacial growth.

Finite element analysis simulated only the initial phase of maxillary expansion using MARPE, with and
without anchorage arms and varying mini-screw positioning and quantity. Activation was limited to 1.0 mm,
as higher clinical values would generate excessive stress and compromise interpretability. Despite this
limitation, the model demonstrated the importance of mini-screw quantity and, more critically, positioning,
particularly the inclusion of at least one anterior palatal mini-screw. It also clarified the biomechanical effects
of connecting arms on the dentoalveolar structures of posterior segments (Patino et al. 2024).

In occlusal views, maximum strain (>4.000 pu€) was concentrated around the mini-screws, supporting
the requirement for a minimum diameter of 1.5 mm. Both the quantity and location of mini-screws
significantly influenced strain distribution, consistent with previous reports (Mathew et al. 2016; Lee et al.
2014; Yoon et al. 2019). In lateral views, although quantity affected outcomes, configurations including at
least one anterior and one posterior mini-screw (models C and F) produced deformation patterns
comparable to three mini-screw models (A and D). These configurations generated greater anterior strain
than models with two posterior screws only (B and E).

These findings support two considerations. First, because patients with cleft palate typically present
greater anterior constriction (Yoon et al. 2019; Meng et al. 2022), placing at least one mini-screw anteriorly
enhances transverse correction in this region (Mathew et al. 2016; Meng et al. 2022). Second, positioning
screws within the more robust maxillary segment increases resistance and facilitates expansion aligned with
anterior requirements. This asymmetrical stress distribution between cleft and non-cleft sides reflects
structural differences in maxillary segments, as previously reported (Silva Filho et al. 1988; Holberg et al.
2007; Pan et al. 2007; Lee et al. 2016; Mathew et al. 2016; Lee et al. 2016) (Figure 3).

When cleft morphology limits mini-screw placement, anchorage arms may improve MARPE stability
(Walter et al. 2017; Ambrosio et al. 2022). However, Moon et al. (2020) demonstrated that adding dental
support increase the severity of side effects, whereas purely skeletal anchorage produces comparable
skeletal outcomes with fewer dentoalveolar effects. The present findings align with this observation (Moon
et al. 2020). In MARPE (BB), supported only by mini-implants, forces minimally affected lingual surfaces of
posterior teeth (Figures 3 and 4).

Conversely, in (MARPE (TBB), the addition of connecting arms transmitted a substantial portion of
the expansion force to all posterior alveolar ridges. The lingual contact surfaces between arms and teeth
functioned as anchorage sites, generating strain values exceeding 100 u€ (Figures 2—4), sufficient to
stimulate bone cell activity around tooth roots (Lin et al. 2015; Moon et al. 2020; Patino et al. 2024).
Therefore, in patients with non-carious cervical lesions, short roots, periodontal disease, or excessive buccal
inclination of posterior teeth, MARPE (BB) is preferable because it minimizes dental loading. However, when
dentoalveolar integrity is compromised or sufficient mini-screw placement is not feasible, MARPE (TBB) may
be indicated to enhance appliance stability during maxillary expansion in young adult patients with cleft
palate.

This study has limitations. It is based on a single patient with cleft lip and palate, a condition with
substantial anatomical variability. The use of a single anatomical model (N=1) was intentional to isolate
mechanical variables, ensuring that observed stress and strain differences resulted solely from expander
configurations, a recognized approach in biomechanical research (Walter et al. 2017; Moon et al. 2020).
Additionally, only immediate mechanical effects were evaluated, without accounting for long-term biological
responses or bone remodeling. The assumption of fully bonded interfaces represents an idealized condition
that may overestimate strain due to the absence of load dissipation typical of non-linear interactions.
Furthermore, although mesh refinement was optimized in the maxillary and dentoalveolar regions,
circummaxillary sutures were excluded. Future studies incorporating the entire craniofacial complex are
necessary to better characterize global skeletal responses to MARPE.
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5. Conclusions

In this finite element study of young adult patients with cleft palate, mini-screw positioning had a
greater influence than quantity on stress distribution in palatal and dentoalveolar structures using MARPE
(BB and TBB). The inclusion of an anterior mini-screw, when feasible, is critical for inducing strain in this
region. Additionally, the presence of anchorage arms significantly alters stress distribution, increasing
loading on anchor teeth and posterior alveolar ridges regardless of mini-screw configuration.
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