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The comparison of biomechanical effects ey

of the conventional and bone-borne palatal
expanders on late adolescence with unilateral
cleft palate: a 3-dimensional finite element
analysis

Wen-yu Meng', Yan-ging Ma??, Bing Shi*, Ren-kai Liu**" and Xiao-ming Wang**"

Abstract

Background: Patients with unilateral cleft lip and palate were associated with different nasomaxillary complex from
the normal population. Although the biomechanical effects of conventional rapid palatal expansion (Hyrax expan-
sion) and bone-borne rapid palatal expansion (micro-implant-assisted expansion) in non-cleft patients have been
identified by multiple studies, little is known in patients with unilateral cleft lip and palate. The purpose of this study
was to investigate and compare the biomechanical effects of the conventional and bone-borne palatal expanders in
a late adolescence with unilateral cleft lip and palate.

Methods: A cone beam CT scan of a late adolescence with unilateral cleft lip and palate was selected to construct
the three-dimensional finite element models of teeth and craniofacial structures. The models of conventional and
born-borne palatal expanders were established to simulate the clinical maxillary expansion. The geometric nonlinear
theory was applied to evaluate the Von Mises stress distribution and displacements in craniofacial structures and
teeth.

Results: Bone-borne palatal expander achieved more transverse movement than conventional palatal expander in
the whole mount of craniofacial regions, and the maximum amount of expansion was occurred anteriorly along the
alveolar ridge on cleft-side. The expanding force from born-borne palatal expander resulted in more advancement in
nasomaxillary complex than it in conventional palatal expander, especially in the anterior area of the minor segment
of maxilla. Stresses from the both expanders distributed in similar patterns, but larger magnitudes and ranges were
generated using the bone-borne expander around the maxillary buttresses and pterygoid plates of sphenoid bone.
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tional palatal expander.

The maximum expanding stresses from born-borne palatal expander were concentrated on palatal slope supporting
minscrews, whereas those from conventional palatal expander were concentrated on the anchoring molars. In addi-
tion, the buccal tipping effect of teeth generated using the bone-borne expander was less than it using the conven-

Conclusion: Bone-borne expander generated enhanced skeletal expansion at the levels of alveolar and palate

in transversal direction, where the miniscrews contributed increased expanding forces to maxillary buttresses and
decreased forces to buccal alveolar. Bone-borne expanders presented a superiority in correcting the asymmetric max-
illa without surgical assistant in late adolescence with unilateral cleft lip and palate.

Keywords: Finite element analysis, Rapid palatal expansion, Miniscrew, Unilateral cleft lip and palate

Introduction

Unilateral cleft lip and palate (UCLP) is the most com-
mon craniofacial deformity characterized by the dis-
missed midpalatal suture and defected alveolar bone,
which separates the maxillary structures into the minor
and major segments. Postnatal surgical repair is a nec-
essary treatment but causes tremendous soft-tissue ten-
sions from scar contracture. This results with the collapse
of the maxillary minor segment with mediolingual rota-
tion, anterior crossbite with or without posterior cross-
bite, and maxillary growth retardation in transverse and
sagittal dimensions at later stages [1, 2]. Thus, rapid pala-
tal expansion and maxillary protraction are routinely
adopted in orthodontic treatment to correct the maxillo-
facial deformity in adolescent period.

For patients with maxillary dysplasia in late ado-
lescence, treatment using the combination of pro-
traction facemask and conventional hyrax expander
(tooth-anchored rapid palatal expander, C-RPE) gen-
erates limited effect on the correction of sagittal and
transverse deficiencies in maxilla [3, 4]. The LeFort I
osteotomy on the minor segment and vertical osteot-
omy on alveolar bone were necessary for eliminating the
resistance to expansion [2, 5]. However, numerous stud-
ies reported that C-RPE generated approximately 50%
tooth effect, which resulted in excessive buccal tipping
of the tooth axes, obvious root resorption and decreased
buccal bone thickness [6, 7]. Thus, the C-RPE was com-
monly recommended to use at the pubertal or pre puber-
tal stage.

In recent years, micro-implant-assisted rapid palatal
expansion (bone-borne expander, B-RPE) was gradually
applied, which was proved to be effective in expanding
the heavily interdigitated sutures without surgical assis-
tance, and generating less dentoalveolar side effects for
late adolescence or even adults [6, 8, 9]. By morphologi-
cal measurements, various studies compared the clinical
and mechanical discrepancies between the C-RPE and
B-RPE [9-11]. For UCLP patients, because of the sepa-
rated midpalate and asymmetrical segments of maxilla,
the expansive forces from expander and the resistance

from circum-maxillary structures were definitely differ-
ent from the non-cleft [12]. Moreover, unlike the com-
monly adopted implantation sites in normal patients, the
absence of midpalatal suture in UCLP patients restricted
the routine implantation places [2, 13]. For the UCLP
patients, micro-implant-assisted rapid palatal expansion
might allow an enhanced simultaneous expansion of the
surrounding hypertrophic scar, which contributed to
long-term stability of the expansion, and to reduce the
risk of relapse [14]. However, for the late adolescence
with UCLP, few literatures reported the application of
bone-borne expander. The stress distribution and dis-
placement pattern in mid-palatal area and around crani-
ofacial structures were also not well known.

The finite element analysis (FEA) is a well-proven
mathematical technique for calculating the displacement,
internal stress and strain in the craniofacial structures
during orthodontics [15]. The transmission and dissipa-
tion of expansive forces, as well as the deformating fea-
tures of the nasomaxillary complex can be objectively
characterized using FEA [10, 11, 16, 17]. Thus, using
finite element analysis in UCLP patient, the purpose of
this study is to investigate the discrepancy of biomechan-
ical effects on the craniofacial structures between C-RPE
and B-RPE. Our research will provide guidance for the
suitable design and application of B-RPE in late adoles-
cence with UCLP.

Materials and methods

CBCT imaging and finite element modeling

The CBCT data saved as DICOM-format was selected
from an 18-year-old adolescence with UCLP, present-
ing narrow arch and complete dental crossbite. The
CBCT was taken for the examination of pre-orthodon-
tic (Smart3D-X, parameters for image acquisition were
100 kV, 6 mA, 26.9 s, field of view of 23 x 18 cm, and
voxel size of 0.25 mm), approved by the Ethic Committee
of School of Stomatology, Lanzhou University (Approval
No. LZUKQ-2022-028). All experiments were performed
in accordance with relevant guidelines and regulations.
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The CBCT data was imported into MIMICS software
(version 19.0; Materialise, Leuven, Belgium), in which
the craniofacial structures and teeth were seperated.
Subsequently, files in STL format were transformed and
processed in Geomagic Studio (Version 2017; Rain-
drop, USA) to generate the high-quality surface meshes.
The sutures and PDL were sectioned into 0.2-mm tet-
rahedrons; the maxilla, dentition, and alveolar bone
in the volumetric meshes were sectioned into 1.5-mm
tetrahedrons; the remaining skull bones including sur-
rounding sutures were sectioned into 4-mm tetrahe-
drons using ANSYS 19.0 (ANSYS Inc., Canonsburg, PA,
USA). Finally, three dimensional meshes were composed
of 1,186,791 tetrahedral elements and 1,806,003 nodes
(Fig. 1a-b).

Design of the expanders

The design of the conventional hyrax expander model
was made as reported by Lee et al. [10]. The bone-
borne expander was connected by an expansion screw
(0.25 mm widening per turn) and stainless steel wires
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(diameter 1.0 mm), and supported by 4 miniscrews
(C-implants; Cimplant, Seoul, Korea; length 8.5 mm;
diameter 1.8 mm). Both of the appliances were placed
parallelly to the mid-palate in anterior-posterior direc-
tion, as close to the palate as possible. All the miniscrews
were placed at the palatal slopes, 8 mm beneath the alve-
olar ridge, from the first and second premolars (the ante-
rior part) to the first and second molars (the posterior
part) [18] (Fig. 1c—d).

Finite element simulation

In ANSYS 19.0 software, the mechanical properties of
the materials in the model were assigned according to
the previous studies, as shown in Table 1 [10, 12, 19].
The teeth, craniofacial bone, sutures, periodontal liga-
ment, mini-screws and expanders were considered to be
homogenous and isotropic. The thickness of the maxil-
lofacial sutures and periodontal ligament were 0.5 and
0.2 mm as previous studies shown, respectively [8, 10,
17]. The foramen magnum was completely fixed with-
out any freedom and used as the origin point. The 3D

70.00 (mm)

a 0.00 35.00
[ Ee— SS—

17.50 52.50

¥

second molars (the posterior part)

Fig. 1 Geometrical models of the craniofacial structures and rapid maxillary expanders of the patient with UCLP: a Construction of skull model
with sutures; b finite element meshes of the craniofacial structures in different sizes of tetrahedrons; ¢ C-RPE, the conventional tooth-borne rapid
maxillary expander (Hyrax expander); d B-RPE, bone-borne rapid palatal expander anchored by micro-implants (8.5 mm length, 1.8 mm diameter)
on the palatal slope, with the miniscrews 8 mm beneath the alveolar ridge, between the first and second premolars (the anterior part), the first and
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Table 1 Material properties

Material Young’s modulus  Poisson’s ratio
(MPa)
Alveolar bone and palate 13,700 030
Tooth 19,890 0.31
Periodontal ligament 50 049
Suture 10 049
Expander 190,000 033
Miniscrew 113,000 0.33

coordinates were X, transverse plane; Y, sagittal plane;
and Z, vertical plane, as suggested by previous studies[10,
17, 20]. Positive values indicate the cleft side, backward,
and upward displacements on the X, Y, and Z planes.
Expanders were activated transversely for 0.25 mm dis-
placement at the level of the expansion screws to simu-
late the clinical daily expansion [12, 20]. The expanders
were banded to the teeth or minicrews in both groups.
For FEA, displacements, von Mises stresses, and shear
stress in marked regions were performed and evaluated
(Fig. 2).

Results

Displacement of the palatal bone

The three dimensional displacements of the palatal ref-
erence points along the anterior, middle and posterior
edges were respectively shown in Table 2. The maximum
total displacement of palate was observed in the anterior
area, and presented decreasing pattern toward the pos-
terior on cleft and non-cleft sides. The B-RPE generated
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larger amount of deformation than the C-RPE in corre-
sponding palatal regions. In addition, the displacements
were generally greater on cleft side than non-cleft side
(Fig. 3a-b).

Transversally on the X axis, compared with C-RPE,
B-RPE presented an obviously greater displacement on
both the cleft and non-cleft sides. The transversal dispal-
cements were gradually decreased from the anterior to
the posterior, presenting a pyramidal expanding (Fig. 3c—
d). Sagittally on the Y axis, the forward displacements of
palate on cleft and non-cleft sides were obviously greater
in B-RPE than those in C-RPE. The both appliances gen-
erated greater forward displacements on cleft side than
non-cleft side, and the maximum value concentrated on
the anterior region on cleft sides (Fig. 3e—f). Vertically on
the Z axis, the bilateral palatal bone presented inferior
displacement in both groups along the anterior-posterior
axis, of which the amount was significantly increased in
B-RPE compared with the C-RPE (Fig. 4g—h).

Displacement of the teeth

The three dimensional displacements of the cusp tips of
pre-molars and molars were shown in Table 2. In con-
trast to C-RPE, the amount of the total displacement on
cleft side was generally greater than it on non-cleft side,
indicating an asymmetric movement of dental arch in the
B-RPE. Interestingly, compared with the C-RPE, B-RPE
occurred more remarkable displacement in the corre-
sponding teeth, and the maximum displacement concen-
trated on the first pre-molar on cleft side (Fig. 3a—b).

zygomatic bone

Fig. 2 Evaluating landmarks: A1, points of the most anterior region of palate and alveolar in cleft and non-cleft sides; A3, points of the most
posterior region of palate in cleft and non-cleft sides; A2, the middle points of A1-A3 line on the palatal ridge in cleft and non-cleft sides; B1-B4, the
buccal tips of the first and second pre-molars, and the mesiobuccal tips of the first and second molars in cleft and non-cleft sides; C, superior rim
of medial pterygoid plate; D, inferior rim of medial pterygoid plate; E, superior rim of lateral pterygoid plate; F, inferior rim of lateral pterygoid plate;
G, maxillary tuberosity; H, maxillary anterior border; |, inferior orbital rim of maxilla J, frontal process of maxilla; K, anterior nasal spine; L, superior rim
of nasal cavity M, inferior rim of nasal cavity; N, frontal process of zygomatic bone; O, temporal process of zygomatic bone; P, maxillary process of
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Fig. 3 Displacement patterns of palate and teeth in occlusal views. a-b the total displacement, c-d the transversal movement on X axis, e-f the
sagittal movement on Y axis, g-h the vertical movement on Z axis
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Fig. 4 Displacement patterns and stress distributions of periodontal ligaments around the bilateral first pre-molars and first molars. a, ¢ C-RPE, b,
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Transversally on the X axis, the B-RPE presented
greater expansion than C-RPE, and the maximum dis-
placement was occurred at the tip of first pre-molar on
cleft side. Moreover, at periodontal ligament level of the
first premolar and molar, the displacement in B-RPE
occurred more uniformly than it in C-RPE, indicating
less tooth effect generated by the bone-borne expander
(Figs. 3e-f and 4). Sagittally on the Y axis, both expand-
ers represented forward movement in all the teeth, but
with a gradual attenuation from the anterior to posterior
(Fig. 3e—f). Vertically on the Z axis, the teeth occurred
extrusion or intrusion irregularly (Fig. 3g—h).

Displacement of the craniofacial bone

The displacement in craniofacial structures was shown in
Table 3. Both appliances presented similar displacement
tendency, but the magnitudes were generally greater in
B-RPE than C-RPE. The maximum total displacement
presented in a feature that decreased gradually from the
dentoalveolar level upward to the skull level, passing
through the zygomatic process of frontal bone, zygo-
matic process of temporal bone, and frontal process of
the maxilla. In the both appliances, regions in cleft side

generally occurred greater displacement than the corre-
sponding regions in non-cleft side. Moreover, the bone-
borne expander generated far-reaching effects on the
lateral cranial vault. No significant displacements were
detected around the frontal bone and frontonasal suture
in both expanders (Fig. 5a—b).

Transversally on the X axis, the nasomaxillary com-
plex presented a pyramidal expansion with the base of
pyramid at the floor of the alveolar ridges and the apex
nearby the frontonasal suture. This results of B-RPE were
especially obvious. The maximum lateral movement was
occurred at the anterior alveolar ridge on cleft side in
B-RPE, and greater than that it in C-RPE (Fig. 5¢—d). For
the cleft and non-cleft segments of maxilla, the expand-
ing was enhanced in the anterior region from the occlusal
view in B-RPE. Moreover, the B-RPE caused enhanced
lateral bending of the medial and lateral pterygoid plates
articulated by the maxillary pterygoid sutures (Fig. 3c—
d). Sagittally on the Y axis, the forward displacement of
nasomaxillary complex was more remarkable around
the medial region in B-RPE than it in C-RPE. By con-
trast, in zygomatic arch area, B-RPE generated a larger
amount of backward displacement on cleft side than
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Fig. 5 Displacement patterns of craniofacial structures in frontal views. a-b the total displacement, c-d the transversal movement on X axis, e-f the
sagittal movement on Y axis, g-h the vertical movement on Z axis
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C-RPE (Figs. 3e—f and 5e-f). Vertically on the Z axis,
the maximum downward displacement was occurred
along the marginal areas of cleft palate in both expand-
ers. By contrast, the lateral zygomatic arch presented a

Table 4 Stress distributions (MPa) at the palatal and tooth

landmarks after activation of the device in the different models

Positions C-RPE

B-RPE

Cleft side Non-cleft

Cleft side Non-cleft side

side
Palatal landmarks
Anterior palate 0.2562 0.0047 0.0088 0.0164
(A1)
Middle palate  0.2176 0.0152 1.1956 0.0175
(A2)
Posterior pal-  0.0014 0.0012 0.0272 0.0125
ate (A3)
Dental landmarks
Cusp tip of 4 0.3461 0.2765 0.0009 0.0005
(B1)
Cusp tip of 5 0.0035 0.0012 0.0010 0.0006
(B2)
Cusp tip of 6 0.1978 0.5720 0.0042 0.0064
(B3)
Cusp tip of 7 0.0034 0.0059 0.0033 0.0089
(B4)
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remarkable upward displacement, and the maximum
value was detected on cleft side in B-RPE (Fig. 3g-h and
Fig. 5g-h).

Stress distribution

The higher stresses exerted from the expanders were
distributed in similar patterns around the buttress
and lateral borders of maxilla, the inferior and supe-
rior borders of nasal cavity, the lateral border of orbits,
and the transition regions of pterygoid plates (Tables 4
and 5; Fig. 6). For the maxillofacial bones, higher
stresses could be detected in B-RPE compared to those
in C-RPE in the corresponding regions (Fig. 6a-h).
The maximum stress was concentrated on the lingual
crown of anchorage teeth with a value of 72.571 MPa
in C-RPE, while it occurred at the implant insertion
site with a value of 33.962 MPa in B-RPE (Fig. 6i-1). In
addition, the expanding force exerted directly from the
palatal slope to the surrounding craniofacial structures
in B-RPE, whereas it was loaded by the teeth indirectly
in C-RPE. Higher stress in B-RPE also presented a far-
reaching feature by transmit stresses via frontomaxil-
lary and zygomaticofrontal sutures to frontal bone, and
via the zygomaticotemporal sutures to temporal bone
(Fig. 6a—f). Moreover, the concentrated stresses in the
pterygoid areas were posteriorly spread from sphe-
noid body to the lateral margin of foramen magnum

Table 5 Stress distributions (MPa) at the palatal and tooth landmarks after activation of the device in the different models

Positions Type A Type B

Cleft side Non-cleft side Cleft side Non-cleft side
Medial pterygoid
Superior (C) 0.1051 0.1411 0.1446 0.4484
Inferior(D) 2.7455 54822 9.4765 15.1840
Lateral pterygoid
Superior (E) 0.2582 0.2964 0.8974 1.5393
Inferior(F) 2.6852 4.3364 9.3405 14.2250
Maxilla
Maxillary tuberosity(G) 0.1028 0.1692 0.2693 03775
Anterolateral wall(H) 0.9878 1.0757 2.1953 1.9032
Inferior orbital rim(l) 0.1794 0.1265 0.3481 0.2525
Frontal process(J) 34256 27213 8.6443 56707
Anterior nasal spine(K) 0.4898 0.0055 0.0131 0.0104
Nasal cavity
Superior rim (L) 14574 0.7521 74482 2.7186
Inferior rim(M) 03133 03257 14511 0.5243
Zygomatic bone
Frontal process (N) 0.9418 1.0504 1.7545 3.2375
Temporal process(O) 04555 0.6365 0.5327 1.7492
Maxillary process(P) 03717 0.8453 1.0741 0.6540
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Fig. 6 Stress distributions of craniofacial structures. a, ¢, e frontal and lateral views in C-RPE, b, d, f frontal and lateral views in B-RPE, g occlusal view
in C-RPE, h occlusal view in B-RPE, i the non-cleft side of maxilla in C-RPE, j the non-cleft side of maxilla in B-RPE, k the cleft side of maxilla in C-RPE, |

in B-RPE, but the physical feature was minimal in
C-RPE (Fig. 6g—h). In C-RPE, among all the craniofa-
cial sutures, zygomaticofrontal sutures experienced the
highest stress, followed by pteryomaxillary sutures, and
the nasomaxillary suture was the minimal. However, in
B-RPE, pteryomaxillary sutures experienced the high-
est stress and the minimal stress was concentrated on
the zygomaticomaxillary sutures. Whether in C-RPE or
B-RPE, the magnitudes of concentrated stresses on dif-
ferent bony structures and sutures were greater on cleft

side than those on non-cleft side, especially in the pos-
terior area of skull (Table 6; Fig. 7a—b).

Disscusion

Patients with UCLP usually undergo surgery repair in the
early ages, but the postsurgical complications caused by
the scar tissue contractions surrounding the musculature
are various and common[2]. The most challenging issue
in patients with UCLP is the maxillary dysplasia, which
grows in a retracted and asymmetrical pattern. The
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Table 6 Stress distributions (MPa) at the craniofacial sutures after activation of the device in the different models

Positions Type A Type B
Cleft side Non-cleft side Cleft side Non-cleft side

Nasomaxillary sutures 0.1091 0.0992 0.4039 04107
Frontomaxillary sutures 0.2898 0.2941 0.7361 0.6765
Zygomaticomaxillary sutures 0.1764 0.1507 0.4026 0.3648
Zygomaticofrontal sutures 0.9044 0.6037 20310 1.5310
Zygomaticotemporal sutures 0.6008 03222 14347 08118
Pteryomaxillary sutures 0.6604 0.6280 29119 21126

Fig. 7 Stress distributions of craniofacial sutures. a C-RPE, b B-RPE.

conventional HYRAX expander (C-RPE) is an effective
treatment for the correction of transverse discrepancies,
which is routinely applied combining with the protrac-
tion of retracted maxilla in adolescence with UCLP[21].
However, Lucas Cardinal demonstrated that the C-RPE
could induce an average of 0.8 mm decrease in buccal
bone thickness, and a 0.5 mm increase in dehiscence[7].
Those tooth effect of C-RPE wound be enhanced in late
adolescence[3]. By contrast, the bone-borne palatal
expander (B-RPE) has been proved to be effective for
arch expansion in adolescent or adult patients without
CLP, which produces more skeletal expansion and less
buccal inclination of teeth[22, 23]. Moreover, unlike the
C-RPE, the alignment of dentition with brackets could
be carried out synchronously using B-RPE[2]. Never-
theless, a precise evaluation about the biomechanical
effects of bone anchoring expansion on late adolescence
with UCLP is rare at present. It is possible that the bio-
mechanical mechanism and effects of bone anchoring
expansion are particularly different due to the lack of
integrity of palate and the deformation of surrounding
anatomic structures[20]. This study is novel because it
is the first to evaluate and compare the biomechanical

effects of C-RPE and B-RPE on the whole craniofacial
structures in the late adolescence with UCLP.

Previous studies reported that the magnitude of force
generated by expansion device should be highly up to
120 N to activate the separation of palatal suture in nor-
mal population[24]. Since the palatal suture is missing
and the transversal stability of nasomaxillary complex
is reduced in patients with UCLP, the produced force
by expansion appliance is necessary to be attenuated.
Thus, Haofu Lee used 700-1100 g (Equivalent force: 6.86-
10.78 N) in their finite element study to simulate the
5 mm expansion of dental arch in a 7-year-old girl with
UCLP[20]. By conducting a comparative biomechanical
analysis of maxillary, Christof Holberg demonstrated that
an expansion force of 2 N was sufficient to induce the
skeletal effect on maxilla in patient with UCLP[24]. How-
ever, the differences in appliances, patient ages, matu-
rity of craniofacial sutures, shape and density of palate,
might cause various biomechanical results when apply-
ing different expansion force[10]. Hence, different from
previous studies, the expanders in present study were
activated transversely by 0.5 mm to simulate the clinical
daily expansion as in the non-cleft model[10].
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In this study, the expander was anchored by mini-
screws in palatal slope, which was different from the
non-cleft patient with the miniscrews symmetrically
inserted 3 mm to the midpalatal suture [11, 13]. In non-
cleft patients, the locations of miniscrews in B-RPE were
mostly distributed from the middle to posterior palate,
regions with decreased alveolar height and closing to the
midpalatal suture [13, 25]. However, in UCLP patients,
the horizontal area of palatal bone was deformed in
morphology and limited in the thickness around pos-
terior region, causing the result that the implantation
sites of minicrews were inconsistent among patients[26].
To ensure fixation, the four implants in this study were
inserted into the palatal slope, 8 mm beneath the alveo-
lar ridge as reported by Park, J. H. [19]. Jin-Young Choi
demonstrated that the B-RPE with anchor screws placed
at different heights below the cementoenamel junction,
wound generate significant changes in displacement and
stress distribution around paramedian area[8]. Because
of the asymmetrical palatal slopes in three-dimension,
four miniscrews were implanted in different verti-
cal and sagittal distances, and this individual expansion
device might reduce the transversal effect, but enhance
the vertical movement. Actually, in this UCLP model,
although the posterior palate on cleft side was down-
wardly deformed, the B-RPE could significantly enhance
the transverse to vertical effect ratio when compared
with the C-RPE (Cleft side: C-RPE=0.0698/0.0515
VS B-RPE=0.2085/0.1206. Non-cleft side:
C-RPE=0.0595/0.0401 VS B-RPE =0.1960/0.0906). This
individual design in B-RPE contributed to correct the
vertical deformation of the palatal fornix.

Compared with the C-RPE, B-RPE generated increased
skeletal expansion, which agreed with the previous stud-
ies in non-cleft patients[9, 27]. The anchoring rings on
the first molar experienced highest stress concentration,
which was nearly twice as greater as the maximum stress
concentrated on the implantation site. Moreover, in
C-RPE, the maximum expanding stress on the support-
ing molar was obviously greater on non-cleft side than
it on cleft side, while it was relatively equal between the
bilateral sides in B-RPE. By contrast, in non-cleft patient,
Hartono, N found that B-RPE resulted in higher stress
values (328.65 MPa) around the implantation sites than
the C-PRE on the anchoring teeth (17.732 MPa) [16]. Lee,
S. C demonstrated that the B-RPE, an operation assisted
with surgical separation along the midsagittal direction,
wound enhance the stresses in various structures, includ-
ing the mini-implants, the maxillofacial sutures and the
zygomatic arch [10]. Those alterations might be caused
by the diminished resistance to expansion for the absence
of palatal suture in non-cleft patient [10]. For the UCLP
patient, the palate was congenitally separated, and the
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expanding force could be transmitted more efficiently
to the surrounding craniofacial structures. Thus, the
stresses experienced on the pterygomaxillary, zygomaxil-
lary, and nasomaxillary buttresses were generally greater
than those in non-cleft patient [8, 27]. In this study,
using the late adolescence with UCLP, we directly loaded
the expanding force on the basal bone for the first time.
Our results indicated that the buccal alveolar in B-RPE
experienced less compressive force than it in C-RPE,
which was assistant to reduce the risk of bone fenestra-
tion and dehiscence [7, 21]. Previous studies showed that
the pterygomaxillary sutures offered primary anatomic
resistance to expansion in non-cleft patients, which could
be reduced by the LeFort I and paramedian osteotomies,
as well as the pterygomaxillary separation [5, 28]. In
UCLP patients applied with B-RPE, the expanding force
from anchoring miniscrews was dispersed posteriorly to
disarticulate the maxilla from the neighboring pterygoid
of sphenoid. Thus, miniscrew assisted non-surgical pala-
tal expansion was effective in adults [22]. Sutures play a
functional role in osteogenesis, including connection and
cushion. Oliveira CB demonstrated that the midpalatal
and circummaxillary sutures wound become more rigid
as aging progresses, which might be the reason of unsuc-
cessful expansion in late adolescence [29]. As for UCLP
patients, Wu previously established the three-dimen-
sional model of cranio-maxillary complex with sutures,
and validated the effectiveness using FEA [30]. In this
study, the zygomaticofrontal, zygomaticotemporal and
pteryomaxillary sutures experienced more stress than
other sutures when expanding with B-RPE. Seong Cheon
Lee [10] found that the expansion force from C-RPE was
mostly concentrated on the zygomaticomaxillary sutures,
which was significantly reduced when using B-RPE. On
the contrary, the stresses in frontomaxillary and fron-
tozygomatic sutures were obviously increased using
B-RPE, which cloud be furtherly enhanced when assisted
with mid-palatal suture osteotomy. Thus, stress distribut-
ing patterns on circum-maxillary sutures were obviously
different between the C-RPE and B-RPE, and the absent
of midpalatal suture might be the important contribution
to this discrepancy.

In this study, compared with the C-RPE, the palatoal-
volar and other craniofacial structures also indicated
considerable increase in dispalcement using the B-RPE,
especially around the regions of inferior maxilla, dental
arch and pterygoid plates of sphenoid bone. The maxi-
mum total displacement generated by B-RPE occurred in
the first pre-molar on cleft side, greater than it in C-RPE.
Nata‘lia Costa Veloso conducted a retrospective inves-
tigation basing on the analysis of CBCT images from
40 adolescences with UCLP, and the result indicated
that maxillary changes in C-RPE were restricted to the
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dentoalveolar region [18]. This result was consistent with
our finding. Actually, as reported by H.W. Moon in non-
cleft patients [13], the expansion of nasomaxillary com-
plex proceeded in V-shaped patterns in the horizontal
and vertical directions. In this study, whether on cleft or
non-cleft side, we also found that the amount of anterior
expansion of palate was larger than the posterior, and the
mount of inferior rim of nasal cavity was larger than the
superior rim. In addition, the displacement of frontona-
sal suture was minimal, which highly supported the clini-
cal conclusion of Moon, who suggested that the center of
resistance of the maxilla was at the midpoint of frontona-
sal suture [13]. In addition, unlike the non-cleft patients
in sagittal direction, the minor segment of the maxilla in
UCLP patients treated with RPE was commonly associ-
ated with mediolingual rotation. Thus, the vector of the
distraction was suggested to be oblique to the midpalatal
plane, which was beneficial for obtaining more advance-
ment in minor segment [20, 31]. Interestingly, in this
study, although the expander in B-RPE was not in an
oblique direction, the anterior displacement in dental
arch and palate on cleft side was significantly increased,
while the amount on non-cleft side was largely decreased
compared with the C-RPE, indicating the superiority
in the correction of unilateral maxillary dysplasia and
crossbite.

The biomechanical mechanism and effects of FEA are
highly dependent on the quality of the constructed mod-
els to simulate the real structure, which can be influenced
by the number of elements. In this study, a three dimen-
sional finite element model was consisted of 1,186,791
tetrahedral elements and 1,806,003 nodes, which was far
exceeding other relating studies [10, 18, 20]. However,
there were still several limitations in this study. First, only
one patient with UCLP was selected for model estab-
lishing, which was definitely insufficient to simulate the
variety of clinical deformations in craniofacial structures.
Second, when modeling, the trabecular and soft tissue
were not taken into consideration as previous studies [18,
20]. Actually, the simplified material properties of crani-
ofacial tissues were not homogeneous and elastic, which
wound influence the stimulating result of deformation
and equivalent von-mises stress. Third, the extent of the
cleft and availability of palatal bone wound definitely
influence the placement sites for bands or mini-screws.
Different positons of anchoring teeth on alveolar ridge
or mini-screws on palatal slope could result in different
outcomes in the transmission and dissipation of expand-
ing force. For feasibility considerations, we designed the
appliances according to the clinical situation of single
patient. Thus, the present results only made initial con-
clusions about the discrepancies between the C-RPE
and B-RPE. Last, since the expanders in our study were
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activated at 0.25 mm only (0.125 mm per side), the
deformity in the suture area might be limited. Further
investigations of force applications and creep strains over
longer time periods will be helpful to mimic the clinical
scenario. In the future, a comparison using the clinical
cases is necessary to furtherly identify the outcomes of
this study.

Conclusions

1. In late adolescence with UCLP, compared with the
conventional tooth-borne expander, bone-borne
maxillary expander transmits more transverse expan-
sion forces to surrounding craniofacial structures,
while the stresses in periodontal ligament and buccal
alveolar are significantly decreased, which is benefi-
cial to avoid the unexpectable alveolar fenestration.

2. Compared with the conventional tooth-borne
expander, bone-borne maxillary expander contains
more advantages in correcting the mediolingual
retraction of minor segment of maxilla, without over
displacement in the major segment. Bone-borne
maxillary expander is also helpful to correct the ver-
tical deformation of the palatal fornix in posterior
region.

3. Bone-borne maxillary expander can enhance the
skeletal expansion at the alveolar level and dimin-
ish the dental effect, which may serve as an effective
device for the nonsurgical treatment of transverse
maxillary deficiency in late adolescence with UCLP.
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