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ABSTRACT
Maxillary protraction and expansion is recommended to treat midfacial deficiency in patients
with cleft lip and palate (CLP), where amount and direction of forces can change displacement
and stress. This study assessed the initial displacement and stresses using Facemask and
Maxgym forces with and without RME at þ208, 08, and -208 angulation using a finite element
(FE) model of unilateral cleft lip and palate (UCCLP). The Initial displacement and stress were
more for protraction with expansion as compared to only protraction. Asymmetric displacement
was observed with more on cleft than on noncleft side and more on dental than skeletal struc-
tures. Palatal plane rotated less upward, increased arch width and decreased arch length was
observed with protraction with expansion.
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Introduction

Cleft lip and palate (CLP) is one of the most common
birth deformities which results from the failure of
fusion of the maxillary and palatine processes
(Cobourne 2004). Cleft can involve both lip and pal-
ate, either lip or palate. Based on the type and site of
involvement, it can be classified as complete or
incomplete, unilateral or bilateral.

Although primary CLP repair during infancy and
early childhood improves facial appearance and func-
tional development, it can cause midfacial growth
deficiency (Liao and Mars 2005). The midfacial dis-
crepancy can be treated by protraction and expansion.
Maxillary protraction appliances are used to correct
the sagittal discrepancies, and expansion appliances
are used to correct the transverse discrepancy. Studies
have shown that protraction with expansion has a
synergistic effect (Tindlund 1994; Dogan 2012).

Corrections achieved using facemask in patients
with UCCLP during early age may reduce the severity
of skeletal defect (Molsted and Dahl 1987; Tindlund
1994; Dogan 2012). Though skeletal correction is
desirable, protraction also brings about changes in
dental structures. Facemask (FM) is a conventional

maxillary protraction appliance used in individuals
with CLP (Molsted and Dahl 1987; Buschang et al.
1994; Kawakami et al. 2002; Dogan 2012). Maxgym
(MG) is a new protraction device designed to treat
midfacial deficiency using variable weights on a pulley
(Figure 1) (Patent application number: 2303/
CHE/2011).

The rapid maxillary expansion (RME) screw is
incorporated into the splint, which is cemented to the
first molars and premolars. FM is placed on the
patient, and the forehead pad and chin cap are
adjusted according to the patient’s face. The elastics
are worn from the crossbar to the hooks on the splint
between the premolars at different angles depending
on the needs. The MG is mounted on the wall, pref-
erably in the residence of the patient at a suitable pos-
ition depending on the height of the patient. The
handles help the patient to grip the MG comfortably
while doing this exercise. The patient is trained to
connect the free ends of the wire from the pulley of
the device to the hooks placed on the splint cemented
intraorally. The patient is asked to gently pull away
from MG at required directions which may be
upward, downward, and parallel. This principle of
pulling force on the maxillary structure is simple and
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mechanically sound enough to be used as a thera-
peutic procedure in the treatment of maxillary defi-
ciency. Once the patient is identified, the amount of
force and duration is standardized under the supervi-
sion of a trained orthodontist.

Several finite element method (FEM) studies have
been conducted to investigate the effect of maxillary
protraction forces on craniofacial structures in indi-
viduals with CLP (Yang et al. 2012; Chen et al. 2013,
2015; Zhang et al. 2015). Studies also indicated that
different directions and points of application of pro-
traction forces influence distribution of stress and dis-
placement pattern (Itoh et al. 1985; Hata et al. 1987;
Tanne and Sakuda 1991; Grandori et al. 1992; Keles
et al. 2002; Yepes et al. 2014). Parallel traction pro-
duced counterclockwise rotation of maxilla, and
downward pull reduces the rotation (Itoh et al. 1985;
Tanne and Sakuda 1991; Grandori et al. 1992). Force
vector parallel to the occlusal plane produced com-
pressive stresses in the bones around the maxillofacial
sutures, in addition to the tensile stresses in the max-
illary bone, which results in counterclockwise (CCW)
rotation of the maxilla and can be minimized by
more downward and anteriorly directed force
(Grandori et al. 1992).

Some researchers also reported protraction forces
above the occlusal plane maxillary advancement with
minimum rotation. Hata et al. (1987) recommended
to use protraction forces 5mm above the palatal plane
to avoid rotation of the maxilla. However, in deep
bite cases, protraction forces can be kept at the level
of maxillary arch to open the bite. Keles et al. (2002)

reported that maxilla advanced forward with a coun-
terclockwise rotation for force vector at �30� to the
occlusal plane whereas the force applied 20mm above
the maxillary occlusal plane brings about translatory
movement of the maxilla.

The FM uses anchorage from the forehead and
chin, whereas the MG is anchored to the wall.
Although the site of anchorage was different for the
MG and FM, the point of application of force on the
splint was the same. The advantages of MG over FM
are patient’s compliance and lesser duration of wear.
The aim of this study was to simulate FM and MG
forces with and without expansion in a UCCLP
model to analyze stress and displacement of craniofa-
cial structures at þ20�, 0�, and �20� to the occlusal
plane using finite element analysis (FEA).

Materials and methods

After ethical clearance was obtained from the ethics
committee of our university (YUEC 2017/310), the
model used for the construction of FE model was
generated from computed tomography (CT) images
of the skull, obtained with bright speed 16/Helical
multislice, GE Healthcare. The specifications of
machine are as follows: 0.625 slice thickness,
0.35� 0.35� 0.35mm3 isotropic voxel size, 120 kV,
300mA, 512� 512 matrix, FOV (head type), scan
time: 20 s, exposure time: 21.3 s. The CT images were
exported as uncompressed Digital Imaging and
Communications in Medicine (DICOM) files.

Figure 1. Maxgym A. Labeled model B. Patient using mounted Maxgym.
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DICOM files were obtained from the CT scan of a
patient with unilateral cleft lip and palate (UCCLP) on
the left side and were imported into MimicsVR software
version 18 (Materialise NV, Leuven, Belgium) for con-
struction of FE model. FE model was generated from a
geometric model consisting of 49,807 nodes and
185,620 tetrahedral shaped elements (Figure 2). Mesh
dependency check was carried out for validation of the
model, which showed that optimum mesh sizes had
been used. Displacement identified by using these mesh
sizes showed variations of less than 1%. Numerical val-
idation of model was then carried out with data from
previous studies (Yang et al. 2012; Chen et al. 2013;
Zhang et al. 2015). The mechanical properties of the
cortical bone, cancellous bone, and teeth in the model
were defined based on the data from previous studies
(Table 1) (Yu et al. 2007; Gautam et al. 2009; Yang et al.
2012; Chen et al. 2013, 2015; Zhang et al. 2015; Eom
et al. 2018). Materials in the analysis were assumed to
be linearly elastic and isotropic.

Zero-displacement boundary conditions were desig-
nated on the suitable outer extremities of the model
so as to facilitate analysis of changes which happens
within the craniofacial structures. The boundary con-
ditions were designated on the suitable outer extrem-
ities of the model so as to facilitate analysis of changes
which happens within the craniofacial structures.
Since this is a model of UCCLP, the cleft divides the
maxilla into unequal parts, and the resultant stress
and displacement can be studied more accurately.

Hence, FEA allows us to study the effects of pro-
traction forces with and without expansion and in dif-
ferent directions where the properties of tooth, bone,
etc. can also be changed. Therefore, one model was
sufficient to simulate different clinical situations.

The MG philosophy is to use higher forces for a
shorter time. It was designed to deliver higher forces as
compared to FM, which was to be worn for a longer
time. The range of forces used in this study was from
published literature. The higher forces simulated MG
and lower forces simulated FM (Tanne et al. 1989;
Grandori et al. 1992; Keles et al. 2002; Vaughn et al.
2005; Tortop et al. 2007; Proffit et al. 2013). In this study,
FM was represented with light protraction force of 600 g
(300 g per side), and MG was represented with heavy
protraction force of 1200 g (600 g per side). Holberg et al.
(2007) reported that the use of an RME appliance with

Figure 2. Different views of FE Model with defined boundary condition and marker nodes representing the dental and skeletal
structure; different views: A. Frontal, B. Occlusal, C. Right buccal, and D. Left buccal.

Table 1. Young’s modulus and Poisson’s ratio.
Young’s modulus (kg/mm2) Poisson’s ratio

Cancellous bone 1.3� 103 0.3
Compact bone 7.9� 103 0.3
Tooth 2.0� 104 0.3

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 3



heavy forces is not required for cleft patients, and ortho-
dontic force of 5N or less is sufficient to bring about
skeletal expansion. Simulated forces for RME used in the
current study were E¼ 500 g per side, which were
selected based on previous study (Mathew et al. 2016).

FM and MG protraction forces were applied from
the middle of the clinical crown on the buccal side of
the first premolars at þ20�, 0�, and �20� to the
occlusal plane. The RME forces were divided as fol-
lows: 50% on the premolar region and 50% on the
molar region (Figure 2). The RME force was applied
to the middle of the crown length on the palatal side
of the first premolars and the first molars.

The distribution of stress and displacement of the
craniofacial structures was assessed using 23 marker
nodes out of which 14 were dental structures and nine
were skeletal structures. The dental marker nodes to be
analyzed were located on cleft (C) and noncleft (NC)
sides of molar cusps (n¼ 2), molar root apices (n¼ 2),
premolar cusps (n¼ 2), premolar root apices (n¼ 2),
canine cusp tips (n¼ 2), C¼central incisor (n¼ 2), and
central incisor root apices (n¼ 2). The skeletal nodes

were located on ANS (n¼ 1), PNS (n¼ 1), point A
(n¼ 1), subnasale (n¼ 1), nasal bone (n¼ 1), orbits
(n¼ 2), and zygoma (n¼ 2).

The pattern of initial displacement and distribution
of von Mises stresses were analyzed in the UCCLP
model by simulating twelve clinical situations consist-
ing of the following: 1. protraction only (1. F, þ20�;
2. F, 0�; 3. F, �20�; 4. M, þ20�; 5. M, 0�; 6. M, �20�)
and 2. combinations of protraction and expansion (7.
F, E, þ20�; 8. F, E, 0�; 9. F, E, �20�; 10. M, E, þ20�;
11. M, E, 0�; 12. M, E, �20�).

Changes in intercanine width (ICW), intermolar
width (IMW), and palatal plane length (PPL) were
calculated using distance formula [d ¼ � (x2�x1)

2 þ
(y2�y1)

2] to assess net change in the linear distance
by calculating displacement along three axes at two
points A (x1, y1) and B (x2, y2).

Results

The analysis was carried out using ANSYS software
(ANSYS 19; Inc., Canonsburg, PA). The results were

Figure 3. Initial displacement of craniofacial structures with only facemask forces.
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obtained in a band with different colors, indicating
various levels of stress and initial displacement. The
red color indicated structures with the highest and
blue color indicated the structure with the lowest
stress or initial displacement (Figures 3–10). The dir-
ectional analysis was used for the presentation of
results. Values were recorded in all three co-ordinate
axes which were defined as X-axis (transverse), Y-axis
(sagittal), and Z-axis (vertical) (Tables 2–5). Initial
displacement along different axes can be interpreted
as follows. X-axis: Negative and positive values have
different interpretations on the right and left sides.
Right side (noncleft side): Positive value indicated
medial movement (M) and a negative value indicated
lateral movement (L). Left side (cleft side): Negative
value indicated medial movement (M) and a positive
value indicated lateral movement (L). The movements
of midline structures along X-axis were denoted by
right (Rt) and left (Lt) side movement for negative
and positive values. Y-axis: Negative value indicated
forward movement (F) and the positive value indi-
cated backward movement (B). Z-axis: Negative value

indicated downward movement (D) and a positive
value indicated upward movement (U).

Analysis of initial displacement in transverse
direction (X-axis)

The displacement of craniofacial structures in the
transverse direction was more with protraction and
expansion as compared to only protraction (Tables
2–5) (Figures 3, 5, 7, and 9). Dental structures dis-
placed more as compared to skeletal structures, and
displacement of structures on the cleft side was more
as compared to noncleft side. All skeletal structures
displaced laterally (expansion) except for right zygoma
which moved medially during protraction with and
without expansion. For protraction-only forces, þ20�

produced greater initial displacement as compared to
0�, or �20�. The displacement had a minimal variation
for protraction with expansion irrespective of the angu-
lation of force application. Intercanine width (ICW),
which represents anterior expansion, and intermolar
width (IMW), which represents posterior expansion,

Figure 4. Distribution of stress on craniofacial structures with only facemask forces.
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were increased in protraction with expansion forces as
compared to protraction-only forces (Figure 11).
Expansion in the anterior region was slightly more as
compared to expansion in the posterior region for pro-
traction with expansion forces (Figure 11). MG pro-
duced greater transverse initial displacement than FM
with and without expansion.

Analysis of initial displacement in sagittal
direction (Y-axis)

The displacement of craniofacial structures in sagittal
direction was more with protraction and expansion as
compared to protraction only (Tables 2–5) (Figures 3,
5, 7, and 9). Dental structures displaced more as com-
pared to skeletal structures, and initial displacement
of structures on the cleft side was more as compared
to noncleft side. MG produced greater sagittal dis-
placement than FM with and without expansion. All
skeletal nodes displaced forward except for orbit
which displaced backward during protraction with
and without expansion (Tables 2–5) (Figures 3, 5, 7,

and 9). Along Y-axis, the protraction forces at þ20�

produced more initial displacement both with and
without expansion as compared to 0�, and �20�. The
length of the palatal plane (PP), which is formed by a
line joining ANS and PNS, increased more with only
protraction forces as compared to protraction with
expansion forces (Figure 12). The MG with and with-
out expansion produced greater sagittal displacement
than the FM.

Analysis of initial displacement in the vertical
direction (Z-axis)

All skeletal nodes displaced upward except for right
zygoma, central incisor crown, and subnasale which
moved downward during protraction with and without
expansion (Tables 2–5) (Figures 3, 5, 7, and 9). Dental
structures displaced more than skeletal structures and
dental structures. Cleft side produced greater initial dis-
placement as compared to the noncleft side. The pro-
traction forces at þ20� produced more initial
displacement as compared to 0�, and�20�.

Figure 5. Initial displacement of craniofacial structures with only Maxgym forces.
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ANS moved upward in all angulations for both MG
and FM forces with and without expansion (Figure
13). PNS moved upward for þ20�, 0�, and downward
for �20� for only protraction forces. However, PNS
moved more upward in protraction with expansion
forces as compared to protraction-only forces. CCW
rotation of maxilla was observed less with protraction
with expansion as compared to the only protraction.
MG produced greater sagittal initial displacement than
FM with and without expansion.

Von Mises stresses

Von Mises stresses were represented by SEQV (Tables
2–5) (Figures 4, 6, 8, and 10). A positive value indicated
tensile stress and a negative value indicated compressive
stress. With and without expansion, protraction forces at
þ208 produced the highest stress on all the structures fol-
lowed by �208 and 08. Higher stresses were recorded for
protraction with expansion as compared to protraction-
only forces. In the skeletal structures, higher von Mises
stress was observed in zygoma, followed by orbit, PNS,

ANS, point A, and subnasale. In dental structures, higher
stresses were observed on the noncleft side as compared to
the cleft side. Stress generated on root apices was more
than cusp tips and incisal edges.

Discussion

Maxillary deficiency in individuals with CLP due to sur-
gical repair can be corrected with protraction with and
without expansion. RME facilitates the correction of a
mild midfacial deficiency by the forward displacement
of the maxilla. Turley (1988) stated that palatal expan-
sion disarticulates the maxilla and initiates cellular
responses in these circummaxillary sutures allowing a
more positive reaction to protraction forces. In this
study, initial displacement of various craniofacial struc-
tures was considerably more during application of pro-
traction with expansion forces as compared to
protraction-only force (Tables 2–5). It was similar to
results reported by several FEM studies (Gautam et al.
2009; Zhang et al. 2015).

Figure 6. Distribution of stress on craniofacial structures with only Maxgym forces.
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Chen et al. (2013) reported asymmetric protraction
of maxilla in individuals with UCCLP when symmetric
protraction forces are simulated. He iterated forces to
achieve symmetric protraction which is advantageous
and required in individuals with UCCLP (Chen et al.
2015). Yang et al. (2012) compared biomechanical
effects of cleft types (UCCLP/BCCLP), protraction types
(FM with RME and FM with miniplate), and models
with and without alveolar bone grafting (ABG)
using FEA. UCCLP model before ABG produced an
asymmetric pattern of stress and initial displacement,
which tended to be more symmetric after ABG (Yang
et al. 2012). This study has also shown an asymmetric
pattern of displacement on the cleft and noncleft sides
of UCCLP when symmetrical protraction and expan-
sion forces are applied (Tables 3 and 5).

Effect of amount of protraction forces on initial
displacement

The optimal force in maxillary protraction therapy can
be defined as the lowest force with the least duration that

produced the greatest skeletal movement, and least den-
tal movement counterclockwise (Yepes et al. 2014). A
systematic review reported by him concluded that 300 g
to 400 g per side is an optimal protraction force to bring
about skeletal changes without causing any detrimental
effects to the biological structures. Although heavy pro-
traction forces simulated in an experimental model were
of 500 g to 800 g, no conclusive data is available on the
effects of heavy forces on craniofacial structures. In this
study, the amount of initial displacement and distribu-
tion of stresses using MG protraction forces were kept at
higher range as compared to FM protraction forces.

Effect of direction of protraction forces on
palatal plane

During all loading conditions, ANS displaced more
than PNS in the vertical direction, resulting in CCW
of the palatal plane (Figure 13). The CCW rotation of
palatal plane can be due to the differential movement
of ANS and PNS and was observed in both, only pro-
traction and protraction with expansion forces, which

Figure 7. Initial displacement of craniofacial structures with facemask and expansion.
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is similar to the results obtained with earlier studies
(Yan et al. 2013; Moon et al. 2015). The downward
movement of PNS was noticed to only protraction
forces at �208 (Tables 2 and 3), and PNS moved
upward when protraction supplemented with expan-
sion (Tables 4 and 5). However, the displacement of
PNS observed in both situations was very minimal as
compared to the displacement of ANS. It was also
observed that ANS moved less upward for simulation
of protraction with expansion as compared to only
protraction forces. Hence, counterclockwise rotation
of the palatal plane was less for the simulation of pro-
traction with expansion as compared to only protrac-
tion force.

The craniomaxillary complex displaced forward
with a counterclockwise rotation, and the rotation
degree decreased gradually with the increase of the
angle between the force vector and occlusal plane
(Yan et al. 2013). Similar results were also reported
by Moon et al. 2015, where CCW rotation reduced
with increased downward angulation between the

force vector and occlusal plane from 08 to 458. The
maxillary displacement which was almost translatory
or mild CCW at �308 became CW at �458. At �308,
the maxilla rotated in CCW to only protraction force,
and the displacement became more translatory, when
protraction along with expansion was simulated. The
peak rotational amplitude and maximum protraction
were observed at �108 (Zhang et al. 2015).

Tanne et al. (1989) reported that þ458 to þ308 to
the occlusal plane can produce most translatory repo-
sitioning of the craniofacial complex whereas �308

downward force induced more uniform stress distri-
bution to the craniofacial complex which is in accord-
ance with our study.

Protraction with expansion, brought about increase
in the width of the dental arch, increased consider-
ably. The dental arch on the cleft side expanded more
than on the noncleft side. This differential pattern of
expansion would be suitable for patients with
UCCLP. It has also been found in this study that the
displacement of the dental arch increased gradually

Figure 8. Distribution of stress on craniofacial structures with facemask and expansion.
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from posterior to anterior for the same degree of pro-
traction (Figure 11).

Posterior movement of orbit for maxillary protrac-
tion therapy was unexpected and unexplained find-
ings of this analysis and in contrary to the results
reported by many researchers (Yang et al. 2012; Chen
et al. 2013, 2015; Eom et al. 2018). The backward
movement of orbit may be due to CCW movement of
a palatal plane, resulting in tipping of maxilla supero-
posteriorly leading to a backward shift of orbit as it is
superiorly placed.

Distribution of stress on craniofacial structures

In this study, the stresses generated on various cra-
niofacial structures were evaluated using FE analysis.
The structures articulated with other bones exhibited
more stress than the structures on the extremities.
Stress at the noncleft side is more as compared to
that at the cleft side.

Limitation

The study has been carried out on virtual models,
and it is based on a certain assumption. Although the
results from this study give insight into the pattern of
initial displacement and stress distribution during
maxillary protraction using variable forces and direc-
tion, the real treatment outcome might vary due to
the biological constraint.

Due to the limitations with the computational
facility, only a part of the full skull was modeled.
Hence, nodes around the foramen magnum and/or
nodes located on the frontal and/or parietal bone are
not fixed in this study. However, extreme ends of the
FE model were fixed to produce a comparable effect
for both treatment methods. In this study, a major
focus was to compare the effectiveness of two treat-
ment methods by analyzing the distribution of
stresses and initial displacement generated in the
vicinity of cleft, which is asymmetric. In order to
standardize the application of fixed support, the

Figure 9. Initial displacement of craniofacial structures with Maxgym and expansion.
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comparison was made by maintaining the same loca-
tion of boundary condition for both methods.

Conclusions

This study was conducted to investigate the effect of
forces and angulations during application of two max-
illary protraction forces (FM and MG) on the cranio-
facial structures in individuals with UCCLP with and
without expansion.

The following conclusions are drawn from
this study:

1. þ208 protraction force produced maximum initial
displacement in all the three X, Y, Z planes as
compared to 0� or �20�.

2. In the transverse plane, protraction with expan-
sion produced considerably more displacement

than protraction only. The expansion in the
anterior region was more as compared to expan-
sion in the posterior region.

3. In the sagittal plane, the length of PP increased
more with protraction only as compared to pro-
traction with expansion.

4. In the vertical plane, CCW rotation of the max-
illa occurred in all the instances. Protraction
with expansion reduced upward displacement
of ANS.

5. The craniofacial structures which are articulated
with other bones exhibited more stress than the
craniofacial structures on the extremities. þ208

protraction produced more stress followed by
�208 and 08.

6. For all the situations, The MG produced greater
initial displacement and stress as compared
to FM.

Figure 10. Distribution of stress on craniofacial structures for Maxgym and expansion.
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Figure 11. Graph showing change in ICW and IMW for FM and MG therapy with and without expansion. Abbreviations used:
ICW: intercanine width, IMW: intermolar width, FM (F): facemask, MG (M): Maxgym.

Figure 12. Graph showing change in PPL for protraction forces using FM and MG at þ20?, 0?, and �20? Palatal plane is the
distance between the ANS and PNS. Abbreviations used: P: protraction, F: facemask, M: Maxgym, E: expansion, PPL: palatal plane
length, ANS: anterior nasal spine, and PNS: posterior nasal spine.

Figure 13. Graph showing inclination of PP for FM and MG forces at þ208, 0?8, and �20?8 Palatal plane is the distance between
the ANS and the PNS. Abbreviations used: FM (F): facemask, MG (M): Maxgym, E2 (E): rapid maxillary expansion, PP: palatal plane,
ANS: anterior nasal spine, and PNS: posterior nasal spine.
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