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Purpose: The use of braces is one of the conservative treatment approaches recommended for scoliotic subjects. However, the main
question posted here is how to improve the efficiency of braces to control the scoliotic curve or to decrease its progression. The aim of
this study was to evaluate the efficiency of various boundary conditions (endpoint control) of brace on the correction of scoliotic curves.
Method: CT scan images of a scoliotic subject, with double lumbar and thoracic curves, was used to produce 3d model of spine. The
correction of spine (decrease in scoliotic curves) was determined following the use of transverse (lateral-to-medial direction) and the
combination of transverse and vertical (upward-directed force, traction) forces on spine in Abaqus software. The effects of pelvic fixation
(pelvic basket of a brace) on both sides (basket enclosed pelvic in both sides), on one side (basket enclosed the pelvis in only one side),
and fixation of lumbar (part of the brace encircled the lumbar area) were evaluated in this study. Results: The results of this study showed
that the effect of vertical forces (traction) was more than that of transverse force. Moreover, the combination of vertical and transverse
forces on lumbar and thoracic curves correction was more than that of other conditions (only transverse forces). The best correction was
achieved with lumbar fixation and with combination of vertical and transverse forces. Conclusions: The use the combination of vertical
and transverse forces may be suggested to correct the scoliotic curve. Moreover, the efficiency of lumbar fixation in frontal plane seems
to be more than pelvic fixation to correct scoliotic curve. The outputs of this study can be used to design new braces for scoliotic sub-
jects.
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1. Introduction

Scoliosis is defined as lateral curvature of the spine,
associated with a change in the alignment of vertebras
in sagittal, frontal and transverse planes [28]. The inci-
dence of scoliosis deformity varies between 2 and
13.6%. Although the etiology of this disorder is not
well-understood, some factors regarding the etiology of
scoliosis have been mentioned. Some reasons such as
genetics, growth hormonal dysfunction and bone min-
eral density change, abnormality in body part tissue

(vertebral bone, and supportive ligaments), abnormal
platelet calmodulin levels, biomechanical factors and
central nervous system abnormalities influence the inci-
dence of this disorder [1].

Based on the age of the subject, severity of the
curve and the progression rate of the curve, various
treatment approaches have being used for scoliotic
subjects, including conservative treatment and surgery
[11], [13]. The main conservative treatment used for this
group of the subjects are use of braces (which is mostly
used for juvenile and adolescent idiopathic scoliosis with
a curve between 25–45 degrees), physical therapy
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exercise (physiotherapeutic scoliosis specific exercise,
mobilization technique and manual therapy), and
Youg [15], [19]. Some braces, such as Milwaukee
brace, Boston, Rosenberger, Wilmington, Providence,
Charleston bending brace, Cheneau and Lyon braces,
are some of the common used braces in this regard.
Bracing can be classified into night time bracing, soft
bracing, part time rigid bracing and full time rigid
bracing [19]. The efficiency of these braces depends on
the severity of the curve, type of the curve, location of
the curve and also on time and duration of brace usage
[4]. Based on the results of available studies, braces are
mostly priscripted for scoliotic curve between 25 and
45 degrees [4], [19]. They may control the progression
of the curve, but may not be able to influence the natu-
ral history of the curve significantly.

The design of the available braces is based on the
application of transverse (lateral to medial), vertical
(traction), and the combination of both vertical and
transverse forces, which are applied mostly at the apex
of the curve [12]. In some designs of the braces, such as
in Milwaukee, the end points of the spine (pelvis and
cervical) are immobilized by pelvic basket and cervical
ring [5]. In contrast, in Cheneau brace, depending on
the design, both or just one part of the pelvis should be
immobilized [23]. Based on the available literature it is
not possible to determine the correctability of the curve
immediately following the use of the braces without
follow-up (although it has been mentioned that the
initial in-brace correction should be between 30–50%
of the initial curve) [5], [19]. Moreover, it is not possi-
ble to check the correction, which can be achieved by
the use of various braces and with various force con-
figurations for each subject, immediately.

It should be noted that the main aim of using brace
is to decrease the progression of the curve during
growth period [11], [23]. Therefore, scoliotic subjects
should use their braces for a long period of time [2].
Restriction of spinal motion, extra force applied on
trunk and the problems associated with brace wearing
are some of the main issues associated with brace use
[6], [24]. Moreover, the efficiency of the brace seems
to be controversial [5]. After a long period of time, the
curves may be unchanged or may increase signifi-
cantly (by surgically more than 5 degrees), and should
be stabilized. Therefore, it is very important to have
an approach to check the effects of various designs of
braces and force configurations. The outputs of this
approach can be used to improve the design of the
available braces, and to have an effective approach to
control the progression of the curve which finally
improves the quality of the life of the scoliotic sub-
jects and reduce the costs.

The use of finite element analysis is one of the
methods recommended in this regard. Biomechanics
used this method in 1972 to evaluate the mechanical
properties of bones. However, Wynasly and Schulf
used it to determine the correction achieved by active
muscle force and passive brace structure in the subject
with mid right thoracic scoliosis [14], [27]. The stud-
ies on FEA of spine nowadays available can be cate-
gorized into studies on the use of FEA on etiology of
AIS, on brace treatment for the moderate deformities,
the instrumentation treatment for sever deformities
and the use of FEA to increase the sensitivity studies
on FEA [27].

There are some studies on feasibility of the use of
FEA to determine correction achieved follow the use
of FEA [16], [22]. Based on the results of these stud-
ies, it can be stated that FEA is a feasible method to
determine the correction which can be achieved fol-
low the use of braces. There was a good agreement
between the output of FEA and clinical outputs. How-
ever, most of these studies were carried out based on
Boston brace [16]. Furthermore, the 3D model of the
spine was produced based on X-ray images of spine
and the assigned material properties obtained from
cadaveric studies [27], [10].

Locations and the forces of the straps were the
other parameters evaluated in the studies of FEA of
spine [21]. Although most of these studies were done
on Boston brace, the outputs showed that high tho-
racic pad reduces more efficiently both lumbar and
thoracic scoliosis curves.

It should be emphasized that FEA consists of sev-
eral steps including producing geometry of spine
based on CT scan or X-ray images, assigning appro-
priate materials based on density of the element, me-
chanical properties, validation of the model, and
stimulation of the final model [18]. Therefore, the final
accuracy of the model and its feasibility to predict the
output of treatment depends on the methods selected
for doing of aforementioned stages. There are some
issues associated with the available studies on use of
FEA in the research related to scoliosis of spine. Most
of the studies were from the models developed based
on X-ray images. The validity of the models was not
evaluated. Moreover, the material properties were
based on the literature and from the data obtained
from cadaveric studies. Last but not least was that the
available studies was too limited and mostly focused
on Boston brace.

Nowadays, there are lots of variation in the de-
signs of new developed brace such as Cheneau, and
Gensingen braces. The end point of these braces encir-
cles the pelvic in one side or both sides. Moreover, the
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pattern of applying corrective forces varies significantly
[19], [23]. There is no doubt that FEA can be used to
predict the output of treatment with brace and also to
evaluate the efficiency of various designs of braces and
force configurations. However, due to limited number of
studies there are some gaps which should be considered
in the future studies which include:
1) lack of evidences on the effects of various force con-

figurations (transverse, vertical or combination of
both) and magnitudes on scoliotic curve correction,

2) lack of the effects of various endpoint control (half
pelvic control or full pelvic control) in the design
of the braces on scoliotic curve correction,

3) lack of the evidences on the efficiency of the com-
binations of force configurations  and end point
control on scoliotic curve corrections.
Therefore, the aim of this study was to evaluate

the effects of various end point controls on scoliotic
curve correction. The main hypothesis associated with
this study was that use of various force configurations
and end point controls influence the magnitude of sco-
liotic curve correction following the use of a brace.

2. Materials and methods

CT scan images of a scoliotic girl with age, weight
and height of 12 year, 45 kg, and 1.62 m, respectively,
were used in this case study. An ethical approval was
obtained from Shiraz University of Medical Sciences
ethical committee. The Cobb angles of scoliotic curve
were 21 and 44.5 degrees in lumbar and thoracic, re-
spectively. The subject had a right thoracic (44.5 de-
grees) and left lumbar (21 degrees) curves.

The effects of various boundary conditions (half or
full pelvic basket) and the combination of various
forces (transverse, vertical and combination of both)
were evaluated in this study. This was done using
Abaqus, and Mimics softwares.

Procedure

The computed scan images (CT-scan) of spine
were used to create a 3D model. The images can be
described as: The 2D parallel planes from the three
(sagittal, coronal and axial) views of the spine with
512 × 512 pixel in a DICOM format (digital imaging
and communication in medicine) [25]. Nowadays, CT
scan images are a pixel maps of the linear X-ray at-
tenuation coefficient of tissue. Mimics software (Ma-
terialize Interactive Medical Image Control system,
version 19 for research, produced by Materialize
Company, Belgium) was used to create 3D model of

spine, based on CT scan images thorough the follow-
ing steps:
1) thershoulding based on Hounsfield unit,
2) the use of region growing process to split the seg-

mentation into separate parts (vertebras and disks),
3) creating 3D models based on generated region

mask,
4) using remesh option to convert the files compati-

ble with 3 Matic software.
It should be emphasized that the procedure was done
separately for bone and disks.

Surface mesh was exported from Mimics software
to 3 Matic software (version 19 for research). This
software provides this capacity to change the format
of mesh and to optimize it. The optimization of mesh
was based on the ratio of side length to minimum side
length of a triangle element (which should be no
longer than 10), its minimum interior triangle (should
be more than 20) and maximum interior angle (should
be less than 120). The following steps were done to
remesh the models:
1) the removal of sharp triangles,
2) the reduction of the outer surface details,
3) the reduction of  total number of triangles,
4) optimizing triangular shapes and create a uniform

mesh,
5) reduction of  small triangles,
6) volumetric mesh.

The volumetric mesh of each components includ-
ing bones (sacrum, iliac, sternum, vertebras and ribs)
and disks were merged to produce a 3D meshed
model of total spine. The final part was exported to
Mimics software to assign the material properties.

Although in most of available studies on FEA of
spine the material properties were obtained based
on the literature data, in this study it was done based on
outputs of Mimics software. Due to the use of this
software it was possible to assign different material
properties of bone and disks. The material properties
of various parts of bones and disks were calculated
based on the number of pixel in CT scan images.
Mimics software defines a number of sampling points
within each element and interpolates the gray level
related to coordinate from the original CT scan. Based
on various studies, gray level is proportional to appar-
ent bone density. Based on this approach Young’s
modulus of elasticity was determined on a basis of
density. The following equations were used to calculate
the bone density and Young’s modulus of elasticity
from gray level [26].

ρ = –13.4 ± 1017 GV, (1)

E = –388.8 +5925ρ, (2)
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where E is Young’s modulus of elasticity, ρ is appear-
ance bone density and GV is gray value [26]. The
material properties were determined and assigned to
the model. The final model was exported to Abaqus
for FEA analysis. In Figure 1 the model developed in
this research is shown.

Boundary conditions and force assignment

The pelvic (including sacrum and iliac bones in
both right and left sides) (boundary condition 1), in
one side (boundary condition 2) and lumbar vertebra
(boundary condition 3) were selected in Abaqus soft-
ware. Various force configurations and magnitudes
were used in this study. In Figure 2, the model ex-
ported to Abaqus software with force and boundary
conditions assignment is shown.

As it was already mentioned, the forces were ap-
plied on transverse and vertical planes. The magni-
tude of the forces, which in clinical situations are
applied on the spine through the straps of the brace
or brace structure, were determined based on the
available studies. The magnitude of the forces ap-
plied on the spine varied between 0 and 100 N [16],
[20], [22]. In Table 1 the various configurations of
boundary conditions and forces used in this study are
summarized.

The stress developed in the spine, and magnitude
of the deformation was obtained from Abaqus soft-
ware. Moreover, the correction of the scoliotic curves
(lumbar and thoracic) was determined for each condi-
tion. It should be emphasized that the magnitude of
correction achieved by various conditions was deter-

mined based on Cobb angle. However, the final re-
sults was reported based on the percentage of final
correction achieved. In Figure 2 the location of the
boundary conditions and the forces applied on the
spine is shown.

Fig. 2. The exported model in Abaqus with assigned force
and boundary conditions

Fig. 1. The model developed based on CT scan images of the subjects:
(a) 3D model, (b) model with remesh, (c) with material assigned
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Optimization of the model: The optimization of
the model was done based on three approaches in-
cluding [10]:
1) comparison of the mechanical properties of spine

structures of the model with available data from
the literature,

2) comparison of the range of motion of the spine
follow the forces applied on the spine with data
available from the literature.

3) comparison of the scoliotic angles of the spine in
FEA software with the angles obtained from CT
scan images.
In order to evaluate the range of motion of total

spine with ribs the following moment and force were
applied on the spine [17].
• Bending force: 1.32N, applied on T1,
• Lateral bending force: 1.32 N, applied on T1,
• Rotational force: 1.65 Nm with 24 N compressive

force.
Although it was a case study, the difference be-

tween the percentages of correction obtained in various
boundary conditions was evaluated by the use of two-
sample t-test. Shapiro–Wilk test was used to check the
normal distribution of the data.

3. Results

The evaluation of the results of optimization model

The bone mineral density and Young’s modulus of
elasticity are summarized in Table 2. As can be seen
from this Table, the Young’s modulus of elasticity
varied between 1.6 and 7.29 GPa for bone and be-
tween 0.334–0.936 GPa for intervertebral disk. The
ranges of motion of the spine following the application
of the aforementioned forces are shown in Table 3. The
Cobb angle of lumbar curve based on CT scan images
and FEA software were 20 and 21 degrees, respec-
tively, compared to 45 and 44 for thoracic curve.

Table 2. The mechanical properties of material
assigned to the model

Parameters
bone mineral

density
[kg/m3]

Young’s modulus
of elasticity

[GPa]

Poison
ratio

Cortical Bone 0.645–1.63 ⋅106 2.87–7.29 0.3
Spongy Bone 0.36–0.494 ⋅106 1.6–2.2 0.3
Disk 0.21–0.75 ⋅106 0.334–0.936 0.3

Table 1. The magnitude of the forces applied on the spine in various force conditions

Force at thoracic
apex [N]

Force at lumbar
apex [N]

Force at upper part of
thoracic curve Force at Pelvic

Boundary part
(endpoint
control)Conditions

(ML) (AP) (V) (ML) (AP) (V) (ML) (AP) (V) (ML) (AP) (V)
C1 50 0 0 –25 0 0 –25 0 0 0 0 0 Pelvic (both sides)
C2 75 0 0 –37.5 0 0 –37.5 0 0 0 0 0 Pelvic (both sides)
C3 100 0 0 –50 0 0 –50 0 0 0 0 0 Pelvic (both sides)
C4 50 0 50 –25 0 25 –25 0 25 0 0 0 Pelvic (both sides)
C5 75 0 75 –37.5 0 37.5 –37.5 0 37.5 0 0 0 Pelvic (both sides)
C6 100 0 100 –50 0 50 –50 0 50 0 0 0 Pelvic (both sides)
C7 50 0 0 –25 0 0 –25 0 0 0 0 0 Pelvic (one side)
C8 75 0 0 –37.5 0 0 –37.5 0 0 0 0 0 Pelvic (one side)
C9 100 0 0 –50 0 0 –50 0 0 0 0 0 Pelvic (one side)
C10 50 0 50 –25 0 25 –25 0 25 0 0 0 Pelvic (one side)
C11 75 0 75 –37.5 0 37.5 –37.5 0 37.5 0 0 0 Pelvic (one side)
C12 100 0 100 –50 0 50 –50 0 50 0 0 0 Pelvic (one side)
C13 50 0 0 0 0 0 –25 0 0 –25 0 0 Lumbar
C14 75 0 0 0 0 0 –37.5 0 0 –37.5 0 0 Lumbar
C15 100 0 0 0 0 0 –50 0 0 –50 0 0 Lumbar
C16 50 0 50 0 0 0 –50 0 50 –50 0 50 Lumbar
C17 75 0 75 0 0 0 –75 0 75 –75 0 75 Lumbar
C18 100 0 100 0 0 0 –100 0 100 –100 0 100 Lumbar

ML = mediolateral, AP = anteroposterior, V = vertical.
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The maximum correction achieved with various
forces and boundary conditions (Table 1) are summa-
rized in Table 4. In this table, the maximum stress
developed in spine are also presented.

Table 3. The range of motion (ROM) of spine
between T1-T12 and T1-L5

Parameters
ROM by
Flexion
moment

ROM by
Lateral
bending
moment

ROM by
Rotation
moment

T1–T12 11.6 10 10
T1–L5 3 9 10.4

Table 4. The percentage of the correction and maximum stress
of spine structure follow the use of various force

and boundary configurations

Conditions Lumbar curve
[%]

Thoracic curve
[%]

Stress
[MPa]

C1 1.8 0.45 79.5
C2 5.26 0 119.3
C3 2.17 0.65 178.9
C4 6.25 7.90 13.6
C5 1.54 0 110.8
C6 1.27 0.73 166.2
C7 4.08 2.69 75.65
C8 2.22 0.48 113.5
C9 0.62 12.51 170.2
C10 7.75 3.79 79.5
C11 6 9.66 119.3
C12 0.21 8.00 178.9
C13 11.18 12.83 79.5
C14 14.51 6.69 116.3
C15 4.40 3.58 155.1
C16 0.32 26.02 73.81
C17 2.22 13.51 110.7
C18 0.65 31.66 147.6

Table 5. The p-values of the comparison between the corrections
of lumbar and thoracic parts with various boundary conditions

Comparison Lumbar Thoracic
TF1:TF2 0.314 0.12
TF1:TF3 0.04 0.02
TF2:TF3 0.03 0.3
TV1:TV2 0.2 0.1
TV1:TV3 0.05 0.01
TV2:TV3 0.1 0.02

TF1: Transverse force, boundary condition1,
TF2: Transverse Force, Boundary condition 2,
TF3: Transverse force, boundary condition3, TV1:
Transverse and Vertical Forces, Boundary condition 1,
TV2: Transverse and Vertical Forces, Boundary
condition 2, TV3: Transverse and Vertical Forces,
Boundary condition 3.

Although it was a case study, two-sample t-test
was used to compare the difference between the mean
values of the corrections achieved with boundary con-
ditions. The results of this comparison are shown in
Table 5.

As can be seen from this table, there was a signifi-
cant difference between the correction of both lumbar
and thoracic curves in boundary conditions 1 and 3.
Moreover, the p-value of the difference between the
corrections of these curves in boundary conditions 1
and 3 was significant.

4. Discussion

There is no doubt that scoliosis curve, depending
on the age of the subjects and severity of the curves,
should be treated. Conservative treatment is one of the
approaches used for this group of the subjects. Vari-
ous types of braces have being used in this regard.
However, the main question posted here is how we
can improve the efficiency of the available braces.
The efficiency of the available braces could be im-
proved by a change in magnitude of the applied forces
on the spine, direction of the forces and also by change
in stabilization of spine (boundary conditions). The
aim of this study was to evaluate the efficiency of use
of various stabilization (boundary conditions) of spine
on scoliotic curve correction.

A specific model of spine was developed based on
CT scan images of a scoliotic subject. The results
of validation check of the model and optimization
method showed that the outputs of the model are ac-
curate enough to determine the efficiency of various
force and boundary conditions on spinal curve. There
was no significant difference between the Cobb angle
of lumbar and thoracic curves based on CT scan im-
ages and FEA software (the Cobb angles of lumbar
and thoracic were 20 and 44, and 21 and 45 degrees
based on CT scan images and FEA, respectively). The
mechanical properties of spine (Young’s modulus of
elasticity and bone mineral density) of materials as-
signed on the model were in agreement with the avail-
able literature. Based on the results of various studies
and scaling factor developed by Liu et al., Young’s
modulus of elasticity should be between 0.213 and
11.2 GPa and 0.117 and 0.2 GPa for bone and disk,
respectively [3], which is in close agreement with
the properties of the material assigned on this model,
Table 2.

The results of this study showed that a change in
boundary condition (end point control) influences the
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corrections achieved in both lumbar and thoracic
parts. However, the interesting point was that the effi-
ciency of lumbar fixation as boundary condition was
greater than other conditions, especially when the
combination of both transverse and vertical forces was
applied on the spine. Therefore, it can be concluded
that fixation of pelvic and applying the corrective
forces on lumbar and thoracic curves does not provide
too much correction compared to other conditions. It
may be recommended to design a scoliotic brace to
stabilize lumbar section which applies corrective forces
in vertical and transverse directions. There was no
study in literature regarding FEA analysis based on
fixation criteria. However,  the results of the study done
by Liao et al showed that it is possible to remove the
second strap of Boston brace, as force of this strap is
negligible compared to the forces of other straps [16].

In clinical situation, various designs of the braces
have been used to stabilize the scoliosis curve and to
decrease the curve severity. In some braces, such as
Milwaukee brace, the pelvis is fixed in both sides and
the corrective forces applied mostly in transverse di-
rection [15]. The same design has been used in the
new design such as Lyon brace, asymmetrical rigid
torsion brace and symmetrical patient oriented rigid
three-dimensional active brace [7]. In these braces,
a combination of both transverse and vertical directed
forces have been used. In contrast, Cheneau and
Cheneau light braces were designed to stabilize the
pelvis on one side, and apply the forces in both vertical
and transverse directions [22]. The results of studies
available showed that the efficiency of Cheneau brace
is more than that of the traditional braces, such as Mil-
waukee brace [8], [23]. The boundary condition used
in this study was the same as those of available
braces. The end point control in this study was the
same as that of the available braces. The first type of
boundary condition used in some designs, such as
Lyon brace, ART (asymmetrical rigid torsion brace)
and SPORT (symmetrical patient oriented rigid three
dimensional active brace) [23]. The second type of
boundary condition have been used in Cheneau and
Cheneau light braces [23]. There are no specially de-
signed braces that used the third type of boundary
condition. The results of the current study showed that
combination of both traction and transverse forces has
more potential to correct scoliotic curve. However, it
should be emphasized that in this study a double sco-
liotic curve with Cobb angle more than 40 degrees
was used. In some braces, such as modified Boston
brace, Lyon brace, ART (asymmetrical rigid torsion
brace) and SPORT (symmetrical patient-oriented rigid
three dimensional active brace), a combination of

vertical and transverse force were used. Based on
available literature, it can be stated that the efficiency
of Boston, ART, and SPORT braces are more than
that of Milwaukee brace [19]. Therefore, the results of
the current studies are supported by the literature
available. The interesting point regarding the results
of this study was that an increase in efficiency of cor-
rective forces was not associated with a significant
increase in the magnitude of stress developed in spine
structure, Table 4. This can be used in the new design
of brace to produce new braces which offer both com-
fort and correction.

The main limitation of this study was that it was
a case study. Moreover, only correction of the spine in
frontal plane (scoliotic curve) was considered. It means
that the changes in lordotic, kyphotic and rotation of
the spine were not evaluated in this study. Therefore,
the outputs of this study should be used with caution. It
is recommended to do a study with more number of the
subjects and with the same method.

5. Conclusion

The results of this case study showed that the lo-
cation of boundary condition (end point control) in-
fluences the magnitude of the correction achieved
with both transverse and vertical forces. Moreover,
type of the forces (traction, transverse forces and
combination of both) influence on curve correction.
The results of this study can be used to design a new
generation of the brace to be more effective. As this is
a case study, the output of this study should be used
with caution.
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