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Abstract: The incidence of adolescent idiopathic scoliosis (AlS) is on the rise. Clinically, conservative treatment usually
involves wearing spinal orthoses. However, traditional orthoses are bulky, which adversely affects patient tolerance and
quality of life. Therefore, the development of personalized, lightweight spinal orthoses that also take into account
mechanical performance holds significant practical value. Based on 3D-scanned trunk data, the designs of the iliac crest,
three-point force application areas, and relief zones are completed through deviation analysis and X-ray-model
registration. A finite element model is established to simulate the mechanical responses under two states: wearing the
orthosis and applying an opening force. By comparing four material removal rate schemes, the "50% material removal
scheme™ is identified as the optimal initial-stage scheme. Based on the optimization results, the left iliac crest is further
selected as the optimization area for secondary topological optimization. The results show that the secondary topological
optimization achieves an additional 6.7% weight reduction compared to the "50% material removal scheme," resulting in
a total weight reduction of 41.6%. The maximum stress is 46.63 MPa, and the maximum deformation in the orthotic
region is 0.74 mm, both of which meet the design requirements. This study provides a reference for the lightweight
design of spinal orthoses for patients with specific types of scoliosis.
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1 Introduction

Scoliosis is a three-dimensional deformity of the spine
[1], encompassing curvature deformations in both the sag-
ittal and coronal planes, as well as torsional deformations
in the axial plane, accompanied by rib and pelvic obliqui-
ty. The Cobb method is used to measure the scoliosis an-
gle on standing anteroposterior spinal radiographs, and
clinically, a scoliosis angle greater than 10<is defined as
scoliosis [2].

Treatment approaches for scoliosis are categorized into
surgical and non-surgical interventions [3], with

non-surgical treatments accounting for approximately 90%

of cases [4]. Wearing a scoliosis orthosis represents an
effective non-surgical treatment option [5], enabling pa-

tients to reduce the degree of scoliosis through orthotic
use [6]. Although spinal orthoses can clinically improve
scoliosis, issues such as low tolerance due to excessive
pressure during wear persist. Therefore, it is necessary to
optimize the orthosis layout using finite element methods
[7] to reduce weight while ensuring mechanical perfor-
mance. lason Rossetos [8] and colleagues demonstrated
that increasing the thickness of key orthosis regions could
achieve lightweight design without compromising
strength. Liao Yiqging [9] and colleagues, incorporating
patient Cobb angle assessments, confirmed that optimized
braces maintained corrective efficacy while reducing
weight. Nikita Cobetto [10] and colleagues employed fi-
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nite element modeling and 3D reconstruction design
methods to achieve material reduction in orthoses, with
clinical comparisons showing that the lightweight or-
thoses exhibited better corrective outcomes. In other or-
thotic fields, Tz-How H [11] and colleagues reduced the
weight of a thumb orthosis through finite element analysis,
identifying 3.2 mm as the optimal thickness and achieving
a 35% volume reduction. S F Khan [12] and colleagues
performed topological optimization on an ankle-foot or-

thosis, resulting in a 22.56% reduction in stress and a 4.33%

reduction in volume.

While existing studies have validated the feasibility of
finite element simulation and topological optimization for
material reduction in orthoses, research on mul-
ti-condition force simulation and multi-scheme validation
comparisons for personalized orthoses remains insuffi-
cient. Therefore, this study aims to achieve weight reduc-
tion in personalized orthoses by employing optimization
methods based on multi-condition force simulation and
multi-scheme analysis.

2 3D Model of the Human Body's
External Contour

The patient wore an elastic vest, and the clavicles, ante-
rior superior iliac spines (ASIS), and posterior superior
iliac spines (PSIS) were identified and marked with adhe-
sive tape by medical staff. The patient's information is
presented in Table 1.

Table 1 Patient Information

Item Details
Age 14 years old
Gender Male
Height/ cm 170
Weight/ kg 41

Three Circumfer-
ences

Scoliosis Angle/ ©
Scoliosis Type

Chest: 67 cm, Waist: 57 cm, Hips: 77 cm

19°(measured by Cobb method)
Thoracolumbar single curve with kyphosis

A portable 3D scanner from Occipital was used to cap-
ture the patient's body contour features and export the
trunk contour point cloud data. In Geomagic software, the
point cloud data was fitted into a surface model, and op-
timal-fit alignment was performed with the point cloud
data as the reference. The maximum deviation between
the two was found to be 0.16 mm, with an average devia-
tion of 0.016 mm, both of which are below the preset
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threshold of 0.2 mm [13]. The model accuracy meets the
requirements for reverse engineering design.

3 Establishment of the Orthosis
Model

3.1 Matching X-ray Images with the
Human Body Model

The human body STL file was imported into Blender
software, followed by the insertion of the patient's stand-
ing anteroposterior (AP) and lateral X-ray images. The
positions of the X-rays and the 3D model were spatially
aligned, after which the trunk region—spanning from the
clavicles to the greater trochanters—was cropped and re-
tained. The arms were trimmed at the shoulder level. (The
matching of X-ray images with the fitted model is illus-
trated in Figure 1).

Figure 1 X-ray Image and Fitted Model Matching Diagram

3.2 Design of the Iliac Crest Region

The design conforms to the physiological anatomical
contour above the iliac crest, incorporating an ellipsoidal
indentation directed inward toward the human body. The
normal range for indentation depth is 20-40 mm. Consid-
ering the patient's individual parameters (height: 170 cm,
weight: 41 kg, BMI: 14.2, classified as underweight), the
indentation depth was reduced to 25 mm. The ellipsoid
measures 90 mm in length, with a maximum width of 30
mm, and its three principal diameters are 90 mm, 30 mm,
and 25 mm, respectively. The modification effect on the
iliac crest is detailed in Figure 2a.
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Figure 2 Schematic Diagram of the Orthosis Iliac Crest and Correc-
tion Zones

3.3 Force Application Zone Design

The patient's X-ray shows unilateral scoliosis, with the
apical vertebra located in the thoracolumbar region be-
tween T12-L1. The Cobb angle measures 19< Risser sign
is Grade Ill, and according to the Nash-Moe method,
there is also Grade Il vertebral rotation [14].

Based on the three-point force principle, a corrective
force is applied at the apical vertebra of the patient, while
two types of balancing support forces are set on the con-
tralateral side relative to the apical vertebra. Additionally,
to address vertebral torsion, a tangential counteracting
force for torsion is applied on the lateral side of the back
corresponding to the scoliosis, with the application range
shown in Figure 2b.

1) Apical vertebra: Combining the patient's X-ray and
using geometric projection methods, it is determined
that the apical vertebra of the patient deviates ap-
proximately 16 mm from the body's midline. Along
the rib direction, an indentation distance of 9 mm is
applied to the human body according to the standard
that the initial corrective indentation distance at the
apical vertebra should be 50%-60% of the spinal
deviation [15], and also considering the patient's
body type. The depth gradually decreases from the
force application center to the edges. The indenta-
tion shapes at the other two positions are the same,
with the range covering the upper and lower end
vertebrae, namely T10-L4.

2) Axilla: A force is applied along the rib direction on
the right side of the back, with an indentation of ap-
proximately 6 mm. The axillary pad extends from
the right back, through the axilla, to the edge of the
right thoracic cage, with the indentation distance
decreasing to 3 mm at the anterior chest.

3) Hip: Due to the relatively thick soft tissue in the right
posterior hip area, an indentation of 10-12 mm is set
to offset part of the deformation; an indentation of 8
mm is applied in the torsion counteracting area.

3.4 Release Zone Design

1) Apical vertebra: The area is set on the contralateral
side and slightly above the force application zone of
the apical vertebra. The orthosis opening window is
positioned here to enable an outward stretch of 15 mm.

2) Axillary force application zone corresponding re-
lease area: A pressure release zone is established on
the contralateral side at the same horizontal level,
with a stretch height of 10 mm.

3) Back release area, approximately from T5 to T12:
The torsion counteracting zone of the vertebrae
should be avoided. The padding thickness initially
increases and then decreases, reaching a maximum
of 25 mm at T12 and decreasing to a minimum of
15 mm at the hip area. The release area is illustrated
in Figure 2c.

3.5 Body Shape Adjustment and
Orthosis Fabrication

Raise the trunk above T6 upward by 12 mm to apply a
longitudinal load to the patient; shift the trunk above T6
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of the patient 12 mm to the right to make the model rela-
tively symmetrical.

Fill in the scope of the orthosis according to the orthot-
ic principle of the Chéneau orthosis:

Anterior part: The anterior side of the orthosis extends
along the thoracic cage to the pelvis. The abdominal
opening width is set at 50 mm, with the lower edge ter-
minating 3040 mm below the anterior superior iliac
spine at the groin and the lowest point located 20 mm
above the pubic symphysis.

Posterior part: The upper edge of the back is trimmed to
cover the back support structure below the scapula. The
lower edge extends to 1/3-1/2 of the hip height. For spe-
cific trimming ranges, refer to Figure 3.

The thickness of the orthosis is set at 3.8 mm. The
method adopted during the human body model processing
stage is reused to eliminate geometric errors in the
boundary area of the orthosis. Regarding personalized
design objectives, Liu Xiaomei [16] et al. achieved pre-
cise positioning of the scoliosis site and the application of
targeted orthotic forces by 3D scanning the patient's body
surface data and combining it with imaging to construct a
personalized 3D model. This study has similarly achieved
comparable results.

Figure 3 Cutting range of spinal orthosis
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4 Finite Element Analysis (FEA) of
Orthosis

4.1 Establishment of the Finite Element
Model for the Orthosis

The model's surface patches are divided to provide a
basis for the subsequent application of loads. Using the
positions of the iliac crests and force application zones
specified in the orthosis design as key references, the po-
sitions and shapes of contour lines are set, and the layout
of contour lines in areas with severe curvature changes is
improved. To meet the precision requirements, the mini-
mum number of surface patches, set at 600, is used.

Before analysis, nylon with a yield strength of 75 MPa
is selected as the material for the spinal orthosis [17]. The
design space and non-design space are defined, with the
non-design space encompassing the load application
zones and fixed constraint zones. Based on the previously
set contour lines, each load zone is separated from the
model, and the contact mode is set to bonded contact.

Two loading conditions are established to simulate the
forces acting on the orthosis under different usage sce-
narios: the wearing state and the state where an opening
force is applied to the orthosis.

Loading Condition 1: Wearing Condition. This condi-
tion simulates the forces acting on the orthosis from the
human body when the person is standing, including the
three-point forces on the spine, the forces opposing verte-
bral torsion, and the preload at the opening, along with
fixed constraints at the iliac crests on both sides. The cor-
rective force at the apical vertebra can be determined us-
ing the following bending beam derivation formula [18]:

Ejg(rl —r)A = EAX—FI(X—X])—FZ(X—XZ)—...—FI.(X—Xf)(o <x <x <..<yx < X)
4
1)
Ezﬂ(rC —r)A =R, (] —X) -F (X” - X)—...— £ (X”1 - X),(X <, <..<x < ])
¢
Among them, the two reaction forces R, and Rg are determined by the following formulas:
HA:E(]_X])+FZ(]_XZ) EI(]_X”),(XSX/H< <X“S])
' / / / (2)
Fx Ex, Fx
R, = #+%+...+M,(X <x, <..<x, <1

Where:
Ez—Comprehensive elastic modulus of the spine, taken
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as 0.314 MPa;
A®P—Orthotic correction angle, where ® is the Cobb
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angle of 19< and 49=1/29;

r., —Radii of the geometric central axis and neutral
axis, respectively, with re—r=10 mm;

A—Cross-sectional area of the spine, approximated as
an ellipse, with an area of approximately 1413.42 mm=
measured using Mimics software;

I—Vertical distance between the upper and lower end
vertebrae, taken as 1=180 mm;

x;—Optimal force application position at the apical
vertebra;

F,—Optimal magnitude of the applied force.

Since this case involves unilateral scoliosis, only the
scenario with n=1 is considered. Substituting into Equa-
tions 1 and 2, the optimal magnitude of the corrective
force F, at the apical vertebra is calculated to be 44.35 N,
with the optimal force application position x;=81.17 mm,
i.e., 81.17 mm from the vertical distance of the lower end
vertebra. This calculated position is essentially the same
as the position determined during the orthosis design. The
magnitudes of the two forces RA and RB, which form the
three-point force system, are 24 N and 20 N, respectively.
The magnitude of the force F, in the torsion counteracting
zone is 70 N. When applying loads, a larger surface area
is used for force application [19]. Four preload force ap-
plication zones (F3, F4, Fs, Fg) are set at the opening, col-
lectively bearing a total preload of 60 N, with each zone
assigned a preload of 15 N, directed inward along the

horizontal plane.

Loading Condition 2 focuses on simulating the me-
chanical characteristics during the stage of opening the
orthosis during wearing. In this state, the orthosis only
withstands a horizontally outward opening force of 75 N
[19], uniformly distributed on both sides of the abdominal
opening. In the simulation, a force of 75 N can be applied
on one side, while a fixed constraint is applied on the oth-
er side, which is equivalent in simulation results. The
boundary conditions for each loading condition and the
loading situation of the orthosis are shown in Table 2 and
Figure 4.

- Design space

- Non-design space

Fixed constraint

Fixed constraint

Working Condition 1 Working Condition 2

Figure 4 Constraints and Loading Conditions for Topology. Opti-
mization

Table 2 Boundary Conditions for the Two Operating Conditions

Region Loading Conditionl1 /N Loading Condition2 /N
Apical Vertebra Region 44.35 0

Axillary Region 24 0

Hip Region 20 0

Back Region 70 0

Anterior Chest Preload Region 15 0

Left side of the opening 0 75

Right Side of the Opening 0 Fixed Constraint
Bilateral Iliac Crests Fixed Constraint 0

4.2 Preliminary Simulation Results

Select the analysis command in the structural simula-
tion module of Inspire to perform mechanical simulation.
Set the mesh size to 2.0 mm, select both loading condition
options, and the simulation analysis results are shown in
Figure 5.

Nylon is classified as a brittle material, and its allowa-
ble stress is calculated using the following formula:

_0s
lol=~3 3)
[6] — Allowable stress of the material;
os — Yield strength of the material, 75 MPa;
S — Safety factor, taken as 1.5 in this case;
By substituting these values into Formula 3, the allow-
able stress of the material is calculated to be 50 MPa.
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Figure 5 Simulation Result Data for the Two Operating Conditions.

Analysis of Simulation Data:
The operational intensity under Loading Condition 2
significantly exceeds that of Loading Condition 1. How-

Research on Design and Topology Optimization of Personalized Scoliosis Orthopedic Device

ever, the maximum equivalent stress (45.7 MPa) remains
below the allowable stress of the orthosis material, occur-
ring at the edge of the opening window near the right
posterior back region. The software indicates a minimum
safety factor of 1.6, which exceeds the minimum require-
ment of 1.5. During wear, the maximum displacement of
the orthosis is observed at the right axilla, measuring 0.48
mm, while the maximum deformation of 76.62 mm under
Loading Condition 2 occurs along the opening side of the
orthosis. This displacement ensures both ease of donning
for the patient and compliance with strength requirements.
The analysis results demonstrate that the orthosis meets
strength requirements across all usage scenarios, making
it suitable for topological optimization. Lian Wei et al. [20]
conducted finite element analysis of the orthosis under
dual loading conditions (donning and expansion), with
stress results showing similar trends to this study. This
validates the rationality of the research methodology and
the mechanical reliability of personalized orthoses. De-
tailed data are provided in Table 3.

Table 3 Mechanical Performance Parameter Values of the Orthosis Under Two Operating Conditions.

parameter Loading Conditionl Loading Condition2 Result Envelope
Maximum Displacement /mm 0.48 76.6 76.6

Minimum Safety Factor 8.4 1.6 1.6

Maximum Equivalent Stress /MPa 8.96 45.72 45.72

5 Topological Optimization Analysis

5.1 Mechanical Analysis of Optimization
Results

Under the condition of maintaining the original loading
scenarios unchanged, structural optimization design is
carried out under four material removal rates to obtain the
stress distribution states corresponding to each model. To
withstand impacts arising from daily use, the minimum
thickness constraint in the simulation results is set at 18
mm. The specific structural configurations, along with
displacement and stress distribution characteristics, are
illustrated in Figures 6 and 7.
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50% material removal

40% material removal

Figure 6 Topological results
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Figure 7 Constraints and Loading Conditions for Topology

The topological optimization results indicate that with
the gradual increase in the material removal rate, the hol-
lowed-out areas in the left and right anterior abdominal
regions expand continuously. Meanwhile, a material re-
duction trend is also observed along the upper and lower
edges of the dorsal section. Simultaneously, multiple
small voids form within the model interior. Notably, the
left iliac crest and its surrounding regions exhibit the most
pronounced changes, with material volume decreasing in
tandem with the reduction of material in the lower dorsal
area.

Under all operational conditions, the maximum equiv-
alent stress of the orthosis remains below the material's
yield strength. In Condition 1, stress values across the
entire domain remain below 10 MPa, indicating a gener-
ally low-stress state. Under Condition 2, the maximum
stress initially decreases before subsequently increasing.
This trend is analyzed as follows: topological optimiza-

tion has, to a certain extent, improved the model's me-
chanical performance by mitigating stress concentration
phenomena. However, the subsequent stress increase
stems from the elevated material removal during optimi-
zation, which reduces overall structural stiffness and ele-
vates stress under equivalent loading conditions—though
remaining below the material's allowable stress limit of 50
MPa.

The displacement trends of the orthosis under dual op-
erational conditions exhibit a positive correlation with the
material removal rate, sharing the same mechanistic ex-
planation as the stress increase phenomenon. In Condition
1, displacements in the orthotic correction zones do not
exceed 30% of the orthosis thickness [21] (i.e., 1.14 mm),
meeting stiffness requirements. Condition 2 demonstrates
a maximum displacement of 77 mm, consistent with pre-
liminary simulation findings.

For the 50% material removal rate scenario, the ortho-
sis experiences a peak stress of 41.94 MPa. While this
value maintains a safety margin relative to the 50 MPa
allowable limit, further simulations reveal that increasing
the material removal rate beyond this point leads to simu-
lation distortion and model discontinuity, preventing the
software from generating valid results. In comparison, a
material retention rate corresponding to a weight reduc-
tion effect that is less than 50% indicates insufficient
weight-loss efficacy. After comprehensive evaluation, the
scheme with "a 50% material removal rate" is determined
to be the relatively optimal one among the four options.

5.2 Secondary Topological Optimization
and Result Analysis

Analysis of the Results:From the perspective of light-
weight design objectives, the left iliac crest region, which
is either non-design space or has potential for further
weight reduction, can be considered for modification.
From a biomechanical standpoint, the force-application
zone at the apex vertebra is in close spatial proximity to
the iliac crest region. Moreover, the apex vertebra
force-application zone can provide structural support and
fixation for the orthosis through its inherent mechanical
transmission properties. Under these conditions, removing
or reducing material in this region will not adversely af-
fect the overall force equilibrium or wearing stability of
the orthosis. during preliminary mechanical simulations,
stresses in this region remained consistently below 10
MPa under both operational conditions, indicating it is a
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non-critical load-bearing area that exhibits high material
removability in topological optimization.

Based on this analysis, the left iliac crest region is rede-
fined as design space while keeping other regions un-
changed. Loading conditions remain identical to those in
the secondary topological optimization. Two comparative
schemes are established: Scheme 1 (“"Left iliac crest de-

46.631
4145

36.269
31.088
25.907
20.726
15.544
10.363
5.1823
0.0012

a. Scheme 1
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fined as design space™) and Scheme 2 ("50% material re-
moval rate™). These schemes are analyzed to observe ma-
terial distribution patterns and mechanical response char-
acteristics in the targeted region. The topological optimi-
zation results, stress contour plots, and key parameters are
presented in Figure 8 and Table 4.

b. Scheme 2
Figure 8 Comparison of Topological Results and Stress Contour Maps Between the Two Schemes

Table 4 Comparison of Key Parameters Between the Two Schemes

Maximum Displacement in the Orthotic Region /mm  Maximum Equivalent Stress /MPa Mass /kg
Scheme 1 0.74 46.63 0.346
Scheme 2 0.78 41.94 0.371
Original Model 0.48 45.70 0.592

1) Topological Shape: In Scheme One, the volume of
material removed from the left iliac crest and its ad-
jacent areas is significantly larger than that in
Scheme Two, while there are no noticeable changes
in material distribution across the remaining regions
of the model.

2) Displacement Analysis: The deformation in the or-
thotic regions of both schemes is below the thresh-
old specified in the orthosis failure criterion, which
mandates that "the maximum displacement should
be less than 30% of the thickness (1.14 mm)",
thereby complying with the structural stiffness de-
sign specifications.

3) Mechanical Performance: The maximum stress in
Scheme Two registers at 41.94 MPa, with a model
mass of 0.371 kg. In Scheme One, the maximum
stress around the left iliac crest is 14.52 MPa, com-
parable to that of the original model and well below
the material's allowable stress. This demonstrates
that optimizing the area around the left iliac crest
does not lead to a sudden spike in stress in this re-
gion, thus validating the rationality of the design
approach of "eliminating non-design space in this
area" from a mechanical performance standpoint.

http://www.wjclinmed.com

After optimization, the overall maximum stress in
Scheme One reaches 46.63 MPa, and the model
mass is reduced to 0.346 kg. While achieving a fur-
ther 6.7% reduction in model mass, Scheme One
only results in an 8% increase in maximum stress,
with the final stress value remaining within the ma-
terial's allowable stress limits. These findings are
consistent with the research by Julien Clin [22] et al.,
whose method of comparing orthoses with varying
material removal rates and the resulting force pat-
terns after weight reduction aligns with this study.
Slawomir Grycuk [23] et al. identified the force
flow by mapping the paths of maximum principal
stress, clarifying that regions that are not core
force-bearing areas and not on force transmission
paths can be prioritized for material removal, which
is in line with the optimization direction of "elimi-
nating non-design space around the left iliac crest".
From the multi-faceted verification of the rationality of
Scheme One, it is evident that in terms of mechanical stabil-
ity, the apical vertebra region can substitute for the left iliac
crest, right iliac crest, and armpit to ensure the orthosis's sta-
bility. In terms of mechanical performance, the simulation
results corroborate the scheme's rationality. The aforemen-
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tioned two outcomes provide theoretical support for the
scheme of “eliminating non-design space around the left iliac
crest”. Consequently, Scheme One is selected as the final
topological optimization scheme, achieving a final mass re-
duction of 41.6%. Based on this optimal scheme, subsequent
work will involve re-modeling the orthosis using the shape
of the orthosis in Scheme One as a reference, defining an
outer contour consistent with the optimal scheme to enhance
the model's aesthetic appeal and regularity.

6 Conclusions

In response to the issue of poor patient tolerance caused
by the bulkiness of traditional spinal scoliosis orthoses,
this study took a 14-year-old patient with thoracolumbar
single-curve scoliosis accompanied by kyphosis as the
specific research subject. By employing 3D scanning,
reverse modeling, and X-ray model registration, an initial
orthosis model that closely conformed to the individual's
torso characteristics was constructed. With the objective
of achieving "lightweight design while ensuring mechan-
ical performance," the study first utilized finite element
analysis to simulate the stress and deformation patterns
under two working conditions: wearing and opening.
From four material removal schemes, the optimal initial
scheme of "50% material removal" was selected. Subse-
guently, a secondary topological optimization was con-
ducted, focusing on the non-critical stress area of the left
iliac crest. Ultimately, the orthosis achieved a total weight
reduction of 41.6% (from 0.592 kg to 0.346 kg), with both
the maximum stress (46.63 MPa) and maximum defor-
mation (0.74 mm) meeting the design requirements.

The lightweight design process employed in this study
provides a technical reference for the design of similar
orthoses and can directly improve patient comfort during
wear. Subsequent verification of its practical application
effectiveness can be conducted through 3D printing and
clinical testing.
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