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Featured Application: The researchers propose a new design technique to develop an adap-
tive 3D model for a spine affected by scoliosis. We used 3D scanning technologies to create a
model accurate enough for various applications in the textile industry. The developed adapted
3D model can integrate with the complete skeleton and body shapes of patients with scoliosis,
which should facilitate the process of designing comfortable, and high-performance clothing.

Abstract: Scoliosis is one of the most frequently occurring morphological problems in people. People
with such an abnormal curve of the spine face a huge problem, not only from the medical point of
view but also from that of garment design and production processes. The current paper brings a novel
designing technique to develop an adaptive 3D model of the complicated anatomical shape of the
human vertebrae using 3D digitization technologies. Even though it is not as accurate as scanning
approaches, it is accurate enough for several applications, including visualization and constructing
statistical shape models. Thus, the adaptive model will further integrate with the full skeleton and
then to the body shapes of scoliosis patients, not only for an easy garment design process but also to
produce comfortable and high-performance garments. The model has also the benefit of adjusting for
each tissue to all kinds of spine parameters, such as the height and the angles of the bones and disks
(especially the three characteristic planes: sagittal, coronal, and transverse). Thus, the full adaptive
skeleton model and later its garment design system, considering the current adaptive vertebrae model
for fitted, comfortable and well-performing scoliosis patients garment products, could be developed.

Keywords: computer-aided design; virtual 3D modeling process; vertebrae; spinal deformity;
garment design; scoliosis

1. Introduction

Scoliosis is a multifactorial three-dimensional (3D) spinal deformity and directly
related to vertebral deviations in the coronal, sagittal, and horizontal planes. It is also a
sideways curvature of the spine that occurs most often during the growth spurt before
puberty. Uneven shoulders (one shoulder blade that appears more prominent than the
other), uneven waist, and one hip higher than the other are some of the symptoms of
scoliosis. It occurs relatively frequently in the general population, depending on the
magnitude of the curve being described. Naturally, the human spine is a central nervous
system which encompasses the area from the lower back to the brain. A spinal cord, made
of myelin-sheathed nerve fibers, is the outer layer of the spine which helps to send different
impulses (pain, pressure, and other stimuli). Basically, the cord is interlocked and protected
by the spinal column (vertebrae) which comprises a total of 33 bones. The S-shaped spine
has two regions: the slight concave curve (the cervical and lumbar) and the convex curve
(the thoracic and sacral). The physiological S-shape allows the human body to maintain
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balance, absorb shock and allow a range of motion by working like a coiled spring. The
strong fibrous ligaments in the central nervous system are used to protect the discs, stabilize
the spine, and hold together the vertebrae. The ligaments in the spine are of three types:
the ligamentum flavum (attaches the lamina of every vertebra), the posterior longitudinal
ligament and the anterior longitudinal ligament, which mainly prevent excessive vertebral
bone movement. There are also two types of muscles in the spine, namely the extensors
(which allow people to lift objects and stand up) and the flexors (allow people to not only
bend forward and flex but also control the arch in the lower back and stabilize the spine).
On the contrary, when viewing the spinal column from the rear (posterior), the spine
appears vertically straight from the neck to the tailbone. The standard curves are termed
lordosis and kyphosis; however, the natural curves should not be mistaken for spinal
disorders, also called lordosis and kyphosis. Lordosis and kyphosis are terms that are
used to refer to specific spinal disorders [1,2]. The most common quantification of scoliosis
is the Cobb angle, proposed initially by the American orthopedic surgeon John Robert
Cobb [3]. The Cobb angle, which is adopted as the standard quantification of scoliosis
by the Scoliosis Research Society (SRS), founded in 1966, involves estimating the angle
between the two tangents of the upper and lower endplates of the upper and lower end
vertebra, respectively [4]. Most scoliosis curves greater than 25 degrees, can be treated
not operatively if they are severe. Boys and girls should be examined every 6-9 months;
curvatures less than 30 degrees will not progress after the child is skeletally mature. Once
this has been established, scoliosis screening and monitoring can usually be stopped.
However, with greater curvatures, the curvature may progress at about one degree per
year in adults [5]. In general, the progression of an idiopathic scoliotic deformity with a
Cobb angle of between 25 and 40 degrees can be stopped by brace treatment, provided that
the generally acknowledged criteria for the treatment concerning skeletal growth of the
individual are respected [6]. Spine pathology may include various diseases of the back or
spine. The Pisa syndrome is a reversible lateral flexion of the trunk and a tendency to bend
to one side. It is a recurrent and often debilitating complication of Parkinson’s disease and
has also been described in several abnormal forms of Parkinson’s and neurodegenerative
disorders after exposure to medication and surgery. Although no fixed diagnostic criteria
are available for Pisa syndrome, in most studies, cutting at least 10 degrees of lateral flexion
to diagnose the syndrome is optional [7,8].

Apart from the medical and surgical training programs, the advantages of having a
three-dimension model of the spine and human body are that it can be used for designing
specific performance clothes. Developing intimate and specialized apparel products is
a very complex process that requires achieving proper sizing, fit and comfort. Ill-fitting
and insufficiently comfortable garments could also lead to both decreased performance,
unpleasant appearance, and musculoskeletal pain.

Our current research focuses on the modeling of the vertebra to gain enough knowl-
edge about the skeleton and its anatomy through understanding the different divisions
and functionalities of the vertebrae. This makes it possible to find a basic generic model
on which to graft the morphological specificities of each group in the three morphological
variants. Such a model is developed by considering the root of these specific curves instead
of focusing on the human body. In the future, integrations of the full skeleton, anthropo-
metric point, and the connection between the morphologic point and anthropometric point
would give enough information for further applications in the customizations of garment
design for scoliosis patients.

2. Related Literature Review

Nowadays, computer aided design (CAD) with various analytical tools is used to
generate practical designs for most engineering applications [9], including garment design.
For such a purpose, several efforts have been made on generating an accurate digital 3D
human model for analyzing the effects between humans and products. Modeling the
external human body shape is one of the key techniques for realizing proper product
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design, which is required for better fitness, accuracy, comfort, and performance. Several
researchers have also proposed a human body model development solution based on
parameterization algorithms. For example, a human body model template was proposed
through anthropometric measurement [10]. A 3D human body shape, through a set of
semantic values using an exemplar-based method, was also generated [11]. Another
study constructed a 3D human model from 2D images [12], which is a cost-effective
approach to visualizing a digital human in a virtual environment. A parametrization
approach to human bodies using unorganized cloud points has been also proposed for
generating new models [13]. Such techniques are used for not only optimizing and testing
the functionality of the designs, but also to assist in generating manufacturing information
efficiently. It is also used for shortening the product development cycle by improving size
accuracy, fitness, pattern accuracy and grading sampling, as it is able to draft a design
virtually to reduce material waste. Even though the spine anatomy is challenging to master,
some researchers have used software to convert medical images to 3D models through
the process of segmentation. Such a process helps to create educational material for 3D
visualization of the spine. The 3D models are then optimized using 3Matic, the computer-
aided design (CAD) counterpart to Mimics [14,15]. In previous research, cervical spine
images taken from CT scanners were used as datasets to detect the bones and mimics
was used to create a 3D model [16,17]. Two-dimensional images are limited in their
ability to assess vertebral rotation and pelvic parameters, which is why an additional
CT is sometimes needed to increase the accuracy of the measurements [18,19]. Besides
radiation exposure, CT’s main disadvantage is the patient’s supine positioning during
the examination [20], which leads to considerable differences in vertebral rotation and the
extent of scoliosis compared to an upright posture. The new Enterprise Operating System
(EOS)-technology based on a low-dose X-ray system allows 3D modeling of the spine based
on 2-dimensional X-rays acquired of the upright position, providing information about
scoliosis and sagittal balance [20]; the EOS images are found to be superior or equivalent to
conventional radiographs in terms of global image quality and structure visibility with up
to nine times lower radiation [21,22]. The sterEOS software enables 3D modeling of the
bone envelope based on anatomic references defined by the reader and provides specific
clinical parameters [23]. Some studies also analyzed scoliosis through various methods;
for example, based on the surface of the trunk, the scoliosis curve was analyzed in 3D
using a noninvasive multi-head digitizing system [24]. Another study also evaluated the
three-dimensional (3D) characteristics of spine deformity in patients with non-idiopathic
scoliosis compared with those observed in patients with adolescent idiopathic scoliosis
(AIS) [25]. A new top-view was developed for the 12 patients with idiopathic scoliosis to
display their spine (as if the observer were above and looking down on the patient) using
computerized spinal analysis [26].

Apart from the medical point of view, with the morphological figures of disabled
people, they face a great problem in finding personalized products, including clothing,
footwear and furniture [27]. Recent studies have highlighted the importance of reducing
the exertion of human workers in manual handling and lifting tasks by using wearable
exoskeletons. For example, one study used and investigated the different configurations
of a trunk exoskeleton in terms of hinge joint positions to find the best ones for reducing
human exertion, considering both human joints loads and interface forces [28]. Another
research also introduced a new wearable robot design approach continuum with a soft
exoskeleton to tackle the existing exoskeletons which are obtrusive, which can cause
ergonomic risk [29].

Moreover, clothing products that do not consider people with atypical morphology
have significantly reduced the quality of life and social participation of this group. They are
also forced to use different clothing design systems than people with typical morphology
who use a standard sizing system. This customized requirement for clothing makes the
clothing designing system very complex and very challenging and leads to unaffordable
prices. Higher prices with bad quality and limited diversification create important barriers
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for adapted products [30]. Therefore, the traditional two-dimensional (2D) pattern design
and garment development systems used for the normal body shape may not satisfy the
requirements of disabled peoples, such as in the case of scoliosis. Thus, developing and
using a unique garment design system is very vital to give the garment not only high-
performance but also good comfort and fit. Nowadays, a 3D virtual mannequin model
using three-dimensional computer-aided-design (CAD) technology is a commonly used
method to obtain anthropometry information, declare ergonomics and provide appropriate
products for various kinds of consumers [31]. For example, 3D design software has been
used to significantly improve the garment design process by overcoming the limitations of
ordinary 2D design methods through developing a virtual 3D mannequin model [32-34].
Some researchers are also dedicated to modeling a non-adaptive 3D human body based
on a generic reference model [13,35-37]. A parameterized model of the morphotype is
based on a model surface representation defined by many sections of curves derived from
human body scanning. The concept of a set model of the morphotype occurs in these
curves’ choice and positions and the relationship between them, and the data from the
measurement campaign [36,38,39]. Through these morphologic curves and anthropometric
points, a basic pattern of the body will be created, globally. Some research has also used
the correspondence between scanner data and the virtual model of the human body by
converting the scanned body mesh into a volumetric model [40]. Others have proposed an
adaptive model which can be adjusted according to different human bodies [41].

However, all these improvements were not executable for scoliosis cases; even the
recent adaptive methodology for parametrically designed garments on virtual mannequins,
which can facilitate design, analysis, and, hence, ensure a good consumer fit [18], is not
any more adaptive for people with unusual curves in the body. Recently, a researcher
dedicatedly worked to develop a full garment designing system for the specific consumer’s
morphological shape with atypical physical deformations using non-adaptive 3D human
modeling [42—44]. Such a modeling process is very time-consuming for generating gar-
ments, not only for when the patient’s body changes over time but also for patients with
different morphologic problems. Designing a garment for the different variations in pa-
tients with different morphological problems is a huge problem. This could be solved by
integrating the full skeleton, anthropometric point, in general; it is a position of the bone,
and it is the connection between the morphologic point and anthropometric point during
the modeling process. Thus, different anthropometric points from the position of bones
will provide enough information to create a garment.

3. Anatomical Description and Generic Model of Different Vertebrae Morphology

Spine modeling requires a thorough analysis of the different functionalities of the
vertebrae, which strongly influence the morphology of each of them. The goal is to under-
stand why it is divided into three distinct groups (lumbar, dorsal, and cervical vertebrae),
which generate three types of morphology [45,46]. Given that some features could be
expected, it is possible to find a basic generic model on which to graft the morphological
specificities of each group. However, the C1 and C2 vertebrae have different morphologies
and biomechanics [47]. It is also indicated that the axial trabecular architecture of the dens
appears to be crucial for the physiological and biomechanical function of the C1-2 joint.
One of the studies demonstrated the presence of a Y-shaped trabecular structure of the
dens on the axial CT and described its anatomical and biomechanical implications [48]; it
would have a generic model that could be derived in three morphological variants. The
spine not only provides vertical stability in the trunk and neck, but it also has a protective
role for sensitive organs such as the spinal cord, ventral and dorsal nerve roots, nerve roots
of the spine, and vertebral arteries. The spine’s modeling must consider all morphological
constraints imposed by different functional, mobility, and stability criteria. Each vertebra
has an anterior and posterior arch. The posterior arch forms a hole called the foramen and
the spinal cord passes through the foramen of each vertebra. The vertebral bodies defined
by the anterior arches are connected among themselves by the intervertebral discs. The
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Ventral nerve root

Superior articuler facet

Spinal cord

Dura mater

posterior arch is composed of the pedicles, laminae, and processes. The pedicles can be
represented by two short cylinders of bone that extend from the vertebral body. Laminae
are two plates of bones that form the walls of the posterior arch. The transverse processes
extend out on either side of the laminae. The spinous process is very variable according to
the function of the vertebra type. It can be felt through the skin in the body’s back. The
spinous process will allow for defining the exact position of the spine when inserted into
the body. Figure 1 schematizes the relationship between the spinal cord and the nerve roots
coming out on either side of the spine.

Vertebral arter Sympathetic ganglion

Transverse process (anterior fubercle)
Spinal nerve root

Ventral ramus of spinal nerve
Transverse process (posterior tubercle)

Dorsal ramus of spinal nerve

Dorsal root ganglion

Dorsal nerve root

Figure 1. The relationship among the neural tissues, components of the vertebra and the vertebral artery.

This connection towards the whole nervous system acts on the morphology of the
vertebrae by excavations. Similarly, each vertebra’s stacking and adjustment (Figure 2a)
on top of each other contributes strongly to their morphology by the prominences leading
to the upper and lower facets representing the joint process contact zones. Other contact
zones are located at the intervertebral disc level, whose role is to ensure the spinal column’s
damping against heavy loads and facilitate mobility or the 3D deformation of the spine.
The spine’s modeling must consider all these morphological constraints imposed by these
different functional, mobility, and stability criteria. Other physical constraints are more
specific to the group to which the vertebra belongs. For example, the lumbar rachis has a
protective role in the spinal cord but also one of support. It guarantees the posture of the
trunk and standing support. For this, the lumbar vertebrae structure is robust to allow the
trunk to twist, bend or stretch.

On the other hand, the dorsal rachis is not very mobile and carries the thoracic cage.
For this purpose, it is provided with a specific transverse process and costovertebral joint
to allow each rib’s hanging and positioning. As far as the cervical rachis is concerned, it
has excellent mobility like the lumbar rachis without having this important supporting
role. Its particularity is that each cervical vertebra presents notable differences that will
lead to different vertebrae models for this rachis. Although the vertebrae have slightly
different appearances, they all have the same basic structures with the same names as
shown in the previous analysis. The lumbar vertebrae have the particularity of grouping
all the common points of each vertebra because they represent the spine’s starting point.
Thereby, the vertebra’s generic model can be set up from the morphology of the lumbar
vertebrae described below (Figure 2b).
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Figure 3. The modeling process of a lumbar vertebra. (a) Vertebral body and spinal canal creation,
(b) pedicles creation and (c¢) improvement of the laminae of the posterior arch.
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Figure 2. (a) Lumbar vertebra assembled and (b) is an upper view.

4. 3D Adaptive Vertebrae Model
4.1. Generic Model
4.1.1. Lumbar Vertebrae Model

The modeling process of a lumbar vertebra begins with the creation of its vertebral
body (Figure 3a). First, an extruded circle at the vertebra’s height creates the two upper
and lower vertebral plates and the volume of the vertebral body. Another eccentric circle is
partially used to define the spinal canal (blue shape).

Spinal
canal

Vertebral
body

Laminae of
posterior arch

Pedicle

Excavation of
7 laminae
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The diameters of these two circles are proportional to their extrusion height to adjust
their dimension to the lumbar vertebrae number. Thus, the vertebra volume is managed by
its height, which is itself defined proportionally to the total length of the spine according to
an anthropometric report that could later be specified. The next step is to understand deeply
the lateral part of the 3D model into designing the pedicles (Figure 3b). Two half-circles
extended on each side by two inclined lines (red) make it possible to define the dimensions
of the pedicles” upper and lower openings. The diameters of the circles and the inclination
of the lines associated with these circles allow the pedicles to be adjusted according to
the height of the vertebra. The figure clearly shows the vertebral arch composed of the
two pedicles and the two frontal laminae. A recess has been made in the laminae of the
posterior arch to get as close as possible to their final shape (Figure 3c). Then, the superior
articular process is defined. It is positioned at the frontal end of the upper part of the
pedicle. This inserted element allows us to manage the height, width, and inclination of
the superior articular process.

The inclined facets are then covered with two cartilages, which are morphologically
managed by four circles located at the four corners of the basic surface, which generates
the cartilage volume (red) (Figure 4). Concerning the inferior articular process, the inclined
facets are of the lower part of the pedicle. The process of modeling the lumbar vertebra
begins with the creation of its vertebral body and then the superior articular process
is defined.

Cartilages of
superior
articular

Facets of joint process

process

Cartilages of
inferior

articular
process

Figure 4. Superior and inferior articular process creation.

It is positioned at the frontal end of the upper part of the pedicle and this inserted
element allows the method to manage the height, width, and inclination of the superior
articular process. An essential element in the vertebrae’s overall dimensioning is the
spinous process with a curved and long shape. Concerning the inferior articular process,
the inclined facets of the lower part of the pedicle are also covered with two cartilages that
are managed in the same way as the upper cartilages since the stacking of the different
vertebrae imposes a perfect alignment of the upper and lower part of the pedicle and the
upper articular process. The transverse process is positioned laterally and perpendicularly
to the vertebra’s upper surface (Figure 5).
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Transverse process

Spinous process

Figure 5. Transverse and spinal process creation.

Thus, it is possible to manage the transverse process by its frontal and dorsal inclina-
tion, its volume by the two basic circles that generate this volume, and its extrusion length.
An important element in the vertebrae overall dimensioning is the spinous process with
a curved and long shape (Figure 5). To do this, a guide curve is developed that manages
both the length and curvature of the spinous process. A base surface created by two
eccentric circles runs perpendicularly along this curve, gradually reducing when it reaches
the spinal process’s tip. Finally, Figure 6a shows our final generic model representing
the three-dimensionally controllable lumbar vertebrae by the different green dimensions
(Figure 6b. These dimensions are concerning each other, these dimensions have only
one parameter, allowing this model to evolve from the lumbar vertebra L5 to the lumbar
vertebra L1 (Figure 6¢). Even though the angle between L1 to L5 of the lumbar vertebrae
change in humans, the study considers similar and corresponding angle evolutions among
the different lumbar vertebrae.

Figure 6. (a,b) show an adaptive vertebra modeling process and (c) shows lumbar vertebrae L1 to L5.

4.1.2. Dorsal Vertebrae Model

The dorsal vertebra model is like the lumbar vertebra model. Apart from the size of
the vertebrae, which gradually reduces from the D12 to the D1, they differ morphologically
from the lumbar vertebrae in their spinous process; they are straighter for the D12, more
curved and shorter for the D11, and more marked and imposing in length for the following
ones (D10 to D1) (Figur 7a). To do this, the curvature of the guideline that gives this curved
shape was developed. Another difference is in the transverse process, which is shorter and
slightly closer to the spinous process (Figure 7b).
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Figure 7. Dorsal vertebrae model (a) side and (b) back view.

4.1.3. Cervical Vertebrae Model

The modeling of the cervical vertebrae is overly complicated because each of them
presents morphological differences. The search for similarities, which will later allow us
to set up a generic model that can be modified according to the vertebra, shows that each
vertebra has transverse foramina located within the transverse processes. The length and
shape of the spinous process are also extremely specific from one vertebra to another. These
similarities and distinctions lead us to consider four types of models. The first is dedicated
to the C7, the second is common between the C6, C5, C4, and C3, the third model is specific
to the C2 and the last model is exclusively dedicated to the C1 (Figure 8)

C6

Figure 8. The cervical vertebrae modeling process.
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5. Results and Discussion
5.1. Virtual and Real Model of Cervical Vertebrae

The developed models do not pretend to represent vertebrae’s morphology correctly,
but they aim to be dimensionally and functionally close to them. The dimensional aspect
will only be carried out later, on individual specific blocks of the models. For example, the
height, width, and weight of the vertebral body, and the length of the overflow towards
the outside of the transverse processes of the spinous process will be parameters that help
to obtain, during the image processing in the frontal and coronal plane, radiographs of
the patient’s spine. Thus, they are dynamic models that have the faculty to approach the
shape of the vertebrae thanks to the specific parameter settings of each of them that apply
for any type of person, of typical or atypical morphology. Figure 9a,b shows the generic
model developed from the lumbar vertebrae’s shape, and its specifications are very close
to reality.

Figure 9. (a) Virtual lumbar, (b) real lumbar, (c) virtual dorsal and (d) real dorsal model of vertebrae.

It can be criticized that the developed model’s position of the articular processes could
be farthest back to the posterior part. However, this could not be a problem since the joint
process can slide and follow the upper curve of the posterior arch’s laminae. Thus, the
current model, which was slightly modified to adapt to the dorsal vertebrae, follows exactly
the shape of the last. As observed in Figure 9¢c,d, the stacking of one over the other of D6, D7
and D8 is well achieved. A critique could be made on the spinous process’s shape, which
tends to be firmly downward in the real case. Still, the developed model manages these
kinds of aspects by modifying the shape and the inclination of the director, which defines
this 3D shape. As already mentioned, the cervical vertebrae also have a specific articular
process, which leads to the strong overlapping in each other. The real figures of the seven
cervical vertebrae stacking in Figure 10a shows that the developed model is very close to
reality. Each specific model integrates very well among all the morphological specificities
of their category. For example, C7 has a critical spinous and transverse process which is
very different from that of the generic lumbar and dorsal vertebrae models (Figure 10b,c).
The C6, C5, C4, C3, C4, and C3 have also a slightly smaller vertebral body, which leads to a
more important spinal process (Figure 10d,e). The articular process is higher than with the
C7 (Figure 10a). The C2 is very imposing, following the integration of the two articular
processes designed laterally on the vertebral body (Figure 10f,g). The dens are perfectly
positioned on the axis of the vertebral body. The transverse processes follow, perfectly,
the external morphology of the vertebral body. The whole gives a compact overall shape
following the morphology of the C2. The spinous process is more noticeable at its tip but
needs to be reduced by adjusting the director curve’s length as of the dorsal vertebrae; the
modeling of the C1 by a ring is very representative of it (Figure 10h,i).
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Figure 10. (a,b,d,f h) virtual and (c,e,g,i) real models of cervical vertebrae.

The addition and proper sizing of the joint process give its overall shape. The two
transversal approaches properly complete the whole part. As it is already noticed, the
spinal column is an exact stack of vertebrae evolving according to a defined curve in a 3D
space. This curve characterizes the morphology of the person, in particular, the posture. To
describe the 3D path of this kind of curve, it was chosen to be portrayed in the two main
planes, namely the sagittal plane and the coronal plane. Our model segmented such a path
into 24 portions represented by a set of lines on which it will align the 24 vertebrae of the
spine. T represents the type of vertebra (C: cervical, D: dorsal, L: lumbar) and n the number
of vertebrae in its category. Each line is defined by polar coordinates (1, &in, Btn) located
at the lower end of the line: Iy, represents the length of the line equal to the height of the
vertebra and its upper intervertebral disc and «, and B, respectively represent the two
polar angles of the lines projected on the sagittal and coronal planes. It is important to note
that the rising dependency of vertebrae from their stacking is created when developing
straight lines one after the other in the rising direction of the spine. This dependence is
obtained by creating the coordinate system of the next (upper) vertebra at the end of the
right of the previous (lower) vertebra. The total length L; of the spine is the only parameter
to give the model for parameterizing the length I, of each vertebra/disk. The modeling
process used the vertebral ratios of the research work as shown in Table 1 [14,49]. To
consider the 3D deformation of the spine in atypical cases of scoliosis, each vertebra can
rotate by an angle ytn on the axis of the line assigned to it (Figure 10a). The first tests were
carried out with a spine perfectly aligned, vertically, with different lengths, L; (Figure 10b).
The test used a different length of a spine from L; = 750 mm to L; = 550 mm. These values
are very representative of reality. The results in Figure 11 shows that all vertebrae re-align
perfectly with each other while reducing their volume. The first part of the table represents
each vertebra’s height based on the ratios. The three other tests separately show the spinal
column’s deformation in the three characteristic planes: sagittal, coronal, and transverse.

These deformations were carried out with the same length of spine, Lt = 750 mm, to
show its impact on the overall height of the person following the first two deformations
(with the third not affecting the particular height). This parametric independence will
be beneficial to represent all types of scoliosis deformations in the next process. Table 2
represents the rotation angle of each vertebra in the sagittal plane. The third part of Table 2
represents the angle of rotation of each vertebra in the coronal plane. The last one represents
the rotation of each vertebra in its transverse plane, i.e., its rotation on itself.
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Table 1. Relative lengths of human vertebral bone segments.

Segment Percentage of Spine Cumulative Percentage of Spine
C1 3.2 32
C2 3.2 6.4
C3 2.8 9.1
C4 2.7 11.9
C5 27 14.6
Ceé 2.6 17.2
c7 3.1 20.2
D1 3.4 23.6
D2 3.7 27.3
D3 3.4 31.1
D4 3.9 349
D5 3.9 38.8
Dé6 4.2 429
D7 43 47.3
D8 4.5 51.7
D9 4.6 56.3

D10 438 61.2
D11 5.1 66.2
D12 54 71.7
L1 5.7 77.3
L2 5.8 83.1
L3 5.7 88.8
L4 5.7 94.6
L5 5.5 100

;
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Figure 11. (a) Straight spines with different values of Lt and, (b) spine deformation in the three planes.

5.2. Developments of Adaptive Vertebra Model in a Body

The advantage of our adaptive spine model is its ability to integrate with the human
body with or without scoliosis. To facilitate such a process, a patient with a specific
deformity was scanned in the Human Solutions body scanner. After attaining the scanned
body shape, the data was imported into software called Rapid Form. This software allows
us to edit and correct the defects of the imported 3D meshed object. Later, the cleaned
data from the scanner were then imported from the person’s surface model, representing
the outer shell of their body, into the 3D Design Concept software that was used to create
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our spine model. The integration of the spine into this body was carried out in several
stages. The first step was to assign the correct L; value to the spine model (Table 2). Since
the person was scanned by the EOS scanner, the value was calculated as the height L; of
the spine (Lt = 620 mm). The second step was to position the start of the spine in the right
place. Vertebra L5 was our reference vertebra, which was placed as close as possible on
the sacrum’s high part. This position is somewhat imprecise vertically but is more easily
located between the two buttocks. This position will evolve slightly until the positioned C7
vertebra is achieved in its right position, a position where it is very easily perceptible.

Table 2. Values of Iy, for the different values of L, values of the deformation angles an, B, Yin in sagittal, coronal,
transverse planes.

Segment  Hysp Hzgo Hgso Hgoo Hsso Sagital Hgso Coronal  Hgsg Transverse Hgso
1oy 18 16.8 15.6 14.4 13.2 oct 10 Bcy —26 Yei 15
lcp 18.75 17.5 16.25 15 13.75 xco 15 Bco -23 Y2 12
lcs 19.5 18.2 16.9 15.6 14.3 ocs 20 Pcs —20 Y3 9
lca 20.25 18.9 17.55 16.2 14.85 acs 25 Bca ~17 Yea 6
Ics 20.25 18.9 17.55 16.2 14.85 Cs 28 Bcs —14 YCs 3
lce 19.5 18.2 16.9 15.6 14.3 aCe 30 Pce -11 YcCe 0
lcy 23.25 21.7 20.15 18.6 17.05 oy 36 Bcr -8 Yo7 -3
Ipq 255 23.8 22.1 20.4 18.7 ap1 33 Bp1 —6 YD1 —6
Ipo 27.75 259 24.05 222 20.35 ap2 27 Bp2 -3 YD2 -9
Ips 27.75 25.9 24.05 222 20.35 ap3 17 BD3 0 D3 ~12
Ipg 29.25 27.3 25.35 234 21.45 D4 14 Bpa 3 YD4 —15
Ips 29.25 27.3 25.35 23.4 21.45 aps5 8 Bps 6 YD5 —18
Ips 315 29.4 27.3 25.2 23.1 apg 1 BD6 9 D6 —21
Iny 32.25 30.1 27.95 25.8 23.65 opy -10 Bpy 12 VD7 —24
Ipg 33.75 31.5 29.25 27 24.75 aps —13 Bps 15 YD8 —27
1o 345 32.2 29.9 27.6 25.3 Do —14 BDo 18 VDo —24
Ip1o 36 33.6 31.2 28.8 26.4 ap10 -15 Bp1o 21 YD10 -21
Ip11 38.25 35.7 33.15 30.6 28.05 ap11 —16 Bp11 18 YD11 —18
Ip12 40.5 37.8 35.1 32.4 29.7 Xp12 -18 BD12 15 VD12 -15
i 4275 39.9 37.05 34.2 31.35 o1 —15 BL1 12 Yi1 ~12
lip 43.5 40.6 37.7 34.8 31.9 Lo 11 Bro 9 Yi2 -9
Iis 42.75 39.9 37.05 34.2 31.35 L3 -8 Brs 6 YL3 —6
li4 4275 39.9 37.05 34.2 31.35 o4 4 BrLa 3 Y14 -3
Iis 41.25 38.5 35.75 33 30.25 xr5 20 BLs 0 YL5 0

The third step was to follow the path of the vertebral column by gradually gluing the
spinous process of each vertebra into the significant hollow which was created at the back
of the body. The angular parameters of each vertebra an, fn have been adjusted gradually
from bottom to top (Table 3).

The parameters v, have been set to zero since it is impossible to determine their
specific value at this point. However, the analysis of the two coronal views shows that
the double deflection of the spine forming and S is similar. Since there was a front view
obtained from the EOS scanner and a back view in the Design concept software, it is
possible to have a symmetrical visual of the S orientation. The analysis of the two sagittal
views shows that the path of the spine in the patient’s back follows in an identical way to
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the significant hollow. Figure 12 shows the values obtained for a particular patient using

the EOS images and the integrations of the model spine in the patient’s body.

Table 3. Patient’s values of ly;;, &, B, Yin for Ly = 620 mm.

Segment Hégzo Sagital Heoo Coronal Hgso Transverse  Hgpg
Iy 14.88 oy 10 Bci 1 Yc1 0
I 155 a2 15 B 15 Yoo 0
lcs 16.12 oCs 20 Bcs 2 Yc3 0
lcs 16.74 acy 25 Bes 25 Yeu 0
lcs 16.74 ocs 28 Bcs 3 Ycs 0
Ice 16.12 oce 30 Pcs 35 Yce 0
lcz 19.22 oy 36 Bcr 4 Yc7 0
Ip1 21.08 ap1 33 Bp1 0 YD1 0
Ipo 22.94 . 27 Boo 25 Yo 0
Ip3 22.94 D3 17 Bps 7.5 Y3 0
Ips 24.18 - 14 Boa 12,5 VD4 0
Ips 24.18 D5 8 Bps 10 YD5 0
Ips 26.04 . 1 Bos 7.5 VD6 0
Iny 26.66 a7 ~10 By 5 YD7 0
Ipg 27.9 ops —13 Bps 2.5 YD8 0
Ipg 28.52 D9 —14 By 0 YD9 0
Ip1o 29.76 ap10 =15 Bp1o —25 YD10 0
Ip11 31.62 ap11 —-16 Pp11 —25 Yp11 0
Ip12 33.48 ap12 —18 Bp12 -25 YD12 0
I 35.34 s _15 BL1 —25 YL1 0
I 35.96 Ao 11 BLo 0 Yia 0
I3 35.34 a3 8 Bra 25 Yi3 0
i 35.34 a4 4 BLa 25 Y4 0
Iis 34.1 o5 20 Brs 2.5 YL5 0

Figure 12. EOS images of patient (a) side and (d) front view, and spine integrated into the patient’s

body (b) side and (c) front.
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6. Conclusions

This study illustrates a method for constructing an adaptive 3D model of a complicated
anatomical shape of the human vertebrae, which is accurate enough for several applications
including visualization and constructing statistical shape models. The models are also used
to perfectly detect different anthropometric points and morphology curves on the breast to
obtain unique points and scapula. Especial points on the scapula play an essential role in
creating an article of clothing for scoliosis patients. For this, the study explained previous
models of the spine and the methods for obtaining data from radiologic images. The
study also discusses, in detail, how to construct a model of the spine by investigating and
understanding the different functionalities of the vertebrae, especially the lumbar, dorsal,
and cervical part. Using the different vertebrae functionalities, an innovative 3D design
process was introduced to develop the 3D adaptive model. For each case, the developed
adaptive model can adjust by introducing various data values from the EOS image of the
spine. In this study, due to its complexity and time-consuming process, only one patient
with scoliosis has been simulated and presented in the 3D visual point of view using the
length and angle parameters from a scanning. In the future, the evaluation of different
patients, both virtual and real-model, with scoliosis will be very important for validation.
Integrations of the full skeleton, anthropometric point, and its connection between the
morphologic point and anthropometric point, which would give enough information for
further applications in the customizations of garment design for scoliosis patients, will
be done.
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