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Abstract: The plaster-casting method to create a scoliosis brace consists of mould generation and
rectification to obtain the desired orthosis geometry. Alternative methods entail the use of 3D scan-
ning and CAD/CAM. However, both manual and digital design entirely rely on the orthotist exper-
tise. Characterisation of the rectification process is needed to ensure that digital designs are as effi-
cient as plaster-cast designs. Three-dimensional scans of five patients, pre-, and post-rectification
plaster moulds were obtained using a Structure Mark II scanner. Anatomical landmark positions,
transverse section centroids, and 3D surface deviation analyses were performed to characterise the
rectification process. The rectification process was characterised using two parameters. First, trends
in the external contours of the rectified moulds were found, resulting in lateral tilt angles of 81 + 3.8°
and 83.3 + 2.6° on the convex and concave side, respectively. Second, a rectification ratio at the iliac
crest (0.23 + 0.04 and 0.11 + 0.02 on the convex and concave side, respectively) was devised, based
on the pelvis width to estimate the volume to be removed. This study demonstrates that steps of the
manual rectification process can be characterised. Results from this study can be fed into software
to perform automatic digital rectification.

Keywords: 3D scanning; adolescent idiopathic scoliosis; digital design; orthosis design;
plaster-casting; scoliosis brace; sculpting software

1. Introduction

Adolescent idiopathic scoliosis (AIS) is an abnormal curvature of the spine that oc-
curs in 1.7 to 2.9% of the general population (for AIS with a Cobb angle over 10°) [1-5].
Brace treatment is the most common non-surgical intervention for the management of
AIS. Tt involves fitting a low-profile spinal orthosis around the patient’s torso and pelvis
with the aim of controlling curve progression. Traditionally, scoliosis braces are either
created using a patient-specific plaster-cast or by using prefabricated modules that fit the
patient geometry [6]. Currently, the most widely used braces for the treatment of AIS are
thoracic lumbar sacral orthosis (TLSO) that have high patient acceptance and tolerance
[7]. Although there is controversy surrounding the efficacy of bracing AIS patients, TLSOs
have been found to decrease the risk of curve progression and can protect against the need
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for surgery in skeletally immature AIS patients wearing a brace with high compliance [8-
14].

The design of a plaster mould TLSO is divided in two steps. First, the creation of a
positive mould from the cast of the patient’s torso and, second, the rectification of the
positive mould [15]. The rectification of the positive mould involves both removing and
adding plaster in areas of the torso and pelvis to generate the desired mould geometry
from which the brace shape is thermoformed. The rectification process is based on the
orthotist’s experience to achieve optimal in-brace spinal correction. Despite the wide use
of this technique, there are downsides of manual mould rectification in that casting re-
quires a significant amount of materials, tools, and time [16]. On average, it takes 60 min
to cast a patient [17]. Furthermore, the geometry of the rectified mould is highly depend-
ent on the orthotist expertise, and the manufacturing process involves the use of large
equipment [18].

Recent technological advances have given the opportunity for alternative approaches
to manual casting and rectification to be developed. These include employing computer-
aided design/computer-aided manufacturing (CAD/CAM) and 3D imaging to generate a
virtual geometry of the patient’s torso [19,20]. Three-dimensional imaging approaches,
such as 3D scanning, present a promising technology for digital design and biomedical
modelling applications using reverse engineering methods [21]. These methods can be
used for digital rectification [22], positive mould manufacturing [15], and brace design
[19,23,24], resulting in a reduction in the time required to generate a brace by 50% [18].
Several studies have compared braces developed using the plaster-casting method against
CAD/CAM braces, finding either no significant difference [15,22,25,26] or even better in-
brace Cobb angle correction when using CAD/CAM methods [24].

The prospects of implementing a digital design process can go beyond the improve-
ment of the geometry acquisition phase eliminating the need for casting. Manufacturing
processes using additive manufacturing techniques present a promising solution to study
the use of alternative materials to enhance the functionality, mechanical properties of the
design [27], and use recycled materials [28]. Digital design of TLSOs allows for adaption
of the design to create a new brace for the same patient when required by skeletal growth,
compared to the plaster-casting method, for which a new cast must be completed to obtain
the patient’s geometry.

Despite the implementation of CAD/CAM methods in the design process, the rectifi-
cation process still requires input from an orthotist to ensure an effective brace design.
This involves the orthotist using rectification software, adding, or removing material dig-
itally. Although the input of the orthotist is likely to always be required, semi-automation
of this process may lead to a more efficient and repeatable design processes. Before this is
possible, a detailed analysis of the manual rectification process is required. Therefore, the
aim of this study is to determine whether it is possible to characterise the manual rectifi-
cation process for the plaster-casting method. This would represent a step towards a fully
automated CAD rectification process to generate more effective biomechanical brace de-
signs and improve efficiency of the design process towards additive manufacturing of
TLSOs.

2. Materials and Methods
2.1. Patient Population, Scanner, and Mesh Generation Software

A total of 5 AIS patients (2 left thoracolumbar and 3 right thoracolumbar curves),
who had been prescribed TLSO Boston brace treatment at the Sri Lanka School of Pros-
thetics and Orthotics, Rheumatology and Rehabilitation Hospital Ragama, Gampaha, Sri
Lanka, were recruited for this study. Posteroanterior (PA) X-rays of the patients were
taken as part as the normal clinical process and not for the specific purpose of this study.
The mean age of the patients was 13.7 + 1.8 years (mean + standard deviation), ranging
from 11-16 years old. The mean Risser sign was 1.8 + 1.6, with values from 0-4 and an
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average Cobb angle of 31.2° + 11.2°, varying from 19°—43°. The apical vertebrae were lo-
cated from T12-L2. Approval from the SIDCER ethics review committee from the Faculty
of Medicine, University of Kelaniya, Ragama, Sri Lanka, FWA00013225 (REF.
P/08/02/2020) was obtained. The study was initiated after obtaining written consent from
the patients’ parents/guardians.

A low-cost three-dimensional scanner Mark II (Occipital Inc., Boulder, CO, USA) was
used in combination with an iPad Mini 5% Gen (Apple Inc., Cupertino, CA, USA). The
mesh generation software used was the Scanner application (Occipital Inc. Boulder, CO,
USA). The selected scanner and mesh generation software demonstrated suitable accu-
racy and repeatability with maximum mean deviations within 1.7 mm + 3.6 mm on the
torso of a standing subject. The maximum mean deviations were determined in a prelim-
inary study testing different mesh generation software from a set of three torso scans.

2.2. Scanning of Patients and Moulds

Sets of 3D scans were obtained for each patient’s body and plaster-cast moulds fol-
lowing their appointment at the clinic for a TLSO. Two different investigators performed
the scans in a randomised order on the same day, walking around the patient maintaining
a distance between 30-60 cm using floor markers as a reference, and ensuring the scanner
was perpendicular to the patient’s surface. The scans started all at the same point, in front
of the patient and moving in the clockwise direction from the patient’s point of view. The
lighting of the environment was kept uniform to avoid any inaccuracies caused by
changes in brightness. The patients were asked to stand with their arms raised and flexed
anteriorly away from the body during the scanning process.

2.2.1. Patient Geometry, Pre-Rectification, and Post-Rectification Mould Scans

White spherical markers were placed over anatomical landmarks deemed important
by the orthotists involved in the study for the design of a scoliosis brace and based on
previous surface topography studies that have used markers to evaluate AIS [29-32]. The
location of the markers used in this study are shown in Figure 1. The markers placed at
the left and right angulus inferior scapulae are L-Al and R-Al, respectively. The CLAV
marker is located at the manubrium, and the STRN marker is placed at the xiphisternal
joint. On the anterior side of the pelvis markers, R-ASIS and L-ASIS correspond to the
right and left anterior superior iliac spine, respectively, while R-IC1 and L-IC1 are located
at the tubercle of the iliac crest on the right and left side. On the posterior side of the pelvis,
R-PSIS and L-PSIS are located at the right and left posterior superior iliac spine. Lastly, R-
TRO and L-TRO mark the right and left greater trochanter. Placement of the markers was
performed by an experienced orthotist. Manual measurements of anatomical distances
were obtained using a vernier calliper with a resolution of 0.02 mm.

The patients’ moulds created using the plaster-casting method were scanned before
and after the rectification process. Following the markers placed on the patient’s torso,
seven spherical markers (blue markers (circle) in Figure 1) were placed at the main ana-
tomical landmarks on the pelvis and sternum on the anterior side (R-ASIS, L-ASIS, and
STRN) (Figure 1a) and at the scapulae and pelvis on the posterior side (L-AI, R-Al, L-PSIS,
and R-PSIS) (Figure 1b). These seven anatomical landmarks are used as references by the
orthotist during the plaster rectification process and have also been found in a previous
study to be the most common locations for evaluating AIS in surface topography studies
[33].
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Figure 1. (a) Anterior and (b) posterior view of an AIS patient with spherical markers placed at
anatomical landmarks. Magenta markers (triangle) are only placed on the patient’s body, and blue
markers (circle) represent markers placed on the patient’s body, as well as the pre- and post-recti-
fication moulds.

2.3. Characterisation of the Casting and Rectification Process

The characterisation of the rectification strategies followed by the orthotist during
the plaster-casting method was divided into three analyses. The first two focused on strat-
egies that correct postural changes in the torso during the mould design phases. The third
analysis focused on volume rectifications of the plaster mould (addition and removal of
material), made to accommodate the pressure pads and define the brace shape. Each of
these are discussed in more detail in the following sections.

2.3.1. Alignment of the Scans

To allow for comparison, scans were aligned using the pelvis markers of the post-
rectification mould as reference points. Pelvis markers (R-ASIS and L-ASIS) were chosen
since the distance between them is maintained by the orthotist during the rectification
process using a manual measurement taken from the patient’s pelvis before the casting
process as a reference. A preliminary investigation measured the distances digitally and
compared them to the manual values. First, the post-rectification mould was oriented with
the pelvis in a neutral position using the PA X-ray of the patient (Figure 2a). Second, de-
pending on the type of curve of the patient (left or right), the marker on the concave side
was chosen as the alignment reference (Figure 2b). Third, the patient’s body and pre-rec-
tification mould scans were aligned in the sagittal, coronal, and transverse plane to the
reference post-rectification mould scan. Furthermore, the anatomical landmark distances
measured from the patient’s body and mould scans were compared to the manual meas-
urements to verify the distance between markers in the scans during the different brace
design phases for the casting method.
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Figure 2. Alignment of the different scans obtained during the patient assessment and rectification
process. (a) The post-rectification mould is used as the reference scan for alignment, oriented in a
neutral pelvis position using the PA X-ray from the patient and the pelvis markers R-ASIS and L-
ASIS located at the anterior superior iliac spine. (b) Isometric view of the three scans (patient’s
body, pre-, and post-rectification mould) aligned using the L-ASIS marker as the orientation refer-
ence for a right curve patient.

2.3.2. Anatomical Landmark Positions

Changes in anatomical landmark positions (ALPs) between the patient and post-rec-
tification mould scans were analysed using Blender software (Figure 3). The ALPs were
obtained in 3D space using the patient’s body scan centre of mass as the reference coordi-
nate system for the marker positions, to determine the postural changes on the post-recti-
fication mould. The ALPs were analysed in the coronal plane in both the medial/lateral
(AX) and cranial/caudal direction (AZ) and in the sagittal plane in the anterior/posterior
direction (AY) (Figure 3b). Changes in ALPs were analysed in combination with the pa-
tient’s Cobb angle to investigate whether there was any correlation between the degree of
the curvature and the position variations between the post-rectification mould and the
patient’s body scan.

2.3.3. Surface Centroids

Transverse sections were made through the torso and pelvis on the patient’s body,
pre-, and post-rectification mould scans in the cranial/caudal direction. Sections for each
patient were obtained at the level of L-ASIS, STRN, and CLAV marker positions corre-
sponding to anatomical landmarks of the patient and a section at the middle section be-
tween STRN and L-ASIS (MID) (Figure 4a). For each transverse section, the centroid po-
sition of the external contour was obtained using Blender software. The centroid at the
pelvis represented the reference coordinate system for the analysis. The origin was located
equidistant between the pelvis marker locations R-ASIS and L-ASIS in the coronal plane,
and between L-ASIS and L-PSIS in the sagittal plane (Figure 4a). The centroid location of
transverse sections of the patient and moulds scans were compared to the centroid gener-
ated at the pelvis section. Deviations of the centroid location from the reference system
were analysed between the patient’s body, pre-, and post-rectification scans (Figure 4b).
Deviations in the anterior/posterior direction are represented in the Y-axis and deviations
in the medial/lateral direction in the X-axis.

2.3.4. Three-Dimensional Surface Deviations

Volumetric differences were evaluated using 3D surface deviation maps obtained be-
tween the patient’s body and post-rectification scans for each patient using CloudCom-
pare. The 3D surface deviation maps were used to locate the largest rectification areas on
the mould. Maximum deviations from the largest rectification areas were obtained in the
anterior/posterior direction and medial/lateral direction, corresponding to the transverse



Appl. Sci. 2021, 11, 4665

6 of 14

planes located at the level of anatomical landmarks at the torso (CLAV, STRN, and supe-
riorly of the iliac crest (ILIAC)) and pelvis (R-ASIS and R-TRO).

External contours of the patient’s body and post-rectification scans were generated
for the lateral sides on the coronal plane and the anterior/posterior sides for the sagittal
plane (Figure 4c,d). The contours were used to analyse the rectification changes based on
the contour deviations in the medial/lateral and anterior/posterior direction and the torso
contour tilt in the coronal and sagittal plane. Tilt angles of the post-rectification mould
and the patient’s body scans were obtained from linear interpolation of the contour
curves, using three points intersecting transverse sections determined by anatomical land-
marks (CLAV, STRN, and ILIAC). A ratio was defined between the rectification distance
at the ILIAC transverse section (waist level) and the pelvis width (R-ASIS to L-ASIS dis-
tance). The ratios on the convex (rXc) and concave side (rXv) indicate the waist reduction
on each side divided by the pelvis width (Figure 4c).

Posterior Coronal plane
view AX - medial/lateral
\Z - cranial/caudal

R-Al" R-Al' R-Al - R-Al Lateral Sagittal plane
RAP view anterior/bosterior
: AZ - cranial/icaudal

(a) (b)

Figure 3. Anatomical landmark position (ALP) analysis. (a) The isometric views of the three scans
aligned showing the location of marker right angulus inferior scapulae (R-AlI) for the patient’s
scan (R-Al), pre-rectification mould scan (R-AI’"), and post-rectification mould scan (R-AI"). (b)
Posterior (top) and lateral (bottom) view of the three scans aligned and measure of ALP differ-
ences in the coronal and sagittal plane. The X-axis represents the medial/lateral direction; Y-axis is
the anterior/posterior direction and Z-axis the cranial/caudal direction.
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Figure 4. Surface centroids and 3D surface deviation analyses. (a) The centroid trajectories of the
body, pre-, and post-rectification mould scans from patient five. Dashed lines represent the trans-
verse sections at marker level (CLAV, STRN, and L-ASIS). MID is a section at equal distance be-
tween STRN and L-ASIS. (b) External contours and centroids for the STRN section of patient five.
(c) External lateral contours of patient’s five body and post-rectification mould scan on the convex
and concave side with their corresponding tilt angles and rectification distances at the iliac crest
transverse plane (AXc” and AXv”). (d) External anterior and posterior contours of patient’s four
body and post-rectification mould scan with their corresponding tilt angles.

3. Results
3.1. Anatomical Landmark Positions

Deviations of each marker were represented using box plots in the medial/lateral
(AX”) (Figure 5a), anterior/posterior (AY”) (Figure 5b), and cranial/caudal direction (AZ”)
(Figure 5c). The results showed no direct relationship between the Cobb angle and the
ALP displacement in the medial/lateral direction.
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Figure 5. ALP deviations between the patient’s body and the post-rectification mould. (a) repre-
sents the ALP deviations in the medial/lateral direction (AX”), (b) represents the ALP deviations in
the anterior/posterior direction (AY”), and (c) represents the ALP deviations in the cranial/caudal
direction (AZ”). STRN, L-AI, and R-AI are at the thoracic level on the anterior (STRN) and poste-
rior (L-Al and R-Al) sides, while L-ASIS, R-ASIS, L-PSIS, and R-PSIS are at the anterior (L-ASIS
and R-ASIS) and posterior (L-PSIS and R-PSIS) sides of the pelvis. Mean deviations are repre-
sented by a cross, while median deviations are represented by a horizontal line. Top and bottom
whiskers represent the maximum and minimum deviations.

3.2. Surface Centroids

Figure 6 represents the centroid coordinate results at four transverse sections of the
scans, as well as the centroid trajectories in the coronal (Figure 6e) and sagittal (Figure 6f)
planes.

3.3. Three-Dimensional Surface Deviations

Volumetric differences between the post-rectification mould and patient’s body
scans are represented using anterior, posterior, and lateral views of the 3D surface devia-
tion plots (Figure 7). Box plots from the maximum deviation areas along transverse sec-
tions are represented in the medial/lateral (AX) and anterior/posterior (AY) direction. Lat-
eral deviations are compared on the convex and concave sides of the curve (Figure 7f and
7g, respectively).

External contours obtained from both the patient and post-rectification scans in the
coronal plane are shown in Figure 8a,b, and in the sagittal plane in Figure 8c,d. Rectifica-
tion ratios obtained in the medial/lateral direction at the iliac crest level (ILIAC) are shown
in Figure 8i, found from the convex and concave side contours (Figure 8e,f). Furthermore,
lateral and sagittal tilt angles on the convex and concave side (0 and ¢, respectively) and
posterior and anterior contours (3 and v, respectively) are shown in Figure 8g,h. Changes
in tilt angles between the patient’s body and post-rectification scans are shown in Figure
8j k.
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(a) Posterior view

(b)

(c)

(d)

(e)

mm )
0 250 500

——Patient's body

Lateral view Anterior view

(f) y
. Convex side
100 _ % 120
0 E 5 100 °[
g fwor,,
0 = = g0
2 3 el &l g Pelvis
50 O g 40 :
- 20 Torso e
% 0
00 (g)
E e Concave side
50 E E 120
1 5 = 100
[° 3 S g0
+ [
- < 60 Torso
% 40 ) . Pelvis
PR P
! 100 = %X 0 = =H = I
E
50 —
I B An de
| k= = terior si
|9 2 g 120
L P 5 100
% 80 Torso  Pelvis
100 £
£ £ 40 3@
E 2 -2
s0 £ g 2 Rl v
5 ' D o
[ z
1
L)
T Posterior side
E 120
100 _ § 100 Torso
E £
' 50 £ g x
5 3 o Pelvis
Lo = B 0 | 5
=] g < 2 Cirs 8
- L o8
-50 N 0 ol [= -
-}

Ocav STRN ILIAC
[ R-ASIS T R-TRO

—— Paost-rectification mold

Figure 7. Three-dimensional surface deviation maps between the post-rectification mould and the
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maps represent the addition of material to the mould with respect to the patient’s body and removal
of material. Positive deviations represent removal of material from the plaster mould, while nega-
tive deviations represent adding material. (f) The maximum deviations in the medial/lateral direc-
tion (X-axis) for all the patient’s in the convex side and (g) concave side. (h) are the maximum devi-
ations in the anterior/posterior direction (Y-axis) for all the patient’s in the anterior side and (i) pos-
terior side. The maximum mean deviations are represented by a cross within the box plots, while
maximum median deviations are represented by a horizontal line. Top and bottom whiskers repre-
sent the maximum and minimum deviations. Transverse sections CLAV, STRN, and ILIAC are lo-
cated at the torso level and R-ASIS and R-TRO at the pelvis level.
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Figure 8. External contours of each patient’s body and post-rectification scans generated for the lateral sides on the coronal
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patients and (b) on the concave side. (c,d) are the posterior and anterior contours, respectively. (e,f) show the method to
obtain the rectification distances at the ILIAC level (AXc”, AXv”) and tilt angles from the lateral contours of the patient’s
body and post-rectification mould on the convex (00/0f) and concave sides (po/Ppf), respectively. (g,h) show the posterior
(Bo/pBf) and anterior tilt angles (yo/yf). (i) Box plot of the rectification ratios found between the rectification distance at the
ILIAC level and the patient’s width (R-ASIS to L-ASIS distance) for the convex (rXc) and concave (rXv) sides. (j, k) Box
plots showing tilt angles on the coronal and sagittal plane for all the patients, respectively.
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4. Discussion

This is the first study to attempt the characterisation of the plaster-casting process for
the design of TLSO Boston braces. We analysed the differences between patient body
scans and pre- and post-rectification moulds by investigating changes in anatomical land-
mark positions, centroid locations, and 3D surface deviation maps.

4.1. Anatomical Landmark Position Analysis

Deviations of ALP from the post-rectification mould with respect to the patient’s
body showed the lowest mean deviations at the anterior pelvis markers, with mean devi-
ations from 2.9 + 4.8 mm (Figure 5c¢) to 8.5 + 11.7 mm (Figure 5a) at L-ASIS and from 9.3 +
7.3 mm (Figure 5c) to 11 + 10 mm at R-ASIS (Figure 5a). This could be influenced by the
use of the anterior pelvis markers as the alignment reference for the scans. However, ALP
deviations of the L-PSIS and R-PSIS markers located at the posterior side of the pelvis also
showed lower mean deviations 8.3 + 7.8 mm (Figure 5c) to 12.4 + 8.9 mm (Figure 5b) com-
pared to the markers located at the thoracic level STRN, L-Al, and R-Al, where mean de-
viations ranged from 16.1 + 9.7 mm (Figure 5b) to 38.6 + 23.1 mm (Figure 5c).

This indicates that during the rectification process, for all patients the location of the
largest position changes was at the thoracic level. The ALP analysis showed smaller
changes in pelvis landmark positions. This is likely because the orthotists use this location
as a reference for the 3D alignment of the torso in the cranial/caudal direction during the
rectification process.

4.2. Surface Centroid Analysis

For the different transverse sections along the patient body scans, the minimum av-
erage deviations from the reference system were located at the L-ASIS section (from 2.9 +
1.8 mm (medial/lateral) and 9.7 + 4.8 mm (anterior/posterior)) (Figure 6¢), while maximum
average deviations were found at the CLAV level (from 24.6 + 5.7 mm (medial/lateral) and
36.2 + 30.4 mm (anterior/posterior)) (Figure 6f). The location of the minimum average de-
viations supports the findings from the ALP analysis and is likely due to the pelvis being
used as a reference for the alignment during the manual rectification process (Figure 6c).
The average centroid deviations in the pre- and post-rectification mould were smaller
than the deviations in the patient’s body scan, indicating that, as expected, the deformity
had been corrected to some extent during the casting and rectification processes (Figure
6g/h).

The results showed a rectification trend of the centroid trajectories towards the ver-
tical Z-axis of the reference system located at the pelvis for all the patients throughout the
casting and rectification steps. This trend suggests that centroid locations of transverse
sections can be used to characterise the rectification process to some extent, with regard
to the alignment of the torso with respect to the pelvis. Analysis of centroid locations using
transverse sections could be used to define rotation parameters in the transverse plane,
helping to improve the characterisation of the 3D spinal correction followed during the
rectification process.

4.3. Three-Dimensional Surface Deviation Analysis and Geometric Parameters

The areas with the largest surface deviations were found on the convex side at the
level of the CLAV, STRN, and superior of the iliac crest (ILIAC) in the medial/lateral di-
rection (Figure 7f). The smallest surface deviations were located at the pelvis in the me-
dial/lateral direction on the convex and concave sides (Figure 7f,g) and on the posterior
side (Figure 7i). These results indicate that most of the rectification occurs on the convex
side at the thoracic level, as it was observed in the ALP and centroid results, and at the
iliac crest marker level corresponding to the location of the iliac crest pads. Deviations at
the iliac crest and R-ASIS increased, corresponding to removal of material from the mould
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in the abdominal area, indicating a large anterior rectification in the sagittal plane (Figure
7h).

Rectification strategies were observed from lateral contours of the patient’s body in
the coronal plane, in terms of medial/lateral deviations and a torso tilt correction (Figure
8). The medial/lateral deviations at the waist level with respect to the pelvis width (L-ASIS
to R-ASIS) showed a mean rectification ratio at the level of the iliac crest of 0.23 + 0.04 on
the convex side and 0.11 + 0.02 on the concave side (Figure 8i), therefore, demonstrating
that this ratio can be used as a parameter for digital rectification. The lateral tilt angles
from the external contours of the post-rectification mould were 81 + 3.8° and 83.3 +2.6° on
the convex and concave sides, respectively (Figure 8j). Moreover, the analysis of the con-
tours in the sagittal plane showed mean tilt angles of 82.4 + 2.4° (anterior) and 85.2 + 2.3°
(posterior) on the post-rectification moulds (Figure 8k). The tilt angle results found in our
study indicate rectification parameters that can be used to define the initial geometry of
the rectified mould and the rectification distance at the iliac crest region, preceding the
addition/removal of material corresponding to the pressure pad areas.

4.4. Limitations

Despite the small number of patients involved in the study (n = 5) and only TLSO
designs being analysed, the sample size was large enough to show that characterisation
of this process is possible. Demographics also present a major factor. This study analyses
the data from Sri Lankan female patients from ages 11 to 16 years old, with right and left
curves, and varying Risser grades. This range would have likely led to larger variability
than had these factors been accounted for. Therefore, future work to elucidate trends in
more controlled subsets of patients is warranted and may lead to improved quantification
of the rectification process. A larger study on more brace designs and more curve types
would be required before an algorithm can be developed for clinical use. Moreover, the
characterisation results may vary depending on the orthotist involved in the manual rec-
tification. To support the statistical significance of the found parameters, a larger number
of patients and orthotists will need to be involved in a new study.

5. Conclusions

This study found two parameters that can be used to characterise important strate-
gies of the mould rectification process for the design of scoliosis braces under the guidance
of an orthotist using 3D scans of patients. First, the tilt angle on the lateral, anterior, and
posterior sides was found as a parameter to define the external geometry inclination of
the post-rectification mould in the coronal and sagittal plane. Second, the rectification ra-
tio at the iliac crest level for the convex and concave side indicated the mean material
removal with respect to the width of the patient’s waist.

The characterisation parameters found in this study could be implemented into 3D
sculpting software for the digital design of scoliosis braces, advancing towards the auto-
mation of the design process that will lead to more efficient additive manufacturing of
scoliosis braces.
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