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1
Introduction

Adolescent Idiopathic Scoliosis (AIS) is a condition of the spine, often characterized by a three-
dimensional spinal deformity. Treatment usually involves interventions like exercise, bracing,
or if necessary, surgery. Often bracing is prescribed to stop curve progression so that surgery
can be avoided. Traditional scoliosis braces are usually rigid devices, which displace the
spine to the desired corrective position. With efficacies over 90%, these braces can be quite
effective when worn enough. Unfortunately, the activities of daily living (ADL) for patients are
reduced drastically when wearing a brace, and as a consequence compliance towards the
braces is low. Since AIS develops in around 3% of all adolescents, of which approximately
10% has progressive curves that require treatment of some sort, the need for effective, com-
fortable bracing is high. To increase the ADL of patients, the current focus has been shifted
towards designing a compliant scoliosis brace that can provide needed corrective forces and
allow motion.

This thesis focusses on the evaluation of spinal motions through the design of a motion
capture experiment. The goal of this work is to provide general knowledge about these spinal
motions for clinicians, researchers and mechanism designers, such that they can make use of
the provided analysis for the design of a new, compliant scoliosis brace. Parts of this analysis
are implemented in a brace design quantification strategy, which can be used to facilitate
such a brace design project. The key contribution of this master thesis is the characterization
of spinal motions for specific vertebrae, to provide substantial kinematic data for the design of
a compliant scoliosis brace.

1



2 1. Introduction

1.1. Research Objectives
The research objectives of this thesis are defined as:

• To gather and analyze patient motion data of specific vertebrae during primary motions.

• To devise a structured strategy for the design of a brace design based on compliant shell
mechanisms.

1.2. Thesis Outline
The main body of this thesis work consists of two parts, written as scientific papers. These
papers focus on the two presented research objectives.

Before presenting these papers, first an introduction to the pathology is given and the
main reason behind the project. This introduction is largely based on a literature review per-
formed before commencing this graduation thesis. The focus of this literature review was to
investigate and compare current brace designs and to investigate methods for spinal motions
characterization. The literature review is depicted in Appendix A.

The first paper contains a thorough explanation on the set-up of a performed motion ex-
periment with both scoliosis patients and healthy subjects. Used methods for gathering data
and theories used in the analysis are explained. All relevant outcomes for both clinicians and
mechanism designers from these motion studies are presented and discussed.

The second paper presents a function requirement quantification strategy that can be ap-
plied to design a compliant scoliosis brace. It presents collected information from different
sources; outcomes of a validated brace are used in conjunction with outcomes from the mo-
tion studies in the first paper to translate the functional requirements into quantitative design
specifications.

In the final part of this thesis recommendations for the future are given for both presented
papers. In addition, a possible brace design is presented, showing a potential outcome of the
current project as a whole.



2
Background

To understand the scope of this project, first an introduction to necessary anatomy is pre-
sented, after which the pathology itself is explained including the current treatment paradigm.
This introduction serves as background knowledge and gives a more thorough understanding
why the presented work contributes to the field of (scoliosis) research.
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4 2. Background

2.1. Anatomy

The spine is a complex, flexible structure consisting of 26 connected irregular vertebrae. Be-
sides giving support to the entire trunk, connecting the skull with the pelvis, it also protects the
spinal cord and serves as an attachment medium for the ribs of the ribcage. In early stages
of life, the spine consists of 33 different vertebrae, of which nine eventually fuse to form two
bony structures; the sacrum and the tiny coccyx. Figure 2.1 depicts the spinal column with all
its vertebrae.

Figure 2.1: The spinal column, indication of the 5 spinal regions and the respective curvatures. Reproduced from
[9]

Even though each vertebra differs in size, almost all vertebrae consist of the same general
structure. The centrum is located at the centre of the vertebra, and is connected to a vertebral
arch, which is protecting the spinal cord. Seven processes are connected to the vertebral
arch, which form connection points for muscles and ligaments to move and stabilize the spinal
column. The most present process is the spinous process, which is located posterior to the
vertebrae. This spinous process is relatively easy to palpate underneath the skin. Figure 2.2
depicts the typical structural pattern of a vertebra.
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Figure 2.2: Typical vertebral structures, superior view of a thoracic vertebra. Only bone features are illustrated.
Reproduced from [9]

Within the spine we can distinguish 5 different regions, from top to bottom: The cervical
region (C1-C7), the thoracic region (T1-T12), and the lumbar region (L1-L5). The lumbar
region is connected to the sacrum (S1-S5), which is connected to the pelvis. Inferior to the
sacrum we have the tiny coccyx. These regions are depicted in Figure 2.1.

Figure 2.3: Skeleton of the thoracic cage, anterior view. Reproduced from [9]

Attached to the thoracic region, we find the ribs, which form the thoracic cage together with
the thoracic vertebrae and the sternum. The thoracic cage is depicted in Figure 2.3. The rib
cage consists of twelve pairs of ribs, which are all attached to the thoracic vertebrae posteriorly.
Rib pairs 1-10 are attached to the posterior thoracic T1-T10 vertebrae, respectively, and have
anterior attachments to the sternum (either directly or indirectly). Rib pairs 11 and 12 have no
anterior attachments, and are therefore called floating ribs.

Each spinal region has its specific curvature when viewed laterally. These curvatures
increase the flexibility of the spine, allowing it to function like a spring. [9]
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2.2. Scoliosis

If an abnormal lateral curvature is present, this is referred to as scoliosis. Three different
types of scoliosis can be distinguished: congenital scoliosis, neuromuscular scoliosis, and
idiophatic scoliosis. [3] Scoliotic deformations can cause some serious health implications. On
a physical level these implications might include severe deformations that may cause heart
and lung problems. [1][23] Non-physical or psychological health implications might include
struggling with self-image, an emotional pain. [3]

Two types of scoliosis curves can be distinguished; the S-shape and C-shape curve. As
seen from the frontal or posterior side, these shapes indicate the typical spinal shapes we see
in scoliosis. These two shapes are highlighted in Figure 2.4.

Figure 2.4: Different scoliosis curvatures. On the left a lumbar c-curve is shown. On the right a double major
curve, or S-curve is shown. Edited image, original from [2]

Especially present during late childhood with unknown causes, Adolescent Idiopathic Sco-
liosis is the most common type of scoliosis, developing in around 3% of all adolescents. Ap-
proximately 10% of which needs to be treated, due to its progressing curves. [10] When the
Cobb angle exceeds 10 degrees, the patient is diagnosed with Scoliosis.

Typically, the scoliotic curvature is characterized with the Cobb angle; the angle between
the two most tilted vertebrae of the spine. [3] Figure 2.5 depicts a schematic overview of the
Cobb angle measurement.
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Figure 2.5: Measurement of the Cobb Angle, the angle between the two most tilted vertebrae. Reproduced from
[20]

To overcome the possible problems scoliosis might bring, braces are prescribed when the
Cobb angle measures between 25 and 40 degrees to prevent further progression of the spinal
curvature. [15] If the Cobb angle exceeds 40 degrees usually surgery is performed, where the
deformity is reduced by fusing the vertebrae together using metal rods and bolts, leading to a
reduced spinal range of motion.[5]

2.3. Bracing

In-brace correction of the scoliotic spine is generally performed by applying external forces at
the apex of the curve. These forces are applied by patient-specific scoliosis braces, which
usually have to be worn up to 23 hours a day. [11] It has been shown that effective treatment
depends on wear time [17][22], where effective treatment is often regarded a maximum curve
progression (< 5∘) at the end of growth. [14]

Typically, patients do not wear braces for the prescribed amount of time per day due to
comfort and aesthetic reasons. Mostly rigid braces are used, which have a higher success rate
compared to their flexible counterparts, but perform poorly in wearer compliance and comfort.
Rigid braces also limit the patient’s Range of Motion, which in its turn limits the patient’s ability
to perform several Activities of Daily Living (ADL). Furthermore, rigid braces are often bulky
and patients have to wear oversized clothes to hide them. This can have psychological impacts
on the patients and damage self-confidence.[12][16] Flexible braces perform better on these
criteria, but show a lower success rate in terms of treatment. [13] Figure 2.6 shows three
examples of brace designs.
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(a) Boston Brace, repro-
duced from [8]

(b) TriAC Brace, reproduced
from [21]

(c) SpineCor Brace, repro-
duced from [4]

Figure 2.6: Different types of braces

To maximize treatment efficiency, previous factors give rise to the development of a new
hybrid brace solution. This brace solution aims to combine the effectiveness of rigid braces
with the flexibility of the non-rigid braces, thus creating a brace which improves ADL while
making sure the success rate is not decreased. Previous work by Nijssen and Ring showed
possible brace designs using compliant shell mechanisms, creating a semi-rigid brace while
simultaneously applying required correction forces. [13][16] Nijssen used a spatial mechanism
approach to design scoliosis braces, allowing for the design of relatively thin shell elements
to provide flexibility and transmit correction forces. Additionally, a currently unconventional
two-fold force controlled strategy was used based on work by Nijenbanning [12], which made
it very hard to validate the brace design, without taking into account the complex brace-tissue
interaction. Furthermore, generalized motion data was not available, which is why the proof-
of-concept brace design was focused on one specific subject.

Today, not much research has focused on spinal motion of scoliosis patients. Engsberg
et al. measured the spinal range of motion pre- and post spinal fusion for the entire spine. [5]
Skalli et al. used a similar experiment to investigate the contribution of the pelvis to the spinal
motion before and after surgery, showing that most patients use the pelvis to compensate for
reduced spinal motions both prior and after spinal fusion. [18] Solomito investigated the range
of motion for three different spinal segments; the entire spine, the upper spine (C7 to T7) and
the lower spine (T7 to S1), showing differences inmotion profiles between healthy subjects and
scoliosis patients. [19] More recently, Galvis et al. investigated the spinal mobility for different
segments of the spine, showing an increased mobility for the scoliosis group compared to the
control group. [6]

Since these researches have mostly been focusing on analysing spinal range of motion,
the need for characterization of spinal motions from a mechanism design perspective remains
for the design of a compliant scoliosis brace.
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Spinal Motions

Paper: The spinal Range of Motion of Adolescent Scoliosis pa-
tients
This paper is to be submitted to Scoliosis and Spinal Disorders
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ABSTRACT
Treatment possibilities for Adolescent Idiopathic Scolio-

sis (AIS) have been widely investigated over the last decades.
Even though progress has been made in designing efficient
treatment methods, not much is known about the spinal mo-
tions of AIS patients. In this work, spinal mobility is quan-
tified and compared between scoliosis patients and healthy
subjects using a primary motions experiment. In addition,
bending strategies are evaluated between the groups and ro-
tation axes are investigated. Together, this data can be ap-
plied when developing a new, compliant scoliosis brace.

BACKGROUND
Adolescent Idiopathic Scoliosis (AIS) is a three-dimensional

deformity of the spine, which is characterized by a lateral cur-
vature with a Cobb angle of more than 10 degrees and rotated
vertebrae. [1] [2] Because spinal deformation can cause seri-
ous health implications, usually scoliosis braces are prescribed
to stop the curvature from progressing. Current braces consist
of rigid and flexible solutions. The rigid braces generally have a
higher success rate, but perform poorly on comfort and the abil-
ity of the wearer to perform Activities of Daily Living (ADL).
Flexible braces, on the other hand, generally perform better on
these criteria but have been shown to be less effective in terms
of treatment. [3] These facts give rise to the development of a
new hybrid brace solution, which aims to combine the effective-
ness of rigid braces with the flexibility of their flexible counter-
parts. Since ADL are highly influenced by the ability to move
the spine, a better understanding of these spinal motions and the
spinal mobility is required for the design of a semi-rigid, or com-
pliant scoliosis brace. Observation of these topics could also give
a better understanding of the effect of AIS on the mobility of the
spine. Since not much research has been focused on the quan-
tification of spinal mobility in conjunction with AIS, not much is

known about the differences in spinal motion between scoliosis
patients and healthy subjects. Only few studies have been per-
formed with the aim of comparing the Range of Motions (RoM)
of these two groups [4] [5], all of which used a very small group
size or focused on differences between broad spinal regions. In
this study, a method is proposed with which we are able to cap-
ture motion data for specific vertebrae. Using this method, the
spinal mobility is measured during primary motion tasks; sagit-
tal bend, lateral bend and axial rotation, or twist. The purpose
of this experiment is to define specific contributions of different
spinal sections to primary motion tasks and indicate possible dif-
ferences in motion profiles between scoliosis patients and healthy
subjects. It is hypothesized that the lower lumbar regions con-
tribute a significant amount to the entire sagittal and lateral bend.
Furthermore, spatial axes of rotation can be described for the
captured vertebrae using screw theory, allowing for a rotational
characterization of large part of the spine. Captured data from
this experiment, such as the particular contributions to the to-
tal bend, rotation axis locations and possible generalization over
groups can be put into practice for the design of a new, compliant
scoliosis brace.

METHODS
Fifteen adolescent AIS patients between the age of 10 and

14 years old were included in this study. Recruitment of subjects
took place during scoliosis clinic visits. The inclusion criteria
consisted of a primary Cobb angle of at least 15 deg and no pre-
vious history of spinal surgery. The control group consisted of
fifteen age- and gender matched subjects.

This study was approved by the Institutional Research Board
at Bucknell University and by the Institutional Research Board
of Geisinger Health Center. Written and informed consent and
assent was obtained for all subjects ahead of each trial.

Tim Dries
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Motion trial design

Several researchers investigated spinal motions of scoliosis pa-
tients. The majority of this research focused on the ex-vivo cal-
culation of Cobb angles or spinal range of motion before and
after spinal fusion. Nijssen [3], Solomito [5] and Galvis et al. [4]
investigated the relative motion ranges for different spinal seg-
ments. While Galvis et al. used an electromagnetic motion sen-
sor system (Trakstar system, Ascension Technologies, Burling-
ton, VT), this study uses an optoelectronic motion system, de-
creasing the possible influence of attached equipment on natural
motions. The utilized system is a set-up consisting of 8 T10 se-
ries infra-red motion cameras (Vicon, Los Angeles, CA), acquir-
ing data at 1000Hz (frames/sec).

Subjects in both groups were equipped with 6 retro-
reflective marker tripods. The specific configuration of the
tripods allows for gathering spatial motion data of one specific
location, the attachment point on the spinous process. Each tri-
pod consists of one retro-reflective marker attached to the center,
with two retro-reflective markers connected at a 90 deg. angle
with the centre marker at the intersection point. Tripods were
constructed using fused deposition modelling, an example is de-
picted in Figure 1.

FIGURE 1: Marker tripod as used in this work

The tripods were placed on the T1, T4, T7, T10, L1 and L3
vertebrae. These locations were chosen due to the relative ease
to locate (palpate) them in experimental setting and the potential
to define different spinal regions from these locations. In addi-
tion, three markers were placed on the S1, and the left and right
anterior superior iliac spine (LASIS and RASIS). The 3D-plane
constructed by these markers serves as the base-frame for further
analysis. The total marker set-up is depicted in Figure 2.

FIGURE 2: Marker set as used in this work

All subjects were instructed to perform 3 primary bends as
far as comfortable; a sagittal bend, a lateral bend (to the left
and right) and a coronal twist (to the left and right). For each
bend, the bending tasks were demonstrated after which partici-
pants could practice before data collection started. In total, each
subject was asked to perform the different motion tasks 15 times,
which were captured in 5 consequent trials. Subjects were asked
to keep their hands on the back of their head, as depicted in Fig-
ure 2, to preclude occlusion of markers. Demographic data of
participants was collected at the time of participating in the mo-
tion trials.

Data processing

After data collection, data was analysed and processed in several
steps. An overview of the data analysis is presented in Figure
3. Each analysis step will be explained in detail in a separate
section.
Capture Data: Data was captured and refined using VICON
Nexus software (Vicon, Los Angeles, CA) and possible gaps
were filled using built-in gap-filling algorithms.
Filter: A custom-made MATLAB (Mathworks, Natick, MA)
program was used to post-process the data. After capturing, data
is filtered with a 4-th order Butterworth filter (cut-off frequency
of 15 Hz) to remove possible noise from within the motion
capture system and reduce skin motion artefact.
Force Rigid Bodies: Data is forced to be rigid to further reduce
error build-up within the capturing system, ensuring exact
marker set dimensions throughout the entire trial.



Frame Transformation: In this step, data is translated into the
Pelvis frame, setting all motions relative to the Pelvis.
Frame Projection: After transformation, data is projected onto
the planes-of-interest in order to isolate the in-plane motions for
further analysis.
Screw Calculation: In this step, screw theory is used to calculate
relative rotations, translations and the locations of spatial axes
of rotation for each captured marker set. Screw theory describes
any rigid body motion as a combination of a rotation about and
a translation in the direction of the axis of rotation. [6] Using
this theory, a motion can be subdivided into a primarily rotation,
translation or a combination of the two. To find the screw
locations (spatial axes of rotation) and corresponding angles
of rotation about these screw vectors, a mathematical model is
used, based on a model developed by Ring. [7]

In the end, data is clustered and plotted. The results are
presented in the Results section.

FIGURE 3: Process-tree of data analysis. Each box represents
main function as utilized by Matlab program to evaluate cap-
tured motion data. Theory behind scripts in rectangular boxes is
explained in further detail in the section below.

Force rigid bodies
While capturing the data during the trials, small error is intro-
duced because of imaging errors within the VICON capturing
system. These imaging errors are reduced by ensuring the di-
mensions of the pelvis frame are the same for each time frame,
therefore forcing the captured Pelvis frame to be rigid.

Each marker set consists of three different markers A, B and
C, where A is the central marker, B the top marker and C the bot-
tom marker. For the pelvis, Ap is the single marker attached to
the S1 vertebra, Bp is the marker attached to the right hip (RA-
SIS) and Cp is the marker attached to the left hip (LASIS), where
p denotes the relative marker set, in this case the Pelvis marker
set. A simplified representation of the marker sets is shown in
Figure 4.

FIGURE 4: Simplified representation of basic marker sets.
Marker set on pelvis (Ap on S1, Bp on RASIS,Cp LASIS) is
shown, together with a possible configuration (Am, Bm, Cm) of
one of the marker tripods on T1, T4, T7, T10, L1 or L3 verte-
brae.

To force the marker set to be rigid, the Ap marker is used as
a base reference and the locations of the other two markers Bp
and Cp are re-calculated, if necessary, for each time frame.

First, the magnitudes of the vectors between Ap, Bp and Cp
are calculated and normalized for the first time frame (t = 0):

ˆABp(0) =
(Bp(0)−Ap(0))
|(Bp(0)−Ap(0))|

(1)

ˆACp(0) =
(Cp(0)−Ap(0))
|(Cp(0)−Ap(0))|

(2)



ˆBCp(0) =
(Cp(0)−Bp(0))
|(Cp(0)−Bp(0))|

(3)

Next, the angle between these vectors is computed:

θBACp(0) = cos−1
ˆABp(0)2 + ˆACp(0)2 − ˆBCp(0)2

2∗ ( ˆABp(0) · ˆACp(0))
(4)

The unit vectors for each time frame (i) are calculated sim-
ilarly to Equation 1 and the orthogonal vector between them is
computed by taking the cross product:

k⃗(i) = ⃗ABp(i)× ⃗ACp(i) (5)

The next step is using the Rodrigues Formula in order to
calculate the new ˆACp unit vector direction, by inserting the ˆABp
vector for each time frame and the angle between the vectors at
the first time frame:

ˆACp
′
(i) = ˆABp(i)cosθBACp(0)+ (⃗k× ˆABp(i))sinθBACp(0)

+ k⃗(⃗k · ˆABp(i))(1− cosθBACp(0))
(6)

Finally, the newly found unit vectors are multiplied with the
magnitudes as found in Equation 1, 2 and 3 to produce the new
(rigid) positions of the relative markers.

Translate marker data into Pelvis frame
To make sure that all the marker data is expressed in the pelvis
frame, the pelvis frame is set as the global frame and all captured
data is translated to this frame.

A vector between the origin and marker Ap(0) on the Pelvis
is calculated, where p denotes the marker location, (0) denotes
the first time-frame and G denotes the global reference frame:

d⃗ = GAp(0)−

0
0
0

 (7)

This vector is subtracted from the captured data of all marker

sets for each time frame (i), to shift the Pelvis onto the xy-plane:

1A(i) = GA(i)− d⃗

1B(i) = GB(i)− d⃗

1C(i) = GC(i)− d⃗

(8)

To transform the data, the angle between the global x- and z-
components of GBp is calculated using the four quadrant inverse
tangent:

ϕBp = tan−1
( 1Bp(1,3)

1Bp(1,1)

)
(9)

Using this angle the marker data is rotated about the y-axis into
the xy-plane, by making use of the Euler rotation matrix:

2P =

x′

y′

z′

= Ry(ϕBp) · 1P =

cos(ϕ) 0 −sin(ϕ)
0 1 0

sin(ϕ) 0 cos(ϕ)

x
y
z

 (10)

, where P represents the point in three-dimensional space:

jP =

p(i,1)
p(i,2)
p(i,3)

 (11)

Consequently, data is rotated about the z-axis onto the x-
axis. With the angle calculated:

θBp = tan−1
( 2Bp(1,2)

2Bp(1,1)

)
(12)

And the rotation using Euler’s rotation matrix about the z-axis:

3P =

x′′

y′′

z′′

= Rz(θBp) · 2P =

 cos(θ) sin(θ) 0
−sin(θ) cos(θ) 0

0 0 1

x′

y′

z′

 (13)

Finally, the data about is rotated about the x-axis into the xy-
plane. Using the same method for the angle and Euler’s rotation
matrix:

ψBp = tan−1
( 3Bp(1,3)

3Bp(1,2)

)
(14)



And

PP=

x′′′

y′′′

z′′′

=Rx(ψBp) ·3P=

1 0 0
0 cos(ψ) sin(ψ)
0 −sin(ψ) cos(ψ)

x′′

y′′

z′′

 (15)

Projection on plane of interest
After translating every data point into the Pelvis frame, the plane-
of-interest is defined; the plane in which the locations of the
screw rotational axes are to be calculated. For all three different
motions, particular planes-of-interest can be distinguished. For
the sagittal bend this is the sagittal plane, for the lateral bend the
frontal plane and for the axial twist this is the transverse plane.

FIGURE 5: Planes of interest w.r.t. Pelvis frame for the three
primary bends: a) Sagittal plane. b) Frontal plane. c) Transverse
plane

As Figure 5 indicates, all the planes-of-interest are shown
relative to the Pelvis. The orientations of the planes are calcu-
lated for each time frame by defining the normals to each of these
planes:
First, the Z-normal to the Pelvis frame is calculated for each
time-frame:

Znorm(i) = ((Ap(i)−Bp(i))× (Ap(i)−Cp(i))) (16)

Next, the Y-normal of the Pelvis is computed using the
cross-product of the Z-normal from Equation 16 with the vec-
tor from Cp to Bp.

Ynorm(i) = (Znorm(i)× (Bp(i)−Cp(i))) (17)

The X-normal is calculated in a similar manner, by taking
the cross-product of the Z-normal from eq. 16 with the Y-normal
from eq. 17:

Xnorm(i) = (Znorm(i)×Ynorm(i)) (18)

Using these normals, the marker data can be projected onto
the relative planes-of-interest using vector projection:

Y Am(i) = PAm(i)−((
(PAm(i)− PAp(0)) ·Ynorm(i)

)
∗Ynorm(i)

) (19)

Calculate screws
A screw is defined by a direction vector w⃗, a point q on that
vector, a pitch h and an angle of rotation γ . A screw without pitch
depicts a pure rotation en its location represents a rotation axis.
Screws are calculated in this work using the following strategy:

First, the direction unit vector of the screw is computed, by
using the transformations of B and C. These transformations B̃
& C̃ are defined as:

Y B̃ =
Bm(i)−Am(i)
|Bm(i)−Am(i)|

− Bm(0)−Am(0)
|Bm(0)−Am(0)|

(20)

,

YC̃ =
Cm(i)−Am(i)
|Cm(i)−Am(i)|

− Cm(0)−Am(0)
|Cm(0)−Am(0)|

(21)

The screw direction vector must be orthogonal to these vec-
tors and so the cross-product is used to calculate vector, the axis
of rotation w⃗:

w⃗ = YC̃×Y B̃ (22)

Next, the angle of rotation is calculated by considering the
movement of a point q about the rotation axis w. A graphic rep-
resentation of this movement is shown in Figure 6.

FIGURE 6: Graphic representation of movement of point about
rotation axis w⃗ from B0 to Bi



The normalized vector u⃗ form Am to Bm of each marker set
m is calculated for the first time-frame (0) and for all consequent
time-frames (i):

u⃗ =
(Bm(0)−Am(0))
|Bm(0)−Am(0)|

(23)

v⃗(i) =
(Bm(i)−Am(i))
|Bm(i)−Am(i)|

(24)

The perpendicular vectors from the rotation axis to Bm(0)
and to Bm(i) are calculated:

u⃗′ = ⃗ABm(0)− w⃗(i) · ⃗ABm(0) (25)

v⃗′ = ⃗ABm(i)− w⃗(i) · ⃗ABm(i) (26)

Using the four quadrant inverse tangent, the angles of rota-
tion relative to the first time-frame are found:

γ(i) = tan−1

(
u⃗′× v⃗′

)
· w⃗

u⃗′ · v⃗′
(27)

Now, the homogeneous transformation matrix T is con-
structed. This matrix consists of a displacement vector d⃗ and
the Rotation matrix R, as defined from the Rodrigues formula:

Rω̂(γ) = eω̂γ = I + ω̂ sinγ + ω̂2(1− cosγ) (28)

T is then constructed as follows:

T =

[
R d⃗
0 1

]
=

[
eω̂γ (I − eω̂γ)+hγ(ω⃗)
0 1

]
(29)

The pitch of the screw h is calculated, by using the relation-
ship between the parallel component to the rotation axis w and
the projection of d onto w:

h(i) =
w⃗(i) · d⃗

γ(i)
(30)

Lastly, the location of the screw q⃗ is found. q⃗ is defined as
the point on the screw closest to the zero of the global frame and
its derivation is shown in [7]:

q(i) =
(Nd

2 +(w⃗(i)×Nd))

2tan( γ(i)
2 )

(31)

, with Nd defined as the normal to d⃗:

Nd = d⃗′− (h(i) · γ(i) · w⃗(i)) (32)

Clustering
When calculating screw rotation axis locations, results show
varying axis positions including several outliers and axes that can
be clustered or averaged. To calculate average screw locations,
the calculated screws are clustered using DBSCAN method, a
data-based density spatial clustering approach. [8] DBSCAN al-
lows for finding clusters of data with only a minimum amount
of input; eps, the minimum distance between two points and
minPts, the minimum number of points that form a dense (clus-
tered) region. [9] Using this method clusters are isolated and out-
liers can be eliminated. Figure 7 shows an example of clustering
the generalized screw rotational axes of the L1 marker set, where
the clustered screw axis is depicted in orange, the blue vectors
show the screw axes that make up this cluster and the vectors in
black indicate the outliers.

FIGURE 7: Averaged locations of screw rotational axes of L1
marker set for scoliosis group during sagittal bend, relative to
pelvis. Clustered screw for all subjects is depicted in orange,
with standard deviation from this clustered screw and screws that
are clustered given in blue. Black vectors indicate outliers that
are identified in the clustering algorithm and do not contribute to
the clustered screw vector.



TABLE 1: Captured angles during three primary bends including confidence intervals for scoliosis group and control group.

Rotation Angles [deg]

Motion Group T1 T4 T7 T10 L1 L3

Sagittal Bend Scoliosis - 49.2 ± 5.2 49.5 ± 6.0 45.4 ± 4.6 36.1 ± 3.0 24.1 ± 5.0

Control - 45.9 ± 4.2 45.8 ± 5.2 44.9 ± 4.6 33.2 ± 3.3 20.8 ± 2.6

Lateral Bend Scoliosis 55.5 ± 6.4 50.0 ± 4.4 40.3 ± 4.7 32.2 ± 3.0 13.8± 1.7 4.7 ± 0.8

Control 74.2 ± 7.1 58.5 ± 5.4 52.0 ± 4.0 38.6 ± 4.0 21.0 ± 2.3 9.4 ± 1.7

Axial Twist Scoliosis - 44.8 ± 6.0 24.3 ± 3.6 28.5 ± 9.1 26.2 ± 4.6 21.1 ± 2.8

Control 49.1 ± 5.2 25.0 ± 3.2 24.1 ± 4.4 32.3 ± 4.3 25.9 ± 9.6

Motion Study Analysis
The motion study results are based on the three primary mo-

tions as performed by each subject. For each bend, the angles
in the plane-of-interest (sagittal, frontal and transverse planes)
are calculated and the relative contributions to the motion of
each captured vertebra. In addition, average screw locations, de-
scribing the rotation axes of captured vertebrae are calculated
and group means are plotted using custom made MATLAB pro-
grams. Rotation angles and screw rotational axes of captured
vertebrae are calculated with relation to the pelvis for each sub-
ject motion trial and averaged out for each subject. For the
sagittal bend and axial twist bending tasks, marker set T1 was
disregarded, because of large inconsistencies and fluctuations in
captured data, caused by marker occlusion or motion out of the
camera field-of-view. Averaged subject data was gathered and
combined for both groups. Statistical tests were used to evaluate
possible differences in bend contributions between the scoliosis
group and the control group. Data outliers were identified us-
ing statistical z-scores and where removed when the empirical
rule (> 3∗SD) was met. Since group sizes were relatively small
and data was not normally distributed, Wilcoxon-Mann-Whitney
tests were used to determine statistical differences. [10] For the
statistical tests, a significance level of α = 0.05 was used, mean-
ing two-tailed values p < 0.05 were considered statistically sig-
nificant. All statistical analyses were performed using IBM SPSS
Statistics, version 24 (IBM Corp., Armonk, N.Y., USA).

RESULTS
Subject Demographics

In total 30 subjects were used in this study; fifteen subjects
in the study group and fifteen subjects in the control group. Sub-
jects in the scoliosis group were diagnosed with scoliosis and
undergoing treatment. Participants in the control group all had
no diagnosis of scoliosis or other spinal disorders. All partici-
pants were female. The mean age, height and weight for both

groups is depicted in Table 2.

TABLE 2: Mean demographics of participants in both groups

Control Group Scoliosis Group

Age [years] 12.0 ± 1.4 12.6 ± 1.9

Length [meters] 1.57 ± 0.07 1.58 ± 0.10

Weight [kg] 48.3 ± 12.7 49.1 ± 9.3

Bend Strategies

Rotation angle data for the three primary bends as collected for
all 15 subjects of each group is depicted in Table 1. Results are
calculated from trials where all data was recorded correctly.
Figure 8 depicts the relative contribution percentages of captured
spinal segments for both the control group and the scoliosis
group for the sagittal bend.

Similar bending strategies are apparent during sagittal bending
for both groups. The scoliosis group shows a slightly larger
contribution of the upper lumbar region (L1-L3) compared
to the control group(Mdn =24.8%, Mdn = 21.8%). The low
thoracic region of the control group (T10-L1) contributes more
than the same region of the scoliosis group (Mdn =22.1%,
Mdn =15.2%). On average, the lower lumbar region (L3-T10)
contributes for 81.2% to the sagittal bend for the scoliosis group
and for 87.3% for the control group. No significant differences
are found when comparing the contributions of spinal sections to
the sagittal bends between both groups, however both L1-L3 and
T10-L1 sections show a small to medium-sized effect (r = 0.14
in both cases).

During lateral bending (Figure 8b), the scoliosis group
shows significantly smaller rotation angles for both the lower



(a) Contributions of S1-T4 to sagittal bend. (b) Contributions of S1-T1 to lateral bend. (c) Contributions of S1-T4 to axial twist.

FIGURE 8: Comparison of averaged contributions of captured spinal segments of the scoliosis group to the averaged contributions
of the same captured spinal segments of the control group during primary motion tasks.

lumbar L1 and L3 vertebra compared to the control group (p =
0.020, p = 0.019) and trends towards smaller rotation angles of
the T1 and T7 vertebra (p = 0.06, p = 0.07).

The contribution of the T1-T4 section of the control
group does not differ significantly from the scoliosis group
(Mdn =17.6% ±15.5, Mdn =15.2% ±26.0, r = 0.20). A
larger effect is seen for the T4-T7 section (Mdn =9.0% ±16.9,
Mdn =17.4% ±23.9, r = 0.29). The T10-L1 section also shows
(non-significant) differences in bend contributions to the lateral
bend with a small to medium-sized effect (Mdn =19.0% ±13.3,
Mdn =29.5% ±15.2, r = 0.24). On average, the lower lumbar
region (T10-S1) contributes for 55.7% to the lateral bend in both
groups.

Mobility in the axial twist tasks show different contributions
of captured spinal segments to the total motion, as shown in Fig-
ure 8c. Both groups show a similar motion profile when per-
forming axial twists, where we see the biggest contributions to
the twist for the control group and scoliosis group from S1-L3
(39.2%, 40.8%) and from T7-T4 (43.0%, 38.8%). When com-
paring the groups, small differences are found between the con-
trol group and scoliosis group for T10-L1 (Mdn=-14.0% ±38.8,
Mdn =-3.5% ±43.1, r = 0.18) and L1-L3 (Mdn =18.8% ±33.4,
Mdn =8.0% ±30.5, r = 0.17), however these results are not sig-
nificant.

Screw Locations
For each primary bend, screw locations for all subjects

within each group were calculated. Figure 9 shows the screw
locations of L1 vertebra for all subjects of the scoliosis group

during the sagittal bend. The screw locations are shown for each
20 ms of the total bend, including standard deviations (horizontal
lines).

FIGURE 9: Screw Locations of L1 vertebra for 15 subjects
of the scoliosis group. Each color represents a subject of the
group. Standard deviations are indicated with horizontal lines.
All screws were calculated relative to the pelvis frame, which is
indicated in black. The motion of the actual marker set on L1 is
shown by the red triangular shapes.

The simplified screw locations were clustered for both
groups. Averaged locations for all three primary bends are shown
in Figure 10.



(a) Screw Locations Sagittal Bend. Locations shown in the sagit-
tal plane.

(b) Screw Locations Lateral Bend. Locations shown in the frontal
plane.

(c) Screw Locations Axial Twist. Locations shown in the trans-
verse plane.

FIGURE 10: Generalized screw locations for scoliosis group and control group of all marker sets during sagittal bend (Figure 10a),
lateral bend (Figure 10b), and axial twist (Figure 10c). Locations are shown in planes-of-interest, including motions of T10 marker
set. Solid lines represent control group, dashed lines represent scoliosis group. Relative spread is shown for each marker set of both
groups on the horizontal and vertical axes.

For the sagittal bend, in general a larger spread of screw lo-
cations is seen for the control group, compared to the scoliosis
group in z-direction. Additionally, the rotation axes of the con-
trol group are located more anteriorly, compared to those of the
scoliosis group, except for the T4 marker set. The average lo-
cation differences are depicted in Table 3. It is shown that on
average, the screw locations of the control group are located pos-
teriorly to those of the scoliosis group. These differences range
from 3.55mm for L3 to 12.40mm for T4.

For the lateral bend, the averaged screw locations of the con-

trol group are located more distant from the pelvis, compared to
the screw locations of the scoliosis group (proximal locations dif-
fer 5.72−21.67mm). Differences in lateral positions are smaller,
except for the L3 vertebra (d =−25.94±18.34mm).

In the axial twist motion, screw locations of the scoliosis
group are located more to the left lateral side of the body, com-
pared to the locations of the control group (−22.86− 0.38mm).
For the y-direction, T4 and L1 are located more posteriorly
for the control group than the scoliosis group (d = 40.06mm,
4.25mm), while T7, T10 and L3 are located more anteriorly



(d =−59.9mm,10.98mm,−4.39mm)

DISCUSSION
The goal of this research was to analyse the spinal mobility

of both scoliosis patients and healthy subjects, and to determine
the relative screw motions of different vertebrae during three
primary bends. It was hypothesized that both subject groups use
their lower lumbar region most for sagittal bending and lateral
bending, while the upper thoracic region of the spine is used
more during axial twisting. This hypothesis was supported by
the averaged motion data and bend contributions for both groups.

Marker Set-up
The marker set-up presented in this paper has benefits compared
to existing methods. While most set-ups consist of single
markers attached to bony landmarks [5], this paper introduces
the use of marker tripods, which allows for calculation of
rotation angles and screw rotation axes of the attachment points
using screw theory. The presented method is highly reliable on
retro-reflective markers, which have been placed manually by
palpating the vertebrae. Since these markers are mainly attached
to the skin, adipose and muscle tissue below the skin can cause
the markers to move differently compared to the actual motion
of the vertebra. This motion artefact was decreased by applying
a Butterworth filter.
In addition, some markers might be disturbed by the movement
of fabrics between the patient body and the marker tripods.
These movements are most likely unrelated to the actual motion
of the vertebrae underneath.

Data processing
In this research, subjects were asked to perform motion trials in
a modified lab environment equipped with 8 infra-red motion
cameras. Even though the pilot study was designed to capture
all attached markers during the entire bend trajectories, markers
have been occluded from the camera system because of motions
out of the field of view. The authors have tried to eliminate these
occlusions by monitoring the trials and eliminating possible
error-some trials from the analysis. Additionally, data was
refined using Vicon Nexus gap-filling algorithms, however these
algorithms are not able to fill missing marker data at the begin-
ning or end of trials. [11] This led to removal of trials, which
might have influenced the power of the performed analysis.

Bend Contributions
The used methods in this paper present a method to analyse

differences in bend contributions between the control group
and scoliosis group. Relatively large deviations were found
when calculating bend angles and contribution percentages.
These deviations are possibly introduced by using the Euler
method for rotation into the Pelvis frame. Efforts were made to
remove these errors using filtering and by manually selecting
only trials that did not contain these fluctuations. During lateral
bending, significant differences in RoM were found for the
lower lumbar vertebrae; scoliosis patients participating in this
study showed significantly smaller rotation angles for L1 and
L3 than the subjects in the control group. Research performed
by Solomito [5] also showed larger lower spine (T7-S1) angles
for the control group (31◦± 5), compared to the scoliosis group
(28◦ ± 8). Similar research on spinal mobility performed by
Galvis et al. [4] showed a higher mobility for the L1-L3 section,
when comparing the lateral bend angles of scoliosis subjects
with those of the control group. In this research, we saw a higher
contribution to the lateral bend in this region for the control
group. These differences may be explained by subject demo-
graphics; Galvis et al. included only AIS participants with right
thoracic curves, while in this research scoliosis subjects with
varying curvatures participated. Furthermore both Solomito and
Galvis instructed participants to bend as far as possible, while
in this research subjects were asked to bend as far as comfortable.

In-plane motions
Each of the bending tasks was designed and explained as a
primary motion in one plane. During the analysis, consider-
able out-of-plane motions were observed, indicating a much
more complex use of the spine when performing motions then
expected. In this research the in-plane motion was isolated
and analysed, as it is believed these motions are more relevant
when using the data to design compliant scoliosis braces. Since
it can be argued that spinal deformations are usually three
dimensionally shaped, further research should investigate the
spinal mobility and screw locations in 3D.

Screw Analysis
In this paper a new method is presented, which allows for analyz-
ing screw axis locations for spinal motions. The results obtained
by mean of this screw characterization from a primary bend ex-
periment show a high variety of screw axis locations between
subjects. As the first of its kind, it is not known what is causing
this variance. It could be argued that different scoliotic charac-
teristics could provide different results. As this study did not
control for spinal curvature, curve severity or Risser grade, it is
not clear what influence different scoliotic characteristics have
on presented results. Even though other research showed that
differences in Cobb angles were found to not influence the spinal



TABLE 3: Differences between screw locations of control group and scoliosis group for all captured marker sets during primary bends

Control Group-Scoliosis Group

T1 T4 T7 T10 L1 L3

Sagittal Bend y - -19.72 ± 13.95 21.78 ± 15.40 19.08 ± 13.50 4.58 ± 3.24 14.70 ± 10.39

z - 12.40 ± 8.77 11.06 ± 7.82 10.58 ± 7.48 9.71 ± 6.86 3.55 ± 2.51

Lateral Bend x 1.42 ± 1.01 -0.19 ± 0.13 7.57 ± 5.35 14.49 ± 10.24 3.78 ± 2.67 -25.94 ± 18.34

z 21.67 ± 15.33 20.20 ± 14.29 20.86 ± 14.75 16.23 ± 11.48 7.29 ± 5.16 5.72 ± 4.04

Axial Twist x - -1.38 ± 0.98 -5.06 ± 3.58 0.38 ± 0.27 -22.86 ± 16.17 -8.45 ± 5.98

y - 40.06 ± 28.33 -59.87 ± 42.34 -10.98 ± 7.76 4.25 ± 3.01 -4.39 ± 3.10

mobility [12], it is likely that the spinal bio-mechanics are in-
fluenced by differences in scoliotic deformations, thus different
screw trajectories are to be expected. Since the study was ini-
tially focused on determining differences between scoliosis pa-
tients and healthy subjects, screw data was averaged for the en-
tire group using density based algorithms. The presented results
give an indication how this theory can be used to analyse rotation
axes of specific vertebra, future developments should consider
patient specific spinal curvatures and control for curve severity
and skeletal maturity to validate whether generalization of screw
axes is possible.

CONCLUSION
When comparing the bending strategies of both healthy sub-

jects and scoliosis patients for primary bends, no significant dif-
ferences were found. When bending sagitally the lower lumbar
region contributed up to 81.2% for the scoliosis group, while the
same section provided 55.7% of the lateral bend. The thoracic
region is used more when performing axial twists. During lat-
eral bending tasks, healthy subjects showed a higher RoM, with
larger contributions of L1 and L3 to the total bend. Screw lo-
cations differed widely across the two groups, especially dur-
ing the sagittal bending and axial twisting tasks. The current
study design did not allow for clear generalization of screw mo-
tion data. Further research should explore differences in screw
motion trajectories for different types of scoliosis. Furthermore,
research should be pursued to explore possible screw ranges in
three dimensions and to translate these into design specifications
for compliant scoliosis brace designs.
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4
Quantification Strategy

Paper: Functional Requirement Quantification Strategy of a Com-
pliant Scoliosis Brace
This paper is written as part of the design of a compliant scoliosis brace. After the actual
fabrication, validation and testing of a concept brace, this paper will be submitted the ASME
Mechanisms and Robotics Conference (MR).
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ABSTRACT
3% of adolescents suffer from Scoliosis, a spinal deforma-

tion of which 10% needs to be treated. Bracing is a common
treatment to prevent curve progression. Current scoliosis brace
designs are usually rigid or flexible, which either score high in
terms of success rate of treatment or in comfort and patient com-
pliance. Attempts have been made to overcome these problems
using a compliant brace design. Previous work has shown the
ability of spatial mechanisms to combine correction with flexibil-
ity. In this work, the functional requirements that lead to correct
treatment and allow motion are quantified by deducing validated
brace characteristics using BraceSim and combining this with
patient motion data. A strategy is proposed, reducing the com-
plexity of the bio-mechanical problem into an isolated mechan-
ical problem. This strategy provides a structure and serves as a
structural process-tree to enhance the design of a new, compliant
scoliosis brace.

INTRODUCTION
Adolescent Idiopathic Scoliosis (AIS) can be defined as a

three-dimensional deformity of the spine, which is characterized
by a lateral curvature with a Cobb angle of more than 10 degrees
and rotated vertebrae. [1] [2] AIS develops in around 3% of all
adolescents, of which approximately 10% has progressive curves
that require treatment of some sort. [3]

Treatment possibilities for AIS include surgery, muscle
stimulation and training and bracing, depending on the severity
of the deformation. Severity of the deformation is measured by
the Cobb angle, which is the angle between the two most tilted
vertebrae of the spine. [4] When the Cobb angle exceeds 25 de-
grees, braces are prescribed to prevent further progression of the
scoliotic deformation. [5] If the Cobb angle exceeds 40 degrees,
usually surgery is performed in order to reduce the deformity by
fusing vertebrae together using metal rods and bolts.

Among current state of bracing there are both rigid and flex-
ible solutions. The rigid braces generally have a higher success

rate, but limit the user in their Range of Motion (RoM), thus
obstructing the wearer to perform their Activities of Daily Liv-
ing (ADL). Flexible braces, on the other hand, generally perform
better on these criteria but have been shown to generally have a
lower success rate in terms of treatment. [6]

In the current project, the research objective is to design a
scoliosis brace that corrects the spinal deformation, while allow-
ing for motion during daily activities. Such a brace should be
able to provide the high correction rates of rigid braces, while si-
multaneously using the non-rigidness of flexible braces to allow
the patient to move and bend their torso.

Attempts have been made to develop semi-rigid or compli-
ant braces. These promising brace designs show the unique abil-
ities of shell mechanisms being compliant while simultaneously
transmitting forces [6] [7].

Nijssen [6] first introduced a spatial mechanism approach
to design scoliosis braces which allow motion and facilitate a
force based correction utilizing compliant shell mechanisms. By
introducing a new type synthesis approach along with an uncon-
ventional force based correction strategy the final result of Ni-
jssen was difficult to validate [8], since the complex brace-tissue
interaction was not taken into account [6]. Furthermore, no gen-
eralized motion data was available, which is why these proof-of-
concept braces were focused on specific subjects.

The design strategy presented in this work, is based on the
conventional displacement based control strategy while adding
compliance using compliant shell elements. Compliant shell
mechanisms are highly suitable for the application of human-
assistive devices, such as the compliant scoliosis brace. Their
monolithic lightweight thin-walled nature makes them ideal to
clean, wear and conceal under clothes. Furthermore, the human
spine does not have clear distinctive constraint and free motion
directions, similar to compliant shell mechanisms.

The conventional displacement based control strategy im-
proves the ability to validate a possible brace design, since the
correction efficiency can be determined using BraceSim [9].
BraceSim is a validated software tool to simulate the effective-
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ness of a scoliosis brace prior to manufacture, and is developed
by our collaborators from the École Polytechnique de Montréal.

The presented strategy reduces the complexity of a bio-
mechanical compliant brace design problem into an isolated me-
chanical problem. Utilizing BraceSim, the main functional re-
quirements of a compliant scoliosis brace are quantified into val-
idatable kinematic design specifications. The kinematic design
specifications include desired non-linear behaviour of compliant
shell mechanisms. The proposed strategy contributes to the over-
all design process of designing a compliant scoliosis brace.

Case selection
The strategy presented in this paper, is explained on the ba-

sis of patient data provided by our collaborators from the École
Polytechnique de Montréal. In this paper this analyzed patient
is referred to as the correction study patient. The proposed strat-
egy requires motion data of this patient, however the motion data
of the correction study patient was not available. Therefore a
motion study was performed on a different patient with similar
scoliotic characteristics. This patient was selected by an experi-
enced orthopaedic by comparing the X-rays of the braced patient
(correction study patient) with the X-rays of all patients partic-
ipating in a spinal motion characterization study performed by
Dries [10]. From here on this patient is referred to as the mo-
tion study patient. Table 1 provides a comparison of the relevant
data between the correction study patient and the motion study
patient, this includes the spinal length and the Cobb angle.

TABLE 1. COMPARISON BETWEEN CORRECTION STUDY PA-
TIENT AND THE MOTION STUDY PATIENT

Length T4-S1 Cobb angle

Correction study patient 259.7 mm 25◦

Motion study patient 302.5 mm 20◦

Since the motion study patient and correction study patient
have different body lengths, likely the motion characteristics
differ between these subjects.

In this work, it is assumed that both patients have similar
bend characteristics and that the captured spatial axes of
rotation can be scaled by 0.86 to match the correction study
patient’s body length.

Since the Cobb angle differs by 20%, further research
should be pursued to investigate motion characteristics for
patients with different Scoliotic curvatures and Cobb angles, as
discussed by Dries [10].

FIGURE 1. PATIENTS SPINE POSTERIOR VIEW

The correction study patient has the minimum Cobb angle
for which braces are prescribed. [5] The spinal deformation of
this patient is a so-called C-shaped curvature, having just one
apex and consequently one focus area for correction. Patient in-
formation containing a finite element model (FEM) of the cor-
rection study patient’s torso and spine was gathered using sur-
face topography and bi-planar radio-graphs as described in [9].
A visualization of the spine, including the deformation angles, of
the correction study patient is depicted in Figure 1.

QUANTIFICATION OUTLINE
This section presents the outline of the proposed strategy

to quantify main functional requirements into validatable design
specifications of a compliant scoliosis brace. The strategy steps
are briefly introduced in this section and shown in Figure 2. Each
strategy step will be explained in detail in a separate section and
illustrated on the basis of the correction study patient.

Step I - Functional requirements: From the design objec-
tive follow the main qualitative functional requirements, which
include the facilitation of correction and motion. The key com-
ponent of the approach is to reduce the complex bio-mechanical
functional requirements into isolated mechanical design specifi-
cations, by utilizing BraceSim.

Step IIA - Correction analysis: The correction strategy is
based on the modification of a validated conventional scoliosis
brace, designed by a certified orthotist using BraceSim. This
validated conventional scoliosis brace is referred to as the bench-
mark brace. The analysis of the benchmark brace determines the
correctional strategy.

Step IIB - Motion analysis: The motion characteristics de-
termine the desired compliance of the to be designed brace.

Step III - Segment division: Based on correction and mo-
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tion analysis, we determine which segment of the brace can be
compliant and which segments need to be stiff.

Step IV - Isolated segment analysis: A modified benchmark
brace is introduced that results in a similar correction as the orig-
inal benchmark brace, obtained in BraseSim. In the modified
benchmark brace the, to be designed, compliant segment is tem-
porarily modelled as a stiff segment. The temporary stiff segment
connects the permanent stiff segments. The temporary stiff seg-
ment is isolated to determine the required transmitted loads and
deformation using BraceSim.

Step V - Design specifications: The design specifications
follow from the temporary stiff segment and the motion char-
acteristics. The stiff segment can be substituted by a compliant
segment that can transmit the required loads but is compliant in
desired directions.

FIGURE 2. QUANTIFICATION STRATEGY DIAGRAM

I - FUNCTIONAL REQUIREMENTS
The main objective is to design a scoliosis brace that corrects

the spinal deformations and allows for motion during activities of
daily living.

From the design objective two seemingly contradicting
main functional requirements can be extracted, given as:

- Facilitate correction to reduce the deformation of the spine.
- Facilitate motion necessary for activities of daily living.

Additional functional requirements are less crucial to
present the introduced strategy and are therefore not addressed

FIGURE 3. VALIDATED BRACE INCLUDING PRESSURES

in this paper. The main functional requirements are qualitative
and should be translated into quantitative design specifications.
The key contribution of this paper is the strategy that enables this
quantification using the steps illustrated in Figure 2.

IIA - CORRECTION ANALYSIS
The correction strategy should accomplish the functional

requirement ”facilitate correction”. The correction strategy is
based on a brace designed by a certified orthotist and validated
using BraceSim, which is defined as the benchmark brace. The
correction of the spinal deformation and the pressures result-
ing from the benchmark in-brace model serve as correction ef-
ficiency benchmark for the design specifications of a new com-
pliant brace design.

The validated brace model and the in-brace results of the
correction study patient are shown in Figures 3 and 4.

As can be observed by comparing Figures 1 and 4 the Cobb
angle is reduced by 11 degrees under influence of the benchmark
brace. We consider this as successful treatment, since usually
brace treatment is regarded as being successful when curve pro-
gression is less than 5◦. [11]

The pressure maps in Figures 3 and 4 show highest pressures
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FIGURE 4. SIMULATED CORRECTION AND PRESSURE RE-
SULTS OF BENCHMARK BRACE

of ±25 Kpa near the apex of the spinal curve, this is the region
where most correction is needed. Other higher-pressure regions
occur at the opposite side of this apex, on the left and right bot-
tom part of the brace, and in the frontal region on the abdomen.
The latter of which is regarded unnecessary and should be min-
imized as it provides a load orthogonal to the desired correction
direction. The pressure maps show that transmitting correctional
loads to the spine is done through predominantly hard-tissue re-
gions in the torso. Loads applied on the primarily soft-tissue
region are distributed via organs over larger regions of the spine.
These larger load distributions result in less correction control of
the spine. Furthermore the pressure on the soft-tissue region and
inferior organs can be very uncomfortable and should therefore
be minimized.

The primarily soft-tissue region is situated between verte-
brae L5-T10 as shown in Figure 1.

IIB - MOTION ANALYSIS
The motion characteristics define the desired compliance

that should accomplish the functional requirement ”facilitate mo-
tion”.

In previous work by Dries [10], the contribution of differ-
ent spinal regions to primary bends and the different loci about
which particular vertebrae are rotating, were researched for both
healthy subjects and scoliosis patients.

Dries showed that for both investigated groups (N=15), the
largest portion of spinal deformation during basic motions (sagit-
tal bending and lateral bending) is contributed by the region
from vertebrae S1 to T10 (Scoliosis group 81.2%, Control group
87.3% for sagittal bends, Scoliosis group 55.7%, Control group
55.7% for lateral bends).

Contribution to bend tasks

Using the methods described by Dries [10], we are able to
calculate the rotation angles and relative contribution of differ-
ent spinal segments during primary bends, being sagittal bend
tasks (flexion), lateral bend tasks and axial twists. Using these
measurements, we identify the spinal segments where most mo-
tion is present during the primary bend tasks. The motion results
of the Motion study patient have been scaled to the correction
study patient and shown in table 2. During the sagittal bend,
the lower regions of the spine (S1-T10) contribute to 82.4% of
the total bend, while the higher regions (T10-T4) contribute for
only 17.6%. For the lateral bend, these relative contributions are
73.4% for S1-T10 and 26.6% for T10-T4. For the axial twist
motion, the lower region (S1-T10) provides 67.9% and the upper
spinal region (T10-T4) contributes 32.1%.

TABLE 2. CONTRIBUTION TO PRIMARY BENDS FOR DIFFER-
ENT SECTIONS OF THE SPINAL COLUMN. CONTRIBUTION IS
GIVEN AS PERCENTAGE WITH STANDARD ERROR OF TOTAL
BENDING TASK ANGLES.

Vertebra Sagittal Bend Lateral Bend Axial Twist

T7-T4 4.6% ± 4.6% 9.1% ± 4.3% 30.8% ± 16.1%

T10-T7 13.0% ± 5.3% 17.5% ± 4.3% 1.3% ± 12.3%

L1-T10 30.1% ± 1.7% 42.4% ± 2.4% 44.5% ± 15.9%

L3-L1 19.6% ± 4.0% 22.3% ± 3.5% -2.7% ± 7.1%

S1-L3 32.7% ± 5.7% 8.7% ± 1.0% 26.1% ± 2.3%

Location of screws for lower spinal region

For the spinal region where most motion occurs during pri-
mary bends (S1-T10), a spatial motion analysis is performed us-
ing a custom made Matlab program to indicate the relative loca-
tions about which the vertebrae are rotating. Screws are calcu-
lated in the absolute normal planes, neglecting the out-of-plane
motion caused by natural motion and imaging errors. [10] The
screws of the lower lumbar region (L5-T10) have been averaged
and normalized to the pelvis. The screw locations of the T10
vertebra are depicted in Figure 5 for the three primary bending
tasks. Since no pitch is involved, the visualized screws are rota-
tion axes. This means the three bending motions in can be sim-
plified to pure rotations about the depicted axes for this patient.

The exact locations including confidence intervals of the av-
erage screw origins in the pelvis frame are depicted in Table 3.
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FIGURE 5. LOCATIONS OF GENERALIZED SCREW ROTA-
TIONAL AXES DURING PRIMARY BEND TASKS FOR LOWER
LUMBAR REGION (T10, RELATIVE TO PELVIS.)

TABLE 3. LOCATIONS OF AVERAGE SCREW ROTATIONAL
AXES BETWEEN T10-S1 WITH RESPECT TO S1

Sagittal Bend Lateral Bend Twist

x 0 mm -0.05 ± 9.8 mm 10.5 ± 30.0 mm

y -14.2 ± 0 mm 0 mm -81.4 ± 32.8 mm

z 63.6 ± 9.1 mm 97.6 ± 11.0 mm 0 mm

III - SEGMENT DIVISION
With the knowledge obtained by both the correction and the

motion analysis the opportunity rises to reduce the complex bio-
mechanical problem to an isolated spatial mechanism problem
with quantified load and kinetic requirements. Both the ineffec-
tive correctional loads and the desired motion are situated in the
soft-tissue region between vertebrae L5-T10. The regions that
allow for effective correctional load transfer are the upper and
lower hard-tissue regions (T10-T4 and region around Pelvis).

We propose a brace that applies loads in the hard-tissue re-
gions and is compliant in the segment that spans the soft-tissue
region.

The loads will be applied by an upper and lower correctional
segment which are in contact with the predominantly hard-tissue

FIGURE 6. SIMULATED CORRECTION RESULTS OF POTEN-
TIALLY COMPLIANT BRACE

regions. The two correctional segments are connected by a mid-
dle compliant segment that spans the predominantly soft-tissue
regions without skin-contact. In the final design, the compliant
segment will transmit the required loads while allowing motion
during daily activities.

IV - ISOLATED SEGMENT ANALYSIS
The desired kinematic design specifications of the compli-

ant segment are derived from a isolated segment of a modified
benchmark brace. The in-brace correction profile and pressure
results of the modified benchmark static brace are shown in Fig-
ures 6 and 7.

The modified static brace obtains similar correction as the
original brace. Validation in BraceSim shows that the modified
benchmark brace reduces the Cobb angle by ± 11 degrees. Fig-
ures 6 and 7 compared with Figures 3 and 4 show that the mod-
ified benchmark brace results in a similar reduction of the Cobb
angle (± 1 degree) and lower peak pressures are apparent on the
skin of the patient.

The modified benchmark brace spans the compliance region
with a temporary stiff segment, which is isolated as can be seen
in Figure 8. The transmitted loads and the resulting deforma-
tion of the temporary stiff segment define the kinematic design
specifications of the to be designed compliant segment.

Isolated Segment Simulation
A finite element model of the isolated temporary stiff seg-

ment is analyzed in ANSYS and post-processed in Matlab. We
determine the loads transmitted by the temporary stiff segment
spanning the compliance region. Any compliant mechanism that
transmits these loads, while resulting in the same in-brace rela-
tive location of the upper and lower correction segment is a suit-
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FIGURE 7. POTENTIALLY COMPLIANT BRACE INCLUDING
PRESSURES

FIGURE 8. FINITE ELEMENT MODEL ISOLATED TEMPO-
RARY STIFF SEGMENT

able substitution compliant mechanism. This includes a compli-
ant mechanism with added desired compliance directions based
on the motion study. The relative location is determined by sub-
tracting the average node location of the lower edge from the
upper edge in the in-brace configuration. The moments are de-
termined around the average node location of the lower edge.

The transmitted loads and relative locations are given in ta-
ble 4.

TABLE 4. KINETIC REQUIREMENTS

Axis F M δUE−LE

x 3.44 N 0.02 Nm 3.04 ·10−02 m

y 0.51 N 0.55 Nm 4.86 ·10−04 m

z 3.31 N 0.12 Nm 1.27 ·10−01 m

V - DESIGN SPECIFICATION
The design specifications are based on the motion study and

the temporary stiff segment FEM analysis results. The quanti-
tative design specifications apply to the compliant segment that
will substitute the temporary stiff segment of the modified bench-
mark brace. The temporary stiff segment FEM analysis deter-
mines the required loads and deformations. The motion study
determined the desired compliance axes of the compliant seg-
ment. The complex bio-mechanical problem is reduced to an
isolated mechanical problem with clear kinematic design specifi-
cations, which consists of average screw locations and kinematic
requirements. These quantified results are shown in Tables 3, 4.

DISCUSSION
The goal of this research was to quantify the functional re-

quirements for the design of a compliant scoliosis brace and
translate them into design specifications. The strategy presented
uses motion analysis of a scoliosis patient and correction analy-
sis of an original non-compliant scoliosis brace to form these de-
sign specifications. A brace design based on the presented design
specifications can be validated in terms of correction efficiency
using BraceSim and compared with the original non-compliant
brace design as presented in Figure 4.

The strategy presented in this paper is a new approach to
convert qualitative functional requirements into quantitative de-
sign specification.

Previous research into compliant scoliosis bracesv utilizing
compliant shell mechanisms did not account for brace-tissue in-
teraction [6], where this strategy does using BraceSim results.
We have analyzed the spinal motions of a scoliosis patient and
shown what different vertebra contribute to the total motion, and
about which twist axes these motions occur. This analysis was
performed for the absolute body planes, eliminating out-of-plane
motions which can be caused by natural motions or imaging er-
rors.
Ideally the braced correction study patient should have been stud-
ied to allow for an exact design of a compliant brace, which
can be validated using BraceSim and this patients X-rays and
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bodyscan. We reduce these differences by analyzing a patient
with a similar Cobb angle and scoliotic progression as the cor-
rection study patient, without taking into account the angle of
kyphosis or lordosis, and scaling the results to match the body
length of the correction study patient. More research is needed
to analyze possible differences in motion characteristics between
scoliosis patients with similar Cobb angles and scoliotic progres-
sion.
The correctional loads needed for correcting the braced correc-
tion study patient have been analyzed using FEM analysis of a
brace designed by an certified orthotist, and provide clear speci-
fications for the design of compliant elements together with the
compliance axes found in the motion studies. In future work it
will be beneficial to model the edges of the temporary stiff seg-
ment as rigid, to ensure similar boundary conditions for the iso-
lated temporary stiff element edges.
With the presented approach the required correctional loads are
found in the patients non-deformed position. As a compliant
brace design allows for motion, the required correctional loads
in bent positions should be researched.
Currently, not many synthesis methodology are available in lit-
erature to generate concepts for compliant mechanism design.
Using such a synthesis method one should be able to use the
presented quantitative design specifications and translate them
into spatial mechanisms allowing for compliant brace designs,
which can be validated in terms of correction efficiency using
BraceSim.

CONCLUSION
This paper introduced a strategy to reduce the complexity of

a bio-mechanical problem into an isolated mechanical problem.
The main qualitative functional requirements have been con-
verted into quantitative design specifications for a spatial com-
pliant mechanism. The explained strategy was proven feasible
on the basis of an example patient. Using this method, gener-
ated concepts can be validated on correctional efficiency using
BraceSim software. Further work should be focused on explor-
ing and testing actual brace designs and the generalization of pa-
tient motion data.
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collaborating and providing acces to BraceSim.

REFERENCES
[1] Deacon, P., Flood, B. M., and Dickson, R. a., 1984. “Id-

iopathic scoliosis in three dimensions. A radiographic and
morphometric analysis.”. The Journal of bone and joint
surgery. British volume, 66(4), pp. 509–512.

[2] Weinstein, S. L., Dolan, L. A., Wright, J. G., and Dobbs,
M. B., 2013. “Effects of bracing in adolescents with idio-
pathic scoliosis.”. The New England journal of medicine,
369(16), pp. 1512–21.

[3] Nachemson, A. L., Lonstein, J. E., and Weinstein, S. L.,
1982. “Report of the Prevalence and Natural History Com-
mittee of the Scoliosis Research Society.”. In Denver: Sco-
liosis Research Society.

[4] Asher, M. A., and Burton, D. C., 2006. “Adolescent id-
iopathic scoliosis: natural history and long term treatment
effects.”. Scoliosis, 1(1), p. 2.

[5] Rigo, M., and Weiss, H.-R., 2008. “The Cheneau Concept
of Bracing - Biomechanical Aspects”. The Conservative
Scoliosis Treatment, 135, pp. 303–319.

[6] Nijssen, J. P. A., 2017. “Design and Analysis of a Shell
Mechanism Based Two-fold Force Controlled Scoliosis
Brace”. Master’s thesis, Delft University of Technology.

[7] Ring, J. B., Kim, C. J., Evans, J., and Beal, C., 2017. “A
Passive Brace for the Treatment of Scoliosis Utilizing Com-
pliant Mechanisms”. Master’s thesis, Bucknell University,
Lewisburg PA.

[8] Bulthuis, G. J., Veldhuizen, A. G., and Nijenbanning, G.,
2008. “Clinical effect of continuous corrective force deliv-
ery in the non-operative treatment of idiopathic scoliosis:
a prospective cohort study of the triac- brace”. European
Spine Journal, 17(2), pp. 231–239.

[9] Desbiens-Blais, F., Clin, J., Parent, S., Labelle, H., and
Aubin, C.-E., 2012. “New brace design combining cad/cam
and biomechanical simulation for the treatment of adoles-
cent idiopathic scoliosis”. Clinical biomechanics, 27(10),
pp. 999–1005.

[10] Dries, T. J., 2018. “A Biomechanical Characterization of
Spinal Motion Data for the Design of a Compliant Scoliosis
Brace”. Master’s thesis, Delft University of Technology,
Delft, The Netherlands.

[11] Richards, B. S., Bernstein, R. M., D’Amato, C. R., and
Thompson, G. H., 2005. “Standardization of criteria for
adolescent idiopathic scoliosis brace studies: SRS Com-
mittee on Bracing and Nonoperative Management.”. Spine,
30(18), sep, pp. 2068–75; discussion 2076–7.

7



5
Conclusion

In this thesis, spinal motions have been analysed of both Scoliosis patients and healthy sub-
jects. Characterizations of these motions form a necessary basis for the future design of a
compliant scoliosis brace.

Chapter 2 focussed on the design and implementation of a motion trial experiment, which
allowed for data collection of primary bends. A new retroreflective marker setup consisting
of 6 marker tripods and 3 separate markers was designed to use in an optoelectronic mo-
tion capture system. A method was presented to post-process the collected data using screw
theory, after which data could be analysed and compared between groups. Results from the
chapter showed no significant differences between the two groups, but did show a general
motion profile, as utilized by participants in the study for performing the primary bends. This
motion profile showed a high contribution of the lower lumbar region of the spine during sagit-
tal and lateral bends. The thoracic region contributed more during axial twists. Spatial axes
of rotations were found for all subjects and differences between groups were presented. The
ability to generalize these spatial rotational axes could not be approved, neither disproved us-
ing the experiment set-up. In general, data from the motion experiment can form a new basis
for designing a compliant scoliosis brace.

Chapter 3 focussed on a quantification strategy for designing such a compliant scoliosis
brace. This quantification strategy proposed amethod to convert qualitative functional require-
ments into quantitative design specifications for spatial compliant mechanism design. These
quantitative design specifications consist of captured motion data, which was part of the mo-
tion experiment from Chapter 3, together with kinetic data following from a correction analysis
performed in BraceSim software. Using both kinematic data and correction simulations of a
benchmark brace, a new brace design proposal was shown. In this new brace design the
lower lumbar region of the spine is spanned by a specific segment, which can be replaced by
a compliant element that meets the presented kinematic and kinetic requirements.

31



32 5. Conclusion

Together, the presented papers form new quantitative motion and design criteria that can
be applied in the design of a compliant scoliosis brace.



6
Discussion

In this section, the presented work is discussed. Additionally, recommendations regarding the
presented theory and results can be formed. In this section, both presented papers are dis-
cussed in chronological order including recommendations regarding the papers. Additionally,
a possible design iteration is presented, showing the possible next steps in this project.

6.0.1. Chapter 3 Spinal Motions
In Chapter 3 spinal motions were analysed for both scoliosis patients and healthy subjects
using primary motion experiments. In total, 15 Scoliosis patients and 15 healthy subjects par-
ticipated in the experiment, which focused on characterizing spinal motion for specific spinal
regions using a newly designed marker set-up. Results from these experiments showed a
high contribution for the lower lumbar region in the sagittal and lateral bending task for both
groups, which confirmed the hypothesis. The thoracic region contributed more during axial
twists. Next to the contributions to the entire bend, spatial axes of rotation were calculated
using screw theory. Efforts were made to generalize the results of these screw locations,
however it remains unclear whether this generalization is grounded.

A possible explanation for these difficulties might be the varying types of scoliosis and
scoliotic curvatures across participating subjects. Since no information on spinal curvatures
and type of scoliosis was available for the subjects in the scoliosis group, a clear generalization
was not possible. Furthermore the relatively small sample size might have influenced these
outcomes as well.

The presented work in Chapter 3 contributes to the field of scoliosis research as it describes
a new method to analyse spinal motions for specific vertebrae. Additionally, the analysis of
spatial axes of rotations of specific vertebrae has not been performed before and may provide
a better understanding of the motions of the human spine during primary bends as well as
quantifiable input for mechanism designers for the design of compliant scoliosis braces.

It should be taken into account that the presented research focused primarily on in-plane
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34 6. Discussion

motions. Since the spine is a three-dimensional system of interlinked vertebrae and scoliosis is
usually a three-dimensional deformity, the presented results do not describe the entire motion
of the spine or spinal segments.

Future work should therefore be devoted to several aspects:

• Investigate the possibility to generalize spatial screw axes by running a study design that
controls for type of scoliosis, curve severity and possibly spinal maturity.

• Investigate whether out-of-plane motions contribute substantially to the primary bends.

• Perform experiments using the presented marker set-up for maximal bending tasks and
compare outcomes with other research.

6.0.2. Chapter 4 Characterization Strategy
In Chapter 4, a new strategy is proposed to translate functional requirements into design spec-
ifications for the design of a compliant scoliosis brace. This strategy brings together spinal
motion data as captured and analysed using methods in Chapter 3, with kinematic load re-
quirements as derived from validated brace CAD models. The quantified results can be used
to design a compliant shell element, which can be used in a scoliosis brace design.

The presented work focuses on the analysis of a patient-specific brace, combined with
the motion results of a similar patient. Using the data a brace can be designed and vali-
dated using BraceSim software. This validation could prove the applicability of compliant shell
mechanisms in scoliosis braces, increasing the RoM of patients, while making sure enough
correction is provided.

The goal of this entire project is to design these compliant braces for a range of patients.
The validation of a brace design following Chapter 4 will therefore be a proof-of-concept, after
which a wider research into kinetic and kinematic requirements is preferred. Several recom-
mendations are therefore:

• Use presented data to design a compliant brace concept, which can be validated using
BraceSim and using pressure and motion tests.

• Design a generalized scoliosis brace using possible generalizations as stated in section
6.0.1, as the currently presented strategy focuses on patient-specific data

Design Iteration
Together with the work on the characterization of non-linear compliant mechanisms as pre-
sented by Leemans [7], new foundations have been developed to aid the design of such a
brace. This new structure could, when applied correctly, be the starting point for a new brace
design cycle, which will eventually lead to the actual production of a brace concept. This brace
concept would then comply to the presented criteria in Chapter 4 and allow for computer sim-
ulations using BraceSim, as well as force and kinematic measurements for validation. As a
first design iteration, it is recommended to design a brace concept allowing for a maximum of
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two Degrees of Freedom, the sagittal and lateral direction.
As previous concepts were hard to validate, another recommendation is to use the conven-
tional motion controlled correction strategy in the first concept. This concept can show the
validity of the presented work and could thus become a proof-of-concept design. In conjunc-
tion with the presented design and collected data in Chapter 4, this might result in design ideas
as shown in Figure 6.1.

Figure 6.1: A possible 2DOF compliant scoliosis brace design showing the applicability of gathered data from
Chapter 3 in conjunction with the strategy from Chapter 4 and the compliant shell mechanism characterization
presented by Leemans [7]. Two patient optimized body shells are connected through a corrugated shell structure,
allowing for bending in sagittal and lateral direction. The corrugated shell can be optimized for the corrective forces
as found in Chapter 4 using methods described by Leemans. [7]

This design consists of a patient optimized shell, which provide the actual correction forces
on the apex. Additionally, the ’bridge’ part of the brace has been replaced by a corrugated
shell mechanism, which allows the brace for rotations in sagittal and lateral directions. The
corrugated shell can be optimized using the work presented by Leemans, with capturedmotion
data (relative bend angles and contributions and screw locations) as captured in Chapter 3 as
input.
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1 ABSTRACT

1 Abstract

Adolescent Idiopathic Scoliosis can be defined by a three-dimensional deformity of the spine, which
can be characterized by a lateral curvature with a Cobb angle of more than 10 degrees and rotated
vertebrae. Bracing has been a common treatment for Scoliosis patients over the last decades. By
applying forces on the spinal cord, the progression of the scoliotic deformation of the spine is inhibited
or reversed. The currently used braces have been found to be quite efficient in terms of treatment,
but often patients find them uncomfortable and too bulky to wear, especially because of the lack of
compliance for bending and thus decreased Range of Motion. To design a new Scoliosis brace, knowl-
edge about the currently available braces is needed, as well as knowledge about the spinal movement
during primary motions to characterize the different axes of rotation between vertebrae. An overview
of relevant available braces is presented to give insight in the effectiveness of these braces. Also, an
overview of motion capture techniques is presented to help us design a motion capture experiment of
these spinal movements in both healthy subjects and scoliosis patients. It is shown that a comparison
of braces is very hard, due to different research approaches and the lack of a standardized research.
Especially the patient compliance is heavily influenced by the measurement method, which is most
often done using subjective techniques. Currently, most scoliosis motion research makes use of opto-
electronic motion capture systems due to the accuracy of these systems. The found research does not
present an analogous method how to capture motions of the spine, mostly due to different research
goals in the literature.

3



2 INTRODUCTION

2 Introduction

Scoliosis is typically defined as an abnormal curvature of the spine that can cause pain, and in severe
cases cardio-pulmonary complications. Three different types of scoliosis can be distinguished: congen-
ital scoliosis, neuromuscular scoliosis, and idiophatic scoliosis. [1] While the first two types of scoliosis
have known causes, idiopathic scoliosis has no known cause. [2] This work is focusing on this last type
of scoliosis.

Adolescent idiopathic scoliosis can be defined as a three-dimensional deformity of the spine, which is
characterized by a lateral curvature with a Cobb angle of more than 10 degrees and rotated vertebrae.
[3] [4] Adolescent idiopathic scoliosis (AIS) develops in around 3% of all adolescents, of which approx-
imately 10% has progressive curves that require treatment of some sort. [5] Spinal deformation can
cause some serious health implications. On a physical level these implications might include severe
deformations that may cause heart and lung problems. [6][7] Non-physical or psychological health
implications might include struggling with self-image, an emotional pain. [8]

Treatment possibilities for scoliosis include surgery, muscle stimulation & training and bracing, de-
pending on the severity of the deformation. This deformation severity is usually measured using the
Cobb-angle, which is the angle between the two most tilted vertebrae of the spine. [8] A visualisation
of measuring the Cobb angle is shown in Figure 1.

Figure 1: Cobb Angle Measurement, reproduced from [9]

Usually braces are prescribed when the Cobb angle measures between 25 and 40 degrees in order to
prevent further progression of the spine deformation. [10] Using a brace, external corrective forces
are applied to the trunk. [11] These forces are usually not expected to correct the deformation; the
treatment focuses on inhibiting the progression of the spinal deformation rather than correcting the
spinal curve. [12] Braces are only prescribed when the patients have growth remaining, since they have
a greater change of curve progression. Usually this curve progression is indicated by the Risser sign; a
grade of 0 or 1 indicates two more years of growth, while a grade of 5 indicates complete ossification
of the apophysis, meaning little to no growth remaining. [13] If the Cobb Angle exceeds 40 degrees,
usually surgery is performed in order to reduce the deformity by fusing vertebrae together using metal
rods and bolts. The use of scoliosis braces is thought to be beneficial in terms of treatment, with
Weinstein et al. showing in a multicenter study (BrAIST (Bracing in Adolescent Idiopathic Scoliosis
Trial)) that the use of a scoliosis back brace prevents the need for scoliosis surgery in 72% of the cases.
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2.1 Problem statement 2 INTRODUCTION

[4] Commonly, scoliosis braces have to be worn for 16 to 23 hours a day, over the duration of 2 to 4
years in time. Different sorts of braces have been developed over the last decades, all of which have
to comply to different criteria. These criteria are not only influencing the effectiveness of the brace in
terms of treatment, they also influence the applicability of the brace and the comfort as experienced
by the user. Research has shown that wearing a scoliosis brace can negatively influence the emotional
and social well-being of a patient, which in its turn can lead to poor compliance towards the brace. [4]
[14] [15] This reduced compliance towards the brace has been shown to be the most common cause of
failure in treatment. [16] The reduced range of motion when wearing the brace and the bulkiness of
the brace itself are said to be highly contributing factors to this (decreased) user compliance. [17]

2.1 Problem statement

Since the currently used scoliosis braces do not seem to perform sufficient enough in terms of either
correction or patient compliance, there seems to be a need for the development of a new brace. This
new brace will likely combine the performance in terms of correction of the rigid braces, with the
flexibility of the flexible braces.

With this knowledge, we can form the following research question:

How to design a new scoliosis brace, which aims to combine the performance in terms of treatment of
currently available rigid braces, with the increased ranges of motion as allowed by more flexible braces?

To answer this question, knowledge about the currently available braces is needed. Therefore one
sub-question is stated as follows:

What can we learn from the current braces and how can we compare them?
Several secondary questions are formed as well:

• How are current braces categorized?

• How are current braces validated?

Since the new brace aims to allow for certain movements, knowledge about human motion is needed
as well. Therefore the second sub-question is stated as:

How can we characterize spinal motions?
With the secondary questions:

• What techniques exist to perform motion studies?

• What techniques are used in scoliosis research?

Following these questions, the goal of this project is stated. The aim of this project is to develop a new
scoliosis brace, which provides enough correction for effective treatment, but also allows the patient to
move more freely. In this research, first different brace classifications and correction strategies will be
elaborated on, in order to give us insight how we are able to compare different brace designs. Next,
an overview of common scoliosis braces is given, showing the most relevant braces in the scope of this
project. Also, an investigation on in-brace forces will be shown, indicating different methods to measure
the correction forces. Since the user compliance is highly influenced by the activities of daily living of
the patient, the other part of this study is focusing on capturing the spinal motion. Different types
of motion studies will be highlighted and an overview of motion studies focusing on spinal kinematics
is given. As a part of these studies, previous work within this project is highlighted in section 5.3.1.
Next, information about marker set-up is given. In the end a conclusion and a discussion is presented.
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3 METHOD

3 Method

This literature report is carried out in order to get an overview of the important considerations, which
should be taken into account when designing a scoliosis brace. It also serves as background knowledge
for carrying out research with scoliosis patients and it points out interesting research considerations
to be performed in the near future.

In this report, different literature searches have been used to find, review and include different scientific
reports. A first search was performed in March 2nd, 2017 in Scopus using search terms: ”TITLE-ABS-
KEY (scoliosis AND brace AND corrective)” resulting in 130 found articles. On March 16, 2017
additional searches were performed in Scopus using the terms: ”TITLE-ABS-KEY (”orthoses” AND
force AND passive)” and ”TITLE-ABS-KEY (orthosis AND forces AND validation)” On May 9th,
2017 searches were performed using (kw: motion AND capture AND spine/spinal) on (TU Delft)
WorldCat.org (all databases) resulting in 655 results.

Additional resources were found when referred to by consulted literature, suggested by researchers,
experts or software like Mendeley or when recommended by different literature databases.

The found literature has been filtered, based on different criteria. Articles were excluded after a review
of titles, keywords and abstracts because they were irrelevant to the chosen topic. Furthermore articles
were excluded when only available in languages other than English or Dutch, or when they were only
partially available through the TU Delft sources. Articles written before the year 2000 have been
excluded, except for the articles about the background of scoliosis and first publications explaining a
new type of scoliosis brace.
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4 SCOLIOSIS BRACES

4 Scoliosis Braces

At this moment, varying braces are used in order to inhibit curve progression. All of these braces might
have different properties, are used for treating different scoliosis cases and might consist of different
materials when compared to each other. In order to understand the working principles of these braces,
we have a look at the brace classification, validation, and patient compliance for several braces.

4.1 Brace classification

Because of the variety in braces, several attempts of classifying the braces into certain groups have
been made. The most simple classification of braces is based on the anatomy of the human and the
spinal region where the brace acts: cervical (C), thoracic (T), lumbar (L) and sacral (S). By using this
type of classification, two main families have been used over the last 30 years: a) Cervical-Thoraco-
Lumbo-Sacral Orthotics or CTLSO and b) Thoraco-Lumbo-Sacral Orthotics or TLSO.[18] In 2008
Negrini et al. [19] presented another, more generalized classification called BRACE MAP and in 2016
Grivas et al. [18] published the first step towards a revised classification system. Braces can also be
classified by their rigidity, as shown by Ring [17] and Nijssen [20], or by their control strategy as shown
by Nijenbanning. [12]

4.1.1 BRACE MAP classification

BRACE MAP is a classification made by Negrini et al. that has its origin by looking at the different
properties of scoliosis braces. BRACE MAP stands for the following: Building, Rigidity, Anatomical
classification, Construction of the Envelope, Mechanism of action, and Plane of action. [18] With these
terms, each brace was classified assigning the beginning letters when the brace met the classificatory
demands. (e.g. CpETAM3, Custom positioning, Elastic, TLS, Asymmetric, Movement principle and
3D correction was the characterized name of the SpineCor brace). [18] At the time, 13 braces were
considered and all but two could be differentiated from each other following this system.

4.1.2 SOSORT Classification

Even though the BRACE MAP classification was the first of its kind, the authors agreed to redefine
the system to make it more useful as a classification system. In 2014 the International Society for
Scoliosis Orthopedic and Rehabiliation Treatment (SOSORT) asked the Brace Classification Study
Group (BCSG) to evaluate the terminology used in the field of scoliosis treatment as well as the brace
classification. This resulted in a first approach to brace classification and some 139 terms related to
bracing. These definitions were presented by the BCSG in 2016, while the classification itself will be
published in the near future. [18]

4.1.3 Rigidity

Another way of looking at different braces, is by looking at the material they consist of and in what way
the patients are restricted in their movements when wearing the brace. We can distinguish rigid and
flexible braces in this classification. Grivas et al. also highlighted rigidity as an orthotic classification,
ranging from flexible, to semi rigid, to rigid, to high rigidity. [18] Rigidity is highly dependent on
the material chosen to construct the material, since this influences the bendability of the entire brace.
Examples of rigid braces are the Boston brace, Lyon brace and Sforzesco brace, while the SpineCor
and TriAC braces can be classified as flexible braces. [20]
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4.1.4 Control Strategy

Controlling or correcting a scoliotic spine is generally performed by correcting the spine with external
forces at the apex of the curve. To compensate for this force, two counteracting forces are needed above
and below the apex to reach equilibrium. For an S-shaped spinal cord, the top (counteracting) force
is used on the top apex to stop the curve progression at that location. An example of this correction
profile is shown in figure 2:

Figure 2: (a) Counteracting progression forces acting on the scoliotic spine near the apex of the curves.
(b) The progression forces together with a reaction force to obtain equilibrium in the orthosis. Repro-
duced from [12]

As proposed by Nijenbanning [12], we can distinguish different control strategies when looking at
different braces. Most of the currently designed rigid braces are so-called displacement controlled,
meaning that as soon as the patient slightly changes his/her position within the brace the correctional
forces decrease or even vanish and the intended correctional state is not reached. The flexible braces
(SpineCor and TriAC) overcome this problem, since the patient is allowed to move, while the force
exerting mechanism moves along with the patient. It is therefore that these braces are labelled to be
force controlled; for each change in posture of the patient, the same forces are exerted on his/her body.
Figure 3 shows a schematic overview of these two control strategies.

(a) Correction Profile (b) Displacement Control (c) Force Control

Figure 3: Correction strategies as proposed by Nijenbanning [12]. Figure 3a shows the correction
profile, which consists of forces that correct the spine near the apex of the curves by counteracting
the scoliotic progression forces. Figure 3b shows the behaviour of displacement controlled braces when
the spine is slightly moved out of the initial correction position. In such a case, the correction forces
decrease in magnitude. Figure 3c shows the force control strategy. This strategy makes sure that
the correction forces will always have the same magnitude, since the mechanisms that exert these
correction forces move along with the patient. Figures based on [12]
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Table 1: Braces included in Zaina overview, adapted from [22] and edited by author.

[h]

Brace Name Origin Year Developer Rigidity Material Reference
Boston USA 1972 J Hall, W Miller Rigid polyethelene [23]
Charleston USA 1979 F Reed, R Hooper Rigid polyethelene [24]
Chênau and derivatives France-Germany 1960 J Cheneau Rigid polyethelene [25]
Dynamic Derotating Greece 1982 N Vastatzidis Rigid polypropylene

and aluminium [26]
Lyon France 1947 P Stagnara Very Rigid poylmetacrylate [27]

and radioluscent
duralumin

Milwaukee USA 1945 W Blount, A Schmidt Rigid polyethylene [28]
PASB Italy 1976 L Aulisa Rigid polyethylene [29]
Providence USA 1992 C d’Amato, B McCoy Rigid polyethylene [30]
Rosenberger USA 1983 R Rosenberger Rigid polyethlyene [31]
Sforzesco Italy 2004 S Negrini, M marchini Very Rigid copolyester [32]

± radioluscent
duralumin

SpineCor Canada 1993 C Coillard, C Rivard Elastic Elastic tissue [33]
TLI The Netherlands 2012 P Van Loon Rigid polyethylene [34], [35]
TriAC The Netherlands 2002 GJ Nijenbanning, Low rigidity Soft plastic [36]

AG Veldhuizen and metallic
connections

Wilmington USA 1969 D MacEwen Rigid polyethylene [37]

Although the force correction strategy seems to be beneficial over the displacement control strategy,
it is not clear whether this strategy is more advantageous, since both the SpineCor and TriAC brace
(which use this type of correction strategy) have been proven to be less efficient in terms of preventing
curve progression. [21]

4.2 Types of braces

Lots of different braces have been developed and used over the last decades. Zaina et al. [22] performed
a research in 2014 showing the, at that time most relevant state-of-the-art braces as used in North
America and Europe. Their analysis includes the braces as shown in table 1. The table includes the
names of the braces, the developers of the braces and the country of origin. It also gives an indication
how rigid the braces are. This rigidity is based on the material used to build the brace, where low-
flexible materials such as polyethylene make up rigid braces, while highly-flexible materials like elastic
bands or tissues make up low rigid or even elastic braces. The table was extended with the year of
publishing for each brace, indicating whether or not a brace has been introduced recently or has been
on the market for quite some time already.

From this overview, the rigid Boston Brace and Chêneau Brace and the flexible TriAC and SpineCor
braces seem to be most relevant in the scope of this project. Since the rigid Boston and Chêneau
braces are the mostly prescribed braces around the world, we can learn a lot about the way they
provide spinal correction. The flexibility of the TriAC and SpineCor braces can give us more insight
on how to develop a compliant brace, which allows for movement of the patient.
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4.2.1 Boston Brace

Figure 4: Schematic drawing of a possible configuration of the Boston brace (front view). A relief is
shown opposite of the correction force. Also the opening at the posterior side is visible.

The Boston Brace (often referred to as TLSO brace) might be the most popular and well-known
brace for treating scoliosis worldwide. It was developed by J Hall and W Miller in 1972 as a specific
replacement of a Milwaukee brace. [23][22] The Boston brace is made out of copolymer plastic, where
the thickness depends on the patient size. The inner shell is usually lined with aliplast, specifically at
the waist to increase comfort. [38] The brace has to be worn for at least 16 hours a day. The Boston
brace is said to be modular, meaning the base can be adjusted to treat several different scoliosis curves
by adding and/or removing different extensions.

Usually three pads are added to the inner surface of the Boston brace to provide increased forces on
the spinal curve. By putting them on the inside of the brace, they provide extra pressure on the body
with the benefit of being easily adjustable. Using x-rays of the patient wearing the brace, the clinician
is able to determine whether or not the pads are put on the correct location. From experience and
mathematical models, it is found that the main pad pressure should be at the apex of the curve and
below for nearly all deformities. Opposite of the pads, usually reliefs are made in the orthosis. These
reliefs maximize the forces induced by the pads by assisting in derotation of the lumbar spine and
reduction of the lumbar curvature. [38] A schematic drawing of the Boston brace is shown in Figure
4.

Validation
The Boston brace was validated multiple times, with a success rate up to 93% [4]. Weinstein et al.
defined a treatment as being successful when the curve did not progress to 50 degrees or more when
skeletal maturity was achieved. Gepstein et al. found a maximum treatment success of 81% in a
comparative study, comparing the Boston brace with the Charleston brace. Treatment success was
defined as < 5◦ progression of curve deterioration from the start to the end of treatment, together
with the absence for the need of corrective surgery. [39].

Patient Compliance
Next to the effectiveness of different braces, the multicenter BrAIST study also investigated the patient
compliance towards the brace by conducting the Pediatric Quality of Life Inventory (PedsQL), ”a
generic quality-of-life instrument used in studies of acute and chronic illness”. [4] Both of the patient
groups indicated an average 82-point score on a scale from 0-100.
In their research, Gepstein et al. also objectively investigated the patient compliance towards the
brace , and found that all their patients, or their parents, reported brace wear of at least 80% of the
prescribed time. [39]
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4.2.2 Chêneau Brace

Figure 5: Schematic drawing of a possible configuration of the Chêneau brace (front view). The
opening at the anterior side of the brace is clearly visible.

The Chêneau Brace was invented by J Chêneau in 1960. It was designed as a 3-dimensional cor-
rectional brace that opens on the anterior side. The brace is schematically shown in Figure 5. The
Chêneau brace consists of both passive and active mechanisms. The passive mechanism is a 3-point
system, which acts by hypercorrecting, elongating and unloading and consequently detoriating and
bending the thorax. The active mechanism is a conjunction between the brace and the patient, since
it is mainly influenced by 1) the vertebral growth, which acts as a corrective factor, 2) asymmetrically
guided respiratory movements of the rib cage, 3) the repositioning of the spatial arrangement of the
trunk muscles to provide physiological action, and 4) anti-gravitational effect. [22][40]

Validation
The Chêneau brace was proven to be quite efficient in treatment compared to other (a)symmetrical
braces in several studies, with a success rate (stabilization of the curve or less than 6 degrees of curve
progression) of 76% [41] or even 80% [42]. The latter was found during a prospective controlled trial,
which had a quite homogeneous sample of patients that were at high risk for curve progression. [43]

Patient Compliance
Since the Chêneau brace is a rigid brace, it is interesting to look at the compliance of the patients
wearing the device. Zaborowska-Sapeta et al. showed in their prospective study that the brace was
”unwillingly accepted by adolescents because of aesthetic and functional reasons. The brace was
considered, especially by girls, as an element making every day life activities difficult.” [44] In 2006,
Helfenstein et al. published an extensive research on patient compliance with the Chêneau brace,
presenting an objective overall patient compliance of 67.5% (average compliance in terms of time
actually wearing the device vs. the time the patient is prescribed to wear the device). The data was
collected using temperature sensors placed inside the braces. They also showed that the subjective
compliance of the patients was remarkably higher (94%). [45]

4.2.3 SpineCor Brace

The SpineCor was introduced in Montreal, Canada in 1993 by Christine Colliard and Charles Rivard.
In contradiction to the other braces at that time, the SpineCor brace makes use of straps, resulting in
a non-rigid brace that uses the patients motions to generate the actual correction forces. This force-
controlled strategy as already highlighted in section 4.1.4, corrects the spine by influencing postural
disorganization, muscular dysfunction, and unsynchronized spinal growth. [22] The brace consists of
a rigid thermoplastic pelvic base, thigh and cross bands, a bolero and elastic corrective bands. [46] A
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Figure 6: Schematic drawing of the SpineCor brace (front view). The configuration shows different
elastic bands that are attached to the base-plate, which is located around the crotch.

schematic overview of the brace is shown in Figure 6. The SpineCor company also designed a newer
version of the brace where the pelvic base, thigh and cross bands are replaced by a pelvic shorts.
However, this newer brace design seems to be mainly focused on treating back pain in adults.

Validation
The SpineCor brace is designed to be a more tolerated and cosmetically accepted brace. It was
proven to be effective for treating moderate curves, stabilizing or improving 64% of patients in a study
respecting the SRS criteria, with only 18% of the patients reaching the surgery threshold. [47][22]
Another, more recent study performed by Coillard, using a curve specific ‘Corrective Movement©

Principle’ (CMP) showed even better results with 74.2% of 349 patients having received successful
treatment, where this percentage represents the percentage of patients who have 5◦ or less curve
progression. [33] Furthermore, the treatment was maintained after 2 years for 93.2% of 162 patients,
showing this brace is quite effective for certain types of scoliosis. Szwed and Koban validated the
brace as providing successful treatment in 76% of the cases, where success was defined as correction
or stabilization of the scoliosis, with a maximum Cobb angle change of ±5◦. [48]

Patient Compliance
The SpineCor system was designed to increase the patient compliance towards the brace in comparison
to the rigid braces. It is less bulky, less heavy and presumably more comfortable to wear compared to
the rigid braces available. It is more easy to ’hide’ the brace underneath clothing, without requiring
the patient to wear an over-sized t-shirt for example. One of the disadvantages of the brace is the
fact that it complicates toileting, because of the pelvic base and the foundation structures that wrap
around the pelvis and upper thighs [49], which leads to discomfort and decreased compliance towards
the brace. Hasler et al. found a patient compliance score of 54% using an objective method with
flexible temperature loggers. These loggers captured the brace wear time. The compliance score is
then calculated by dividing the wearing hours with the prescribed 23 hours of brace wear. [50]

4.2.4 TriAC Brace

Similar to the SpineCor brace, the TriAC brace was also designed to improve cosmetic appearance
and wearing comfort. It was developed by G.J. Nijenbanning and introduced together with dr. A.G.
Veldhuizen in the Netherlands in 2001. The TriAC brace has its name derived from the three C’s of
Comfort, Control and Cosmesis, showing that these three principles are the main points of interest
for this brace. [36] The brace is designed to apply continuous correction forces on the trunk, while
allowing the patient to move freely despite wearing the brace. It consists of a thoracic part, including
one of three force pads; a thoracic force pad. Next, it consists of a lumbar part, including the lumbar
force pad and hip force pad. In between the thoracic and lumbar part, a flexible coupling is located
at the opposite side of the thoracic force pad. A schematic overview of the TriAC brace is shown in
Figure 7. The flexible coupling between the thoracic and lumbar part enables the patient to bend
forward, backward and sideways, while making sure the corrective forces are maintained. [21]
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Figure 7: Schematic drawing of the TriAC brace (front view). The configuration shows the slender
metal parts connecting a hip force pad with a lumbar force pad. Also a thoracic force pad is shown at
the upper right side.

In contrast to the general 3-force-system correction strategy as shown in section 4.1.4, the TriAC brace
also applies a forces in the frontal plane, as can be seen in figure 8. By doing so, the brace corrects
the spine in the frontal plane similar to conventional braces, but in the sagittal plane it only acts on
the thoracic region. Therefore, no pelvic tilt occurs, leading to improved flexibility without affecting
the correction forces. [22]

Figure 8: (a) The 3-force system shown in the frontal plane, consisting of a Ft force close to the spine
with a frontal Ftf and sagittal Fts component. To obtain equilibrium the anterior force Fv is needed.
(b) A possible location of this force Ft is near the breast, which is not preferred. Therefore two anterior
forces are introduced, one above Fva and one below Fvb. The frontal component Ftf of the thoracic
correction force forms a 3-force system together with Fl and Fr. Reproduced from [36]

Validation
The TriAC brace has been validated by Roller and Nijenbanning. They found control or correction of
the Idiophatic Scoliotic curves in 76% of the patients, with treatment success defined as a maximum
curve progression of 5 degrees. They also state an improvement in the natural history of IS using the
brace. [51] An important note is the fact that the brace is recommended to be used exclusively for the
correction of lumbar curves.[52]

Patient Compliance
Patient compliance with the TriAC brace is found to be pretty high, due to its improved cosmetic
appearance and comfort. Using the “Quality of Life Profile for Spine Deformities” survey, Zeh et
al. reported high values for cosmetic effects (4.2 on a scale of 0-5, or 84%). Also the wearer time
was indicated to be very high compared to conventional braces, which is also an important aspect in
successful brace treatment. [52]
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Table 2: Collected data on the four different brace designs

Brace Name Year of research Researcher Success Rate Patient Compliance

Boston 2013 Weinstein et al. [4] 93%∗ 82% 1

2002 Gepstein et al. [39] 81%∗∗ 80% 2

Chêneau 2016 SY et al. [43] 80%∗∗

2015 Maruyama et al. [41] 76%∗∗

2006 Helfenstein et al. [45] 67.5% 3

SpineCor 2008 Coillard et al. [33] 74.2%∗∗

2012 Szwed et al. [48] 76%∗∗

2010 Hasler et al. [50] 54% 4

TriAC 2009 Roller, Nijenbanning [51] 76%∗∗

2008 Zeh et al. [52] 84% 5

∗ Successful treatment defined as a maximum curve of 50◦ when skeletal maturity is reached
∗∗ Successful treatment defined as a maximum curve progression of 5◦ at the end of treatment.
1 Patient compliance measured subjectively using the Pediatric Quality of Life Inventory (PedsQL)
questionnaire. Patients indicated an average 82-point score on a scale from 0-100.
2 Patient compliance subjectively indicated by patients and their parents when asked how long the
braces were worn each day. Score is a percentage of actually prescribed wearing time.
3 Patient compliance objectively measured using temperature sensors placed inside the braces. Score
is a percentage of actually prescribed wearing time.
4 Patient compliance measured objectively using flexible temperature loggers. Score is a percentage of
actually prescribed wearing time (% wearing hours/prescribed 23 h).
5 Patient compliance subjectively measured using the ”Quality of Life Profile for Spine Deformities”
survey. Score indicates the average value for cosmetic considerations (4.2 on a scale from 0-5).

4.2.5 Brace Comparison

Even though we have collected the different success rates of the four presented scoliosis braces, this does
not mean we can blindly compare these numbers with eachother, since they are all based on different
studies, performed by different researchers. Not only does the definition of ’treatment success’ change
from research to research, also the length of the studies vary. Similarly we see a highly varying patient
compliance rate for each of the presented braces. These percentages or scores do not only vary between
braces, they are also very much depending on the kind of data collection as performed by the researcher
in the particular study. Table 2 shows an overview of the braces, together with notes on what is actually
investigated during the particular studies.

4.3 Brace Biomechanics

Not much is known about the biomechanics of different braces. As Rigo et al. showed in 2006, a
part from the ’three point system’ (as shown by Nijenbanning in Figure 2 (b), no other biomechanical
model is really apparent or accepted in scoliosis bracing.[53] In 2008, Rigo and Weiss presented a
novel way of looking at the different biomechanical aspects of a scoliosis brace by defining these for
the Chêneau brace. [10] By looking at the different correction strategies provided by this brace, they
defined a general framework with which clinicians will be quite capable of successfully designing and/or
adjusting the brace for a specific patient. The analysis includes the derotation, deflection and sagittal
normalization of the Chêneau brace. They argue that current scoliosis braces have not been designed
or are not optimized for 3-dimensional correction. With the use of the above stated principles, the
standards in brace correction could be improved, leading to an improvement of overall correction effect
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in 3 dimensions.

4.4 Brace Forces

Next to the correction strategies and the brace biomechanics, the forces that actually provide the
correction to the spine are very interesting to know and understand. Currently, braces are usually
designed or modified by experienced clinicians, makings small adjustments to a basic brace system
in order to get an efficient patient-specific scoliosis brace. Even though this method works out well
in practice, not much is known about the actual forces that are exerted by the brace onto the torso.
Knowing what forces are needed for efficient design helps us in understanding how to design an effective
scoliosis brace. The locations and magnitudes of these forces could then be translated into criteria for
the design of a new scoliosis brace.

4.4.1 BraceSim ®

Since each patient has a specific scoliosis pattern, it makes sense to design braces specifically for each
patient. The BraceSim® software is specially designed for simulating and evaluating different brace
designs on a particular patients body. After gathering a 3D scan of the patient, clinicians are able to
design a patient specific brace, which is then evaluated in the BraceSim® software. BraceSim® makes
use of a biomechanical finite element model of the trunk, together with a CAD model of the patients
spine. After designing the brace digitally, the user is able to set different strap forces (and inherently
brace forces), after which the simulation is run for these specific strap forces. These simulations and
the biomechanical finite element model were first designed by Aubin [54] and are still used today. A
simulation result of the BraceSim® software is shown in Figure 9, where the BraceSim® software
shows the ’original’ spinal configuration, together with a simulated pressure mapping of the designed
brace and its simulated treatment result over time.

Figure 9: (a) Original state of scoliotic spine. (b) In brace simulation of the spine and the resulting
pressures as caused by the particular brace design on the patients body. (c) Simulation result of the
spinal configuration, showing the original state in red and the final configuration in blue.

Based on Nijenbanning [12], Nijssen and Ring [20] researched a pressure profile on a scoliosis patient
with a thoracic curve of 20 degrees and a lumbar curve of 34 degrees in collaboration with Laboratoire
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d’Innovations CAO and Genie Orthopedique at the Ecole Polytechnique de Montreal. Using the
BraceSim® software, a correctional profile was determined for this specific case study, where treatment
was simulated using a general Boston brace design. The pressure profile and the forces can be seen in
Figure 10.

Figure 10: (a) Pressure profile resulting from a Boston type brace design simulation using BraceSim®

software(b) Derived corrective forces from the pressure profile locations, reproduced from [20]

The exact data of the derived forces can be seen in Table 3.

Table 3: Forces derived from the pressure profile generated using BraceSim®. Reproduced from [17]

Force Components (N)
Force # Force Magnitude (N) x (front-back) y (lateral) z (vertical)
1 31 31 1.2 1.8
2 23 -4.9 -22 -2.5
3 31 24 -18 -0.1
4 32 30 10 0.4
5 36 23 27 -1.6
6 44 -44 -1.2 0.0
7 40 -36 -18 -1.7
8 76 49 55 16
9 38 -8.1 37 -2.3
10 22 -21 -4.8 -1.1
11 39 38 0.0 -9.4
12 50 -0.3 -50 -4.2

From the derived forces, Nijssen and Ring found only the forces 12, 9 and 8 to be actual corrective
forces (in order of importance), the remaining forces are necessary to obtain equilibrium. Using this
simulation results, researchers and clinicians are able to more specifically design a brace specifically
for a patient.

4.4.2 Force measurement instruments

Another way of determining the forces needed for efficient treatment could be found by investigating
for instance the Boston brace. We can try to measure the forces of the brace, which is specifically
designed and/or adjusted for a patient, in between the brace and the body. By doing so, we can
directly generate a pressure profile similar as shown in the section above, without being dependent on

16



4.4 Brace Forces 4 SCOLIOSIS BRACES

the simulation software. Naturally, this feels like a more objective measure to determine the correction
forces induced by scoliosis braces, however we have to take into account that not all braces are adjusted
in perfection to the patient, furthermore the correction forces may very well decrease over time when
the scoliotic spine is corrected.

Van den Hout et al. used the electronic PEDAR measuring device (Novel, Munich, Germany) to
measure the direct forces exerted by the pads in a Boston brace in 16 patients. The PEDAR device
is designed as an in-shoe measuring system, which records static and dynamic pressure contribution
under the planar surface of the foot. With the use of this device, they were quite able to measure the
different forces applied by several Boston braces on different patients. The results show a significant
larger mean corrective force through the lumbar brace pad in comparison to the corrective force through
the lumbar pad. Furthermore, they found significant differences in the exerted forces when changes
in posture occurred. [55] The latter indicates the earlier stated problems with these displacement
controlled orthoses (see Section 4.1.4).

Romano et al. used a pressure distribution system, consisting of a sensor made out of a rectangular
plastic sheet of 7.62 cm wide, 20.32 cm long and 0.1016 mm thick. [56] This device measures changes
in resistance by having a conductive paste interposed between two insulating sheets. As they indicate,
several parameters can influence the measurements, namely:

1. the magnitude of the forces to be measured;

2. the temperature during the measurements;

3. the time taken to perform the measurements;

4. the interval between two consecutive measurements; and

5. the sensor wear and tear

Using this system, after delicately calibrating to minimize the biasing factors as shown above, average
pressure values were found at different locations of the Milwaukee brace during rest and during different
exercises.

In 2012, Chou et al. presented their research on using finite element (FE) method modelling to
determine pad positions in a boston brace for enhancing the corrective effect of a Boston brace. With
the use of an advanced FE model, they simulated the pressures as applied by the brace when using
different strap forces. To validate their model, they used an X-sensor pad (XSENSOR Technology
Corporation, Florida, USA) to measure the contact pressure at both the lumbar and thoracic pads.
[57] Unfortunately the exact method of using this pressure-measuring system is not presented in this
research.

Measuring the forces inside a brace is not a very common research topic, however some researchers
already investigated these forces in the 1970s. Galante et al. used specially designed dynamometers,
which make use of strain gauges to measure the strain from which the applied forces can be calculated.
[58] Even though it is interesting to see how this research was performed, the outcomes are of less
importance today; the research focused on the mandibular and occipital supports of the Milwaukee
brace. The braces used nowadays do not contain this ’neck support system’ (see Figure 11) and
consequently we can not use the measuring set-up used by these authors.

Giesberts, Sluiter and Hekman are currently using home-made inductive pressure sensors to measure
the pressure at two distinct locations on the baby foot in between the baby foot and a cast. With
the use of this data they try to figure out the stress-relaxation rate in the treatment of clubfoot, with
which they will give recommendations in the treatment (Ponseti method) of this particular disease.
[59][60] The sensors used are pretty small with a diameter of 10 mm and a thickness of alsmost 2 mm.
Forces are measured periodically, extending the battery life time to a total of 12 days. With the use
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Figure 11: A patient wearing the Milwaukee brace, instrumented with dynamometers at the mandibular
supports. Reproduced from [58]

of a temperature sensor, data is corrected for the influence of temperature. The sensor is shown in
Figure 12.

Figure 12: The sensors used by Giesberts et al. for measuring pressure in a cast for treating clubfoot
(Ponseti method), reproduced from [61]

At this time, this measurement set-up is working properly; the sensors work, battery life is sufficient
and no significant drift or hysteresis is observed. By using Cutinova as material in between the sensors
and the skin, pressure marks were averted. Since this is still an on-going research, only preliminary
results have been presented. [61] The sensors used by Giesberts, Sluiter and Hekman could also be
used to measure the pressure on the skin as induced by a scoliosis brace at different locations. Similar
to the research on clubfoot, it would be interesting to see how the pressure profile develops over time
and how this pressure profile relates to spinal correction. Since the sensors used are home-made, no
official results or data about maximum allowed force is available. An update from August 2016 showed
a maximum recorded force close to 30N in a research on habitual toe walkers, further research using
these sensors will be needed to deduce exact properties of the sensors.
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5 Motion capture studies

5.1 Activities of Daily Living

As stated earlier, user compliance is of high importance for a brace to be effective for treatment or
not. This compliance is highly correlated to the Activities of Daily Living (ADL) of the patient;
the ADL indicate how well a person is able to perform basic household activities. Since most braces
reduce the ability to move around freely, it is obvious that the perceived ADL is reduced as well. If a
patient is aware of this reduced ADL, his or her compliance towards the brace decreases most likely
and ultimately so the brace becomes less effective (since treatment success is highly correlated with
wearing time of the brace, as shown in [4] [62] [63].

In order to translate the ADL to requirements and criteria they need to be quantified. Bible [64]
quantified the motions of ADL using a decomposition of linear combinations of three primary motions;
sagitall bending, lateral bending and twisting. The planes of the body used to describe the primary
motions can be seen in Figure 13.

Figure 13: Planes of the body used to describe the primary motions, reproduced from [64]

Lateral bending and twisting can be described as bending in the coronal plane and the transverse
plane, respectively. Sagittal bending is defined as the bending motion in the sagittal plane, and is
often referred to as flexion/extension. The results for 15 ADL can be found in Table 4. What we see
in table 4 is that the primary motions are of quite high importance in the total Range of Motions in
daily life, which is mostly visible during simple motion tasks such as sit-to-stand motions or walking
up or down the stairs.

Efforts have been made to determine whether or not the Activities of Daily Living (ADL) are reduced
significantly when wearing different types of scoliosis braces. [33][63]. These studies have given rise to
the design of a new type of brace, namely a brace with reduced rigidity, creating a more flexible design
which ultimately improves the ADLs of the patient and so increases the patient compliance towards
the brace. As shown earlier on in this research (Section 4.2.3 and 4.2.4), some more flexible braces
have been on the market for a while now. These braces however did not meet the high correction
rates compared to the Boston brace. It is believed that more rigid braces, which allow the patient
to perform certain movements (which makes these braces flexible to some extent), allow for a better
recovery and will increase the patient compliance towards the brace.

With the use of motion capture studies we can get a more thorough understanding of the movements
of idiopathic adolescent scoliosis patients. Differences in motion and posture with or without brace,
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Table 4: ADL and percentage of full range of the primary motions necessary to complete them,
reproduced from [64]

Average Percentage of Full Active ROM
ADL Flexion/Extension Lateral Bending Axial Rotation
Stand to sit 37 20 12
Backing Car 10 16 18
Reading 4 6 6
Feeding 5 8 9
Socks 22 19 14
Shoes 20 20 16
Sit to stand 39 14 10
Washing Hands 12 15 12
Make-up 7 11 8
Squatting 52 31 18
Bending 59 29 18
Walking 11 19 19
Up stairs 13 22 20
Down stairs 11 21 18
Maximum 59 31 20
Average 22 18 14

motion profiles of (patients with) different types of scoliosis and a range of patient dimensions can be
found by cleverly using and designing motion capture studies.

5.2 Types of motion capture studies

Different systems can be used to do motion capture studies. Since this study is focusing on scoliosis,
we focus on motion capture studies for the back and/or torso. Several techniques have been developed
to allow for capturing human motions in different disciplines, namely:

• Goniometric measurements

• Accelerometers

• Film digitization

• Optoelectronic motion analysis

These motion capturing methods all have their specific advantages and disadvantages, which will be
discussed below.

5.2.1 Goniometric measurements

Goniometric measurements are generally used to measure the range of motion (ROM) of different
joints of the body. A goniometer is placed on or over the particular joint, which allows the user to read
the angle of rotation. With these measurements of the joint angles, the ROM can be or estimated.
Most commonly a two-arm goniometer is used, because of its simplicity and relatively low cost.[65]
The simplicity of using a goniometer also leads to some disadvantages of the technique. For example
the starting position, centre of rotation of the joint, limb axes and horizontal positions can only be
estimated visually (the latter using a spirit level embedded in the tool).[66] Another disadvantage
is the action plane of goniometers; it is mainly used to detect movement in one plane, while spinal
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movements are often 3 dimensional. Another disadvantage is the visibility of the goniometer itself;
when applying a goniometer to small joints, it might become very hard to read the rotation angles.
The latter in combination with the limited Degrees Of Freedom (DOF) of the device will limit the
use of these devices for spinal measurements, especially when one is interested in between-vertebrae
movements. Clinicians generally only use goniometers for the spine to measure the total Range of
Motion, as shown in Figure 14.

Figure 14: Goniometer alignment at end ROM of lumbar flexion, reproduced from [67]

5.2.2 Accelerometers

With the use of accelerometers, several researchers have been able to measure physical activity, since
these accelerometers measure body movements in terms of acceleration. Accelerometers can be either
uniaxial, biaxial or triaxial depending on their sensitivity to 1,2, or 3 orthogonal planes, respectively.[68]
Next to the linear acceleration, accelerometers can also be used to measure the tilt angle relative to
gravity. Examples of such can be found in smartphones, continuously measuring the orientation of the
device. Due to the cost effectiveness and size of accelerometers, multiple sensors can be placed on the
spine. The tilt measurement allows researchers to successfully measure the Ranges of motion of the
spine as shown by Luinge and Veltink in [69] and [70] and by Alqhtani et al. [71]. Using 6 triaxial
accelerometers, the Alqhtani et al. measured the ROM of 5 adjacent spinal segments by attaching the
sensors to the T1, T4, T8, T12, L3 and S1 spinous processes. With the use of these accelerometers,
they present reliable data with very small errors, showing that this technique is suited well for spinal
motion analysis. Additionally, they give insight into the specific contributions of different spinal regions
to the primary motions. [71]

Figure 15: IMU as placed on the back of the trunk, at the T4/T5 level just left of the spine. Three
reflective markers were placed on the IMU housing in order to measure the reference orientation of the
accelerometer using a VICON system as a reference, reproduced from [70].

Since accelerometers are on its own only capable of measuring linear acceleration, measurement devices
are often equipped with both accelerometers in combination with gyroscopes and magnetometers.
These devices, inertial measurement units (IMUs), use the linear acceleration components as collected
by the accelerometers together with the rotational rate captured by the gyroscope and the heading
data collected by the magnetometer are able to detect changes in roll, pitch and yaw. By doing so,
IMUs are capable of accurately describing the orientation of affixed bodies. IMUs come in different
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sizes and shapes, with quite accurate measurements for small, relatively cheap devices. [72] One of the
disadvantages of IMUs is the dependency on external devices to deliver power and/or collect the data.
The wiring to these devices could potentially introduce error to the measurements. Wireless devices
are available, but come in bigger size and with increased weight.

Luinge and Veltink used an IMU sensor together with used an optoelectronic motion system, in order
to validate the tilt angle measurements as received from the IMU. Their setup is shown in Figure 15.

5.2.3 Film digitization

Film digitization, or cinematography, makes use of the video recording of an actual movement. By
applying a certain frame rate, several distinct images are created, which altogether show the movement
sequence. From these images the key data can be indicated or extracted, such as the joints or other
anatomical landmarks of interest. By doing so for every created still image (one every millisecond
for instance), the movement data can be extracted and plotted against time. [73] The process of film
digitization is time-consuming and inaccuracies are easily introduced, especially with low-resolution
recordings. However, since image recognition software proves to be more and more accurate, develop-
ments and improvements in this area could very well be a reality in the coming decades.

Using digitization, research has shown to be able to analyze the spinal motion in several occasions.
Okawa et al. used a videofluorscopy technique to measure the motion of the entire lumbar region
of the spine, comparing healthy subjects with patients with chronic low back pain and degenerative
spondylolisthesis. [74] Davis et al. used a similar technique together with a device that assists the
patient to bend using a prescribed arc motion platform to measure the Ranges of Motion of patients
and compare these to traditional methods using radiographs. [75]

5.2.4 Optoelectronic motion analysis

By using optoelectronic motion systems, we make use of markers affixed to bony landmarks or other
locations of interest on the (human) body. Usually these optoelectronic systems use one of the two
different types of markers; retro-reflective markers that reflect infrared light back to the motion cameras
or active markers (LED diodes) that produce light which is tracked by the motion cameras. [76] The
data is recorded using specialized software on a computer, showing the trajectories of the separate
markers in 3-dimensional images and recordings. The associated software calculates the orientation of
each marker in space and this information is usually saved into a .csv-file, which allows researchers to
post-process the data in programming software like MATLAB by MathWorks®. Well-known advanced
systems of brands like VICON or Optitrack allow for accurate measurements using multiple cameras in
both big and smaller spaces. As shown by Merriaux et al. static experiments in a VICON set-up show
a very small absolute positioning error of 0.15 mm with an even lower variability of 0.015 mm. [77]
They also show hat the accuracy drops in dynamic experiments, due to several reasons, which include
marker size and the speed of movements. It is therefore important to properly tune the sampling rate
of the system and to carefully choose the marker size when designing the protocol for a new motion
study.

In 2004, Cerveri et al. designed a specific marker set to measure only the vertebra in the lumbar region
of the spine. [78] They placed tiny, 2mm diameter markers on the spinous processes of the lumbar
region (T11 through S1), as well as their transverse processes, as shown in Figure 16. Using this marker
set, they were able to describe the general motion of the spine. However, they had large difficulties in
determining the motions between the vertebrae due to skin movement artifact. The movement of the
skin has increasing influence on the captured data when the markers are getting smaller and smaller.
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Figure 16: Marker set as used by Cerveri, reproduced from [79]. Original source: [78]

Next to the accuracy, another advantage of optoelectronic motion systems is the ability to track
lots of markers simultaneously at a very high sample frequency, creating a digital data set which
moves (almost) exactly similar to the actual subject. When using these systems one has to take into
account the possible occlusion of markers; the cameras should be carefully positioned and possibly
more cameras are needed to track every marker over the entire experiment time. Furthermore the
cameras and software are very expensive to buy, with prices of $10.000 per camera or even more.
Another disadvantage of the system is the dependence on a controlled environment; camera set-up and
calibration is of high importance and any reflective attributes in the environment have to be blocked
in order to collect the data most accurately.

5.3 Motion analysis in Scoliosis research

Motion capture studies in conjunction with scoliosis have been performed by several researchers.

In 2000, Masso and Gorton designed a marker set to measure the static posture of scoliosis patients.
[80] The marker set they used did not show any spinal motion, since markers on the trunk were placed
only on the right and left anterior superior iliac spine, the left and right ninth rib and on the first
sacral vertebra (Figure 17). This research shows that optoelectronic motion systems can also play a
role in static measurements, such as postural analysis or local asymmetries of scoliosis patients.

Figure 17: Marker set as used by Masso and Gorton, reproduced from [79]

In 2002, Engsberg et al. measured the spinal range of motion pre- and post spinal fusion, using an
optoelectronic motion analysis system. [81] They combined a widely used clinical gait marker set with
an additional marker set along the spine (Figure 18, to evaluate the global motion of the spine as
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well as the motion of specific regions of the spine. [79] The patients were asked to perform a series
of bending exercises; spinal flexion and extension, lateral bending to both sides and axial rotation of
the spine. Each patient was tested two months prior the spinal fusion and then again one year and
two years after the spinal fusion. After evaluation and exclusion of motion data of 6 patients due to
marker obstruction, the results showed significantly reduced lateral motion and spine flexion. For the
non-fused segments no significant change was noticeable, showing that the spinal fusion only leads to
reduction in motion in the actually fused regions.

Figure 18: Marker set as used by Engsberg, reproduced from [79]

In 2003, Frigo et al. defined specific marker places on bony landmarks (Figure 19. With the use of a
kinematic computation model, previously used in multifactorial gait analysis, they were able to calcu-
late the angles of kyphosis, lordosis, and coronal plane angles to represent Cobb angle measurements,
as well as shoulder tilt during gait of healthy subjects. [82] They found that the spine angles in a
normal population showed a deviation of 5 deg. Even though their research did not include scoliosis
patients, it provides a good base for measuring the movement of the different segments of the spine
and shoulder girdle in young females.

Figure 19: Marker set as used by Frigo et al., reproduced from [82]

In 2006, Skalli et al. used a similar marker configuration as the one used by Engsberg et al. [81],
to measure the contribution of the pelvis to the spinal motion before and after spinal fusion. In this
research, the marker set was used in a dynamic analysis, which included flexion and extension, lateral
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bending and axial rotation. [83] [79] In addition to Engsberg, Skalli also showed significant differences
in the spine range of motion pre and post spinal fusion, but he also found significant differences between
the healthy control group and the patient group. Additionally, they found that most patients use the
pelvis to compensate for this reduced spinal motion both prior and after spinal fusion.

In 2008, Wong and Wong presented a smart garment that has been developed as a portable and
user-friendly trunk posture monitoring system. With the use of this garment, shown in Figure 20
information of the trunk posture can be collected and feedback can instantly be provided to the user
if needed. With the use of this relatively cheap system, consisting mainly of accelerometers, a quite
accurate result was found.[84]

Figure 20: A patient wearing the smart garment, reproduced from [84]

In 2012, Shaw et al. presented a way of using the iPhone for measuring the Cobb angle.[85] With
the use of the accelerometers and inclinometers in mobile phones, clinical measurement applications,
such as Cobb angle measurement are possible. Their research shows the applicability of measuring
these angles directly from a radio-graph using an iPhone. They show that these measurements are
equivalent to using a manual protractor (a goniometric tool) , with reduction of measurement time of
about 15%.

Currently, the most common way of investigating children with AIS and to see the progress of their
spinal deformities is through the use of repeated radiography. This type of radio-graphic imaging
might bring some unwanted consequences induced by the ionizing radiation, as Solomito argues. [79]
In 2011, Solomito presented his research, proving the ability to measure the sagittal vertical alignment,
coronal vertical alignment, the proximal angle, distal angle, the angle of lordosis and the angle of
kyphoses by using 10 retro-reflective markers. He placed these markers on the right and left clavicles
close to the sternal notch, on the spinous process of C7, T7 and L3, on the 10th rib on the right and
left side, superior and medial of the floating ribs, as shown in Figure 21. By adding force plates he
says it is also possible to determine both spinal asymmetries in the frontal and transverse plane and
the balance of the spine for each subject. Furthermore he uses Euler rotation sequences to determine
the kinematic profiles of the spine. Solomito also investigated the range of motion for three different
spinal segments; the entire spine, the upper spine (C7 to T7) and the lower spine (T7 to S1). With
these measurements he notes differences in motion profiles between the healthy test group and the
scoliotic patient group.
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Figure 21: Marker set as used by Solomito, reproduced from [79]

In 2016, Galvis et al. investigated the influence of AIS on the spinal kinematics. [86] Position data at
the manubrium, T1, T3, T6, T10, L1, L3 and S1 was collected using electromagnetic 6DOF motion
sensors of the Trakstar system (Ascension Technologies, Burlington, VT). Each participant was asked
to perform a maximum flexion and extension bend, left and right lateral bend and left and right
anterior-lateral flexion bend at a self-selected speed. From the collected position data, angles between
spinal regions was calculated. Galvis et al. showed that measurements using electromagnetic motion
sensors gives accurate results and allows for comparison between healthy subjects and scoliosis patients.
Although expected to see a reduced mobility in the scoliosis group, their results show a general increased
mobility for this group compared to the healthy subjects.

In addition to the configurations performed by different researchers as shown above, advanced systems
to externally investigate spinal deformities are also available. One of such systems is the DIERS
Formetric 4D system, which removes the need of palpating by taking ex-vivo non-marker measurements
using a projector and a camera, as shown in Figure 22.

Figure 22: Topographic analysis and software output from the Formetric 4D device, reproduced from
[87]

This system has shown to be accurate in estimating Cobb angles, with predictions correlating strongly
to measurements from radiographs. [87]

Simi® Reality Motion Systems developed several motion analysis systems. In their Aktisys 3D Spine
Analysis Protocol,they show that commonly 5 markers are needed for spinal examinations; one on each
shoulder, one on each superior iliac process and one on the C7 vertebra. With the use of this set-up
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shoulder rotation and obliquity, scoliotic tendencies, deviation of the spine from the vertical, pelvic
rotation and pelvic obiliquity can be analyzed. For a segmental analysis, markers are placed on the
lumbar, thoracic and cervical vertebrae (C4, T1 and L1) together with two markers on the PSISs of
the pelvis. With the use of the segmental analysis the relative movement of each of the spinal segments
whilst in motion can be determined. [88]
Simi® also developed a Motion 3D System, with which researchers can accurately measure the in-
tricacies of the spine’s movement. The system makes use of markers placed on the spinal processes
of each vertebra, providing a detailed description of the dynamics of the vertebrae and their relative
movement to one another. [88]

5.3.1 Kinematic Mapping by Nijssen and Ring

Nijssen used motion capture systems to analyze the kinematic mapping of the human torso, based on
the method Ring [89] presented to describe motion between rigid rings around the body as a screw
motion. [20] Motion capture markers were placed on specific places on the spine on the S1,L4,L1,T8
and T4 vertebrae. For each marker, two additional corresponding markers were placed at the same
height on the sides to create a triangular shape in order to approximate a rigid body, as can be seen
in Figure 23.

Figure 23: Approximated rigid body planes on the human torso, reproduced from [20]

The placement of these markers on the spine was chosen to have an even distribution along the spine.
Since the S1 vertebra is fused with the pelvis, the S1 marker acts as a constraint together with the
markers on the pelvis. For each triangular shape, the assumption of rigid bodies was made, and the
motion was determined using screw motions for one specific subject. With the results from this motion
study, Nijssen and Ring evaluated the three primary motions that decompose the ADL (see section
5.1)[64]. For each one of these primary motions, they show the resulting average screw locations and
screw direction between the triangular planes, as can be seen in Figure 24.
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Figure 24: The resulting average rotation axes in 3D space, reproduced from [20]
.

The magnitudes of each angle of rotation around the screw axis are shown in Table 5.

Table 5: Measured rotations occurring between the triangular segments for the tree primary motions.
The last column gives the motion in percentages relative to the largest occurring rotations per primary
motion. Reproduced from [20]

Motion vertebrae maximum angle percentage
Sagittal (S) S1-L4 27.58◦ 84%

L4-L1 32.42◦ 99 %
L1-T8 32.69◦ 100 %
T8-T4 10.75◦ 33 %

Twist (T) S1-L4 9.32◦ 18%
L4-L1 32.17◦ 63 %
L1-T8 48.32◦ 95 %
T8-T4 50.92◦ 100 %

Lateral (L) S1-L4 7.57◦ 17%
L4-L1 35.36◦ 78 %
L1-T8 45.33◦ 100 %
T8-T4 8.69◦ 19 %

The planes were assumed to be rigid, however the planes stretch over time as can be seen in Table 6.

Nijssen [20] concludes that between L4 and the T8 vertebrae the most lateral bending occurs, between
T11 and S1 the most sagittal bending occurs and between the L1 and T4 the most twisting occurs.
However, these conclusions are drawn while assuming that: the three motion markers form a rigid
body, the motion of the human torso can be described by only four segments and the small pitches
of the screw motions can be neglected. Without a pitch a screw motion can be represented by the
rotation axis only.

28



5.4 Marker set-up 5 MOTION CAPTURE STUDIES

Table 6: Stretching of the planes. Reproduced from [20]

Motion Plane Back (mm) Left (mm) Right (mm)
Sagittal (S) S1-L4 16.56 14.6 4.46

L4-L1 31.6 10.64 12.18
L1-T8 24.3 7.87 8.33
T8-T4 7.14 10.78 6.07

Twist (T) S1-L4 2.55 5.88 3.31
L4-L1 5.03 16.65 23.31
L1-T8 9.99 37.48 20.07
T8-T4 2.92 17.83 8.84

Lateral (L) S1-L4 2.87 8.11 6.82
L4-L1 8.97 26.8 54.03
L1-T8 7.88 53.86 49.8
T8-T4 4.28 10.84 9.13

5.4 Marker set-up

After having decided where to put the tracking markers and what locations need to be captured, the
type of marker configuration needs to be chosen, together with a decision how to attach the markers
to the body. A practical set-up is required to easily track the movements of different patients, without
having to take long preparation time.

In 2010 Tranberg presented his thesis work on the influence of soft-tissue artefacts on analyses of body
motions based on optical markers. He showed some skin motion artefacts influencing the recorded
data and suggested ’further comparative studies with simultaneous use of skeletal and superficial skin
markers to explore this issue further’. [90]

As shown earlier in section 5.2.4, Cerveri et al. also had difficulties measuring the motions between
the vertebrae due to skin movement artefacts. [78]

Rast et al. concluded that adding markers and using a point cloud algorithm did not improve the
between-day reliability of the recordings of trunk movement; their hypothesis of using redundant
number of markers and an optimization algorithm will even out errors due to marker placement and
soft tissue artefacts was proven to be not true. [91]

5.4.1 Rigid marker set-up

Markers can be adhered directly on the patient’s skin using adhesive glue, but we can also use rigid
marker set-ups to reduce the soft tissue artefact. In their study on different technical marker sets for
measuring 3D pelvic motion during gait, Bruno and Jarden used a rigid thermoplastic plate with four
non-collinear retro-reflective spherical markers fixed to the surface of this plate, which was mounted
on the lateral aspect of each thigh using the Superwrap™ (Fabrifoam Inc., Exton, PA, USA). [92] Their
set-up and the use of this plate is shown in Figure 25.
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Figure 25: Marker setup used by Bruno and Jarden including four non-collinear retro-reflective markers
mounted on a rigid thermoplastic plate, attached to the body using the Superwrap™ (Fabrifoam Inc.,
Exton, PA, USA), reproduced from [92]

In 2015, Lee and Jung evaluated marker placement for hand movements objectively using a static
hand mock-up with different marker attachment methods. They show a significant difference between
different marker sets for dynamic evaluation. This is why they recommend to use three markers per
segment or a cluster marker, because they are less affected by skin movements. [93] Such a cluster
marker can also be seen in Figure 25, where four different markers are clustered on a rigid thermoplastic
plate, which in its turn is attached to the body using a elastic foam band.

De Baets et al. (2013) used clusters of 3 or 4 markers to acquire scapular rotation movements after
stroke. These markers were placed on tripods or cuffs, depending on the locations on the body. [94]

Schmid et al. (2016) combined two marker sets (The Plug-in Gait full body and the IfB marker set)
to evaluate and quantify the spinal kinematics of AIS patients during gait.[95] With the use of these
marker sets they were able to accurately describe the biomechanical behavior of the spine during gait.
The combined marker sets are shown in Figure 26.
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Figure 26: (A,B) photograph of the combined Plug-in Gait full body and IfB marker sets. White
circles with black filling represent markers used for both models, black circles with white filling represent
markers used for the IfB model, and markers with black circles where only used for the Plug-in Gait
full body model. (SPC1-3: spinous processes of C3, C5 and C7; SPT1-5: spinous processes of T3,
T5, T7, T9 and T11; SPL1-5: spinous processes of L1–L5). (C,D) Visual representation/definition of
the thoracolumbar/lumbar and thoracic curvature angles in the sagittal plane (C) and frontal plane
(D). (E) Visual representation of the rigid pelvis, lumbar, thoracic and cervical segments. Figure
reproduced from [95]

The data derived using a VICON 12-camera system was used to quantify several kinematic aspects of
the spine. Using the markers placed over the spinous processes for example, the researchers determined
the spinal curvature. For instance, markers SPT1-SPT5 and SPT5-SPL5 (where SP = Spinous Process,
T = thoracic and L = lumbar) defined the sagittal thoracic and lumbar curves, respectively. In the
frontal plane the toracic and thoracolumbar/lumbar curves were obtained using markers SPT1-SPT5
and SPT5-SPL4. [95]
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This literature overview gives insight into the work performed in the field of adolescent idiopathic
scoliosis braces and kinematic characterization/motion studies of adolescent subjects diagnosed with
a scoliotic deformation of their spine.

It has been shown that the common treatment for scoliosis is through the use of a certain type of
scoliosis brace. These scoliosis braces have been developed and evaluated over the last decades, with
different correction profiles and materials leading to varying results in terms of inhibition of curve
progression and patient compliance towards the brace. Different types of brace categorizations can be
used when talking about scoliosis. For this project a combination of the control strategy and rigidity
categorizations seems to be the most relevant. The two mostly used rigid scoliosis braces have been
presented together with two rather recently developed flexible braces. It has been shown that a com-
parison of one brace to another is not easily established, since braces were validated using different
types of research and no standardized method is found. Furthermore, the patient compliance towards
the brace is shown to vary a lot from brace to brace, with values ranging from 84% for the TriAC
brace, to 54% for the SpineCor brace.
Next to the available braces, the biomechanical aspects of scoliosis braces have been highlighted, with
different techniques to measure the forces as exerted by the braces in between the brace and the pa-
tient’s skin. It has been shown that several techniques exist, like the BraceSim software which is used
to simulate the (needed) forces on the human body. Not only the brace forces have an influence on the
overall functioning on the brace, also the patient’s compliance towards the brace is of importance. This
compliance is highly influenced by the comfort experienced by the patient while wearing the brace.
The activities of daily living (ADL) are an important indication of the abilities of the patient while
wearing the brace and the compliance of the patient towards this brace. The ADL can be quantified
using a decomposition of linear combinations of the three primary motions; sagittal bending, lateral
bending and coronal twisting.
To measure the ADL on different subjects, motion capture studies can be performed. These different
types of motion capture studies aim to characterize the spinal kinematics during for instance the three
primary motions as described above. Motion capture techniques can be divided into different cate-
gories; goniometric measurements, accelerometers, film digitization, optoelectronic motion analysis and
videofluoroscopy. From these techniques, the optoelectronic motion analysis is the mostly researched
and used method in scoliosis research due to its relative accuracy and ability to detect small motion
changes. Most generally, researchers attach retro-reflective markers to bony landmarks or points of
interest, which are tracked by infra-red light emitting, high resolution motion cameras.
It has been shown that no analogous method is used in available literature; due to different research
goals, each researcher has used varying marker set-ups and analysis methodologies. Subsequently it is
not possible to compare the results of these analyses on a one-to-one base; especially when investigating
the spinal movements, where the slightest changes in (marker) set-up could result in highly different
results. Therefore we can draw the conclusion that the currently available literature does not offer
an analogous method to determine spinal ranges of motion in (scoliosis) patients or healthy subjects;
pre-eminently it provides us insight in the different methodologies to perform these kind of researches.

In order to design a new scoliosis brace, which aims to combine the performance in terms of treatment
of currently used rigid braces with the increased ranges of motion as allowed by more flexible braces,
it is clear that we can learn a lot by looking at the currently available braces. The new brace should
use the rigidity of the Boston brace at the locations where correction is needed. To determine at which
locations this new brace design should bend, a motion analysis focusing on the motions of different
spinal segments is needed. To perform such a motion analysis, the preferred option would be to use an
optoelectronic system, since this seems to be the most common method in scoliosis research because
of its accuracy.
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The goal of this study was to give recommendations on how to design a new type of scoliosis brace,
combining the performance of rigid braces with the flexibility of non-rigid braces.

For this study, several search terms have been used to find articles about scoliosis braces and motion
studies focusing on the spine. With the use of these search terms, the same articles should be found
and so, a repeated literature search should lead to a similar outcome. Next to the articles found
directly in the literature search, a lot of articles have been found when referred to by other articles, or
when recommended by search engines or software. It is not known whether the same articles would
be recommended to other users of these platforms when consulting the found literature.

Scoliosis is a patient-specific disease, meaning each spinal curvature is unique and changes from patient
to patient. Therefore the treatment is also highly patient-specific and so scoliosis braces should be
specifically designed for the patient. Especially when comparing scoliosis braces in terms of treatment
success, this might bias the results, since some types of scoliosis are easier to treat than others.
Furthermore each of the scoliosis braces is adjusted to the patient and so no scoliosis brace is exactly
similar.

When measuring the patient compliance towards the brace, this was mainly calculated using the hours
of brace wear of the patient. Even though this number is an indication of patient compliance, it does
not take other aspects into account that might influence the patient compliance, such as the cosmetic
value. On the contrary, when quantifying the patient compliance objectively, the hours of brace
wear seems to be the only available measurement. Furthermore, since objective patient compliance
measurements are only available for a few brace designs in literature, it is very hard to compare these
compliance values for different braces with each other.

Although brace forces are very interesting from an engineering perspective, all braces are currently
designed by clinicians based on their experience. Generally the straps are used to increase the exerted
forces on the body, together with modified pressure pads on the inner side of the brace. This is
inherently the reason why not much literature on brace forces is available.

It is shown that motion capture experiments are capable of measuring patient-specific motions quite
accurately. Since all presented motion analyses in research have had different goals, it is quite hard
to compare the results from these experiments. Different camera set-ups, marker set-ups and marker
locations might have a big influence on the captured results. Also the available resources for each re-
searcher is a contributing factor to the differences in the presented research projects. When developing
and validating a (new) measurement method, this has to be taken into account.

Patient demographics have not been taken into account in this research, which is mainly focusing on
scoliosis patients in the United States of America. Since not all research presented has been performed
in the US, or using US subjects, results might be biased or hard to compare.

This study was performed to give an overview of the produced braces and the performed motion
analysis studies in scoliosis research. Most of the used literature was written in the last two decades,
while some of the referred papers date from over 40 years ago. Even though efforts have been made to
validate these old sources, changes in research methodologies over the years could have a big influence
when these old projects would be performed today.
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