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Abstract

Adolescent idiopathic scoliosfalS) is a spine pathology in teenagers that causes
3-dimensional deformities. Radiographs are a standard outcome measurement method
that can be evaluated for coronal and sagittal plane deformitiésckigdimensional
information. Casting is a process of capturing the trunk shape under force correction
by clinicians. Scoliosis casting frames are uncommon in clinical practice due to
difficulty in usage and lack of evidence. There is a lack of infoonaibout the force
magnitude, force locations and directions to correct deformity in three dimensions
during casting.

The study objective was to develop and validate a system that could quantify the
spinal deformity of AIS patients i dimensions, pply forces to correct the spinal
deformity in three dimensions, measure the magnitude of forces and illustrate those
force directions in three dimensions. This study also sought to clarify scoliosis
deformity in 3 dimensions and how it changed on applfences during casting.

A low-cost postural measuremenystem was developed usiBgRaspberry Pi
mini-computers with integrated cameras arranged in a circle that communicated
wirelessly with a main computer. The software was written in C++ andrrafisoal
Studio 2019 and Windows 10. The stereo camera concept was used and implemented
with OpenCV for camera calibration and marker position calculations in 3 dimensions.
EachRaspberry Pcaptured an image of the marker, which was stored on the central
computer where the marker position in 3D space was calculated and used to quantify
relevant spinal parameters. Six load cells were calibrated and used to measure the
magnitude of the forces applied during casting. A Scoliosis casting apparatus was
designedn the SolidWorks program and built following the design to apply the casting
forces using manipulator arms. Force measuring software was written in Python and
ran on Visual Studio 2017 and Windows 10. Validation of the data obtained was
demonstrated by aeries of experiments during the development process. After
completing development, the systems were tested with AIS patients, and the data were
analysed using descriptive and inferential statisfitee RMSE of the developed
postural measuremenystem vinen locating markers was 2.42 mm, appropriate for

quantifying scoliosis deformity in clinical practice. The validity of the system for



clinical practice was examined in a clinical experiment that recruited ten AIS
participants. The experiment was approlgcethical committees from the University

of Strathclyde and Mahidol Universitfhe assessmemngésultwas that thepostural
measuremergystem had a high concurrent validity compared to radiographs for CSA
(r-value: 0.57- 0.96), SSA (tvalue: 0.35 0.94 and trunk balance{ralue = 0.91).

In coronal spinal parameters for thestural measuremenystem in assessment VS
optimal correction and assessment VS casting, there was a reduction percentage of
apical translation of approximately 50% with a stat#ly significant difference in
reduction of apical translation. However, there was no statistically significant
difference in CSA.For optimal correction VS casting, there was a statistically
significant equivalence when the margin of equivalence (M)3dn SSA, there was

a statistically significant equivalence when M 92 for assessment VS optimal
correction and 8for assessment VS casting and optimal correction VS casting
3DSA, there was no statistically significant difference for assesswfendptimal
correction and assessment VS casting. There was statistically significant equivalence
when M = 8 for optimal correction VS casting here was a high reduction of trunk
balance from assessme@8.19 mm, SD = 11.58)o optimal correction(-1.25 mm,

SD = 4.56)and casting {0.71 mm, SD = 3.32). However, there was no statistically
significant difference. There was a statistically significant equivalence when M = 3
mm for optimal correction VS casting. Trunk asymmetry (POTSI) improved from
33.54% (SD = 16.23) in assessment to 22.80% (SD = 12.41) in casting. The mean of
the total reduction of the horizontal trunk rotation angle was 14353 = 12.44). The

force to correct the deformity at each area was approximately 30 N, and the total force
each patient had to tolerate during optimal correction was approximately 150 N.

In conclusion, we produced a system that could quantify, in three dimensions, the
spinal deformity of AIS patients, produce relevant spinal parameters and guantif
casting force magnitude and direction. This could be done before and after casting and
hence quantify the effects of casting. The scoliosis casting apparatus itself could be
suitably adjusted to apply forces to correct deformity in three dimensionstas pa
clinical practice. The system as a whole has the potential to quantify spinal orthotic
practice and hence base practice on a scientific evidential basis.
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1. Chapter 1 Introduction



1.1. Introduction to scoliosis

Idiopathic scoliosis is a common pathology of the spine that causes deformities in
three dimensions (3D): lateral deviation in toeonal plane, increasing or decreasing
kyphotic or lordotic curvature in the sagittal plane, and horizontal rotation of vertebrae
in the transverse plan@&tokes,Bigalow and Moreland, 1987, Hattoet al, 2011,
Kotwicki, 2008. Scoliosis is diagmsed when the lateral curvature exceedsoi®he
Cobb angldJanicki and Alman, 200Fbldiopathic scoliosis is more common in girls
than in boygTay, Kornberg and Cook, 2007)

Regarding theaetiology of scoliosis, there are many certain factors, such as,
genetic, muscles imbalance, arthritis, and neurological impairment. Howeyarpst
common cause is still unknown called Idiopathic scoliosis (or IS), representing at 80%
(Negrini et al., 201B Scoliosis is classified according to age range, with infantile
scoliosis occurring betweehd ages of 0 and 3 years, juvenile scoliosis occurring
between the ages of 4 and 10 years, and adolescent scoliosis occurring between the
ages of 10 and 18 years.

The prevalence of adolescent idiopathic scoliosis (AlS) ranges from 0.93% to 12%
(Burwell et al, 1983, Brookset al, 1975,Wong et al, 2005, Grivaset al, 20063,
Dickson, 1983 Soucaco®t al, 1997, Piret al, 1985, Huang, 1997, Nissinenm al,

1993, Willner and Udén, 1982, Laulurljbjerg and Harlyck, 1982, MoraBernier

and Turcotte, 1985, Yawn andWa, 2001, Goret al, 1981, RogaldDrummond and

Gurr, 1978, Shands and Eisberg, 1955, Koukouretias, 1997,Grivaset al, 2007.
However, most studies report a prevalence of 2% to 3%. Surprisingly, the incidence
varies and depends on latitudgrivaset al, 2006a Grivaset al, 2006H).

Three primary characteristics are commonly seen in AlS patients: 1) vertebral
rotation in the horizontal plane, 2) lateral displacement of the spinal column in the
coronal plane, and 3) thoracic hypokyphosis in the sagittal plane. Concerning the first
charateristic, the spinal column and each vertebra in the segment is rotated towards
the convex side of the spinal curve, resulting in prominghdam,Askin and Pearcy,
2008, Stokes, 1989, Jarem&bal, 2002, Parentyewton and Wenger, 2005, Gleh
al., 2007 ,Kotwicki and Cheneau, 2008If the rotation and prominence ocat the

rib or thoracic area, it is referred to as a rib hump, which can present an asymmetrical



shape of the trunk and rib cagedditionally, if the rotation and prominence occur at
the lumbar area, it is referred to as lumbar prominence.

According to the second characteristic, the spinal column is laterally displaced
from the spinal midline to the convex side of the curve, called the coronal curve, with
the most displacement presenting at the curve's apex, called apical translation.
Regarding thdinal characteristic, kyphosis is a typical curve at the thoracic of the
human spine in sagittal plane, but many scoliosis patients have a decrease in this angle,
known as thoracic hypokyphosis or a flattening of thoracic curve in the sagittal
alignment ofspinal column(Dickson et al., 1984

There are many studies classify the location and pattern of the spinal curve. For
instance, the side of spinal curve bases on the convexity of curve, therefore, if the
convexity is on the right side, the spircurve is the right curve. Furthermore, the
spinal location can be classified based on the location of the apical vertebra, such as,
between C7 and T1 called cervicothoracic curve, between T2 and T11 called thoracic
(T) curve, between T12 and L1 calldubtacolumbar(Macleanet al) curve, and
between L2 and L4 called lumbar (L)ree (Kotwicki, 2008. Then, the spinal curve
can also be categorized by the number of curves, such as, single, double, and triple
curve. In addition, there are other wiktlown spinal curve based on the different
pattern of spinal column, such as, King classificafiéimg et al, 1983)and Lenke
classification(Lenkeet al, 20014.

The magnitude of the scoliotic curve or curve progression show a high risk
progression during the growing phase with skeleton immatuaspecially in
adolescenc@Neinstein and Ponseti, 1983ickson and Weinstein, 199Richardset
al., 2009, and qirls are more likg to have higher curve progression than boys
(Negriniet al, 2018. If the magnitude of the coronal curve is betweehd@ 20,
the curve progression of both groups is similar, and the ratio of girls i®dy3:1.
Interestingly, if the Cobb angle is betweer? a0d 30, the girtboy ratio increases to
5.4:1, and the difference is even greater if the curve magnitude is greater than 30
representing a 7:1 rati{®@arentNewton and Wenger, 2005, Lonstein, 2006)

Other factors contributing to thegh risk of curve progression include the severity
of the coronal curve magnitude and the Risser sign grading. Theiskgiurve

progression occurs when the Cobb angle is betwegmrad 29 with a Risser sign



grading of 0 to 1(Richardset al, 2005. It should be noted that the Risser sign
indicatesskeleton maturity. This sign illustrates th&sification of the iliac apophysis
on the pelvis. A standard tool for evaluating this grading result is-@y ¥nage.

Finally, if the magnitude of the curve is high and no proper treatment is provided,
some patients may experience health problekasording to the literatur@_onstein,
2006, Weinsteiret al, 2003,Negrini et al, 2009, if the curve angle is between°30
and 50, it can be consideredaiitical threshold with a high risk of health problems
such as cosmetic appearance, decrease@sedm, decreased quality of life, back

pain, and functional limitations.

1.2.Introduction to scoliotic treatment

In the general treatment of the AlStieat (Richardset al, 2009, there are two
main types of treatment which are conservatieattnent and surgical treatment and
the choice between them is based on the severity of deforiyry studies use
conservative treatment including observation with activity modification, physical
therapy, exercise, acupuncture, and orthoJiee conservate treatment by
observation with activity modification is recommended for patient who has the coronal
curve smaller than 250rthotic treatment is prescribed for the coronal curve between
25° and 40. However, the surgical treatment is recommended ifstneerity of
deformity is high (more than 40of coronal curve) and to prevent a secondary
complication, such as pulmonary dysfunction.

1.3. Introduction to orthotic treatment

Focusing on orthotic treatment, the spinal orthosis (SO) is the most commonly
prescribed for AIS treatmelRichardset al, 2005 Danielssoret al, 2007, Yrjdnen
et al, 2007, Katzt al, 2010, SchillerThakur and Eberson, 201i®jhe coronal curve
is between 25and 40 with a Risser sign grading of O to(Regrini et al., 2015)and

the goal of using SO is to delay or peat curve progression and reduce surgical



treatmeniRichardset al, 2005. Many different ypes of spinal orthotic designs and
categories are available today based on time use, biomechanical principles, and
fabrication materials, such as the Milwaukee bfaoastein and Winter, 1994, Keiser

and Shufflebarger, 1976, Caat al, 1980, FisherRapp and Emkes, 1987Boston
brace(Emanset al, 1986, Katzt al, 1997, Vijvermansf-abry and Nijs, 2004, Wiley

et al, 2000, Yrjoneret al, 2007, Xuet al, 2019,Grivaset al, 2003, Cheneau brace
(Phamet al, 2007, Zabrowsk&apeteet al, 2010,ZaboowskaSapeteet al, 2011h
Fanget al, 2015h Pasquinet al, 2016) Charleston bending brafericeet al, 1990,

Katz et al, 1997, Leeet al, 2012) Lyon brace(Aulisa et al, 2015), and SpineCor
dynamic elastic bracéCoillard et al, 2007, Coillard, Circo and Rivard, 2014
Essentially, all of them are based on the biomechanical force correction system known
as the threg@oint force system, with the goal of-e¢igning the spine in the neutral or
optimal alignment/position.

Regarding the orthotic procedure to treat AIS patients, the rehabilitation doctor or
orthopaedic doctor performs the assessment and evaluation,asushbjective
assessment, physical assessment (range of motion, manual muscle testing, special
clinical testing etc.), and radiographic -(Xy image) evaluation in one or two
orthogonal planes. After that, the doctor makes the treatment plan and orthotic
prescription and refers a patient to an orthotist to make a device. Then, a professional
orthotist performs the subjective and objective assessment in detail before designing
the orthosis to match the individual patient's condition. The orthotist perfarassiag
(a process of capturing the shape of a human body) using plaster or synthetic bandages.
The patient stands or slightly sits in place, and 2 orthotists apply the corrective
force on the patient's trunk by hand tcat@gn the spine in neutralr coptimal
alignment. Patients and orthotists remain in the casting position fotA@ninutes or
until the bandage is completely set. The important landmarks and reference lines must
be taken on the cast before removing the negative cast (the negstigeioa bandage
after setting). Then, the negative cast is removed from the patient's trunk, and cleaning
must be done immediately.

The negative cast is then evaluated on its quality, such as the overall shape, the
alignment, and the strength oéthegative cast. However;casting may be necessary

if the quality of the negative cast is not appropriate. After adjusting and preparing the



negative cast, the cast is filled to create a positive cast (the positive cast is a model of
a human's body) usg plaster or synthetic materials (Polyurethane foam or rigid
foam). Rectification or modification process is performed after positive cast setting
(Rectification or modification process is a process to modify the positive cast to get
the optimal shape). féer positive cast modification, the orthosis's main structure is
fabricated using thermoplastic, such as polypropylene (PP), polyethene (PE); and co
polymer materials. Then, the trimline (the edge of the device) is determined and cut
by following the ortlotic prescription.The padding (soft materials posted at the
corrective area to apply the corrective force and provide comfort), straps, and fitting
equipment are prepared before fitting.

In the fitting process, the patient wears the spinal ortlaysibeir trunk, and the
temporal strap is attached to the orthosis to provide hydrostatic compression on the
spine and suspend the orthosis. The paddings also attach inside the orthosis. Moreover,
increasing the padding thickness is commonly requirenctease the corrective force
at that area. The trimline is then adjusted to provide the best contour and to eliminate
the body movement during standing, walking and sitting.

After the orthotist is satisfied with the fitting outcome based on theerexe,
the permanent straps and paddings are attached to the orthosis. Then, the patient is
referred back to a doctor for final checking as well as referring the patient to take an
X-ray immediately to check the corrected position. The treatment outitomehe
orthosis is evaluated by-Ky images taken with and without the orthosis. The doctor
makes an appointment with the patient to follow up on the treatifieoime orthotic
adjustment is needed, the doctor will refer the patient to adjust thesdeitit the
orthotist. Finally, an Xray must be taken every folleup until the patient stops

wearing the orthosis.

1.4. Introduction to spinal outcome measurement

Evaluating radiographic or-Xay images is the standard tool for measuring and

assessing spinal parameters in the coronal and sagittal (Hartescki, 2008. Before

the X-ray, the patient is asked to change clothes to tipatient hospital uniform and



take accessories off because it can interfere with treeyXmage.The patient is then
placed in a standing position in front of theay machine, and the radiolsgbperates

the machine to obtain the image. All images are saved in the medical record for the
doctor and other healthcar gColpbrl®48sa i on al
standard method for determining and evaluating spinal parameters eragnnxage

in the coronal and sagittal planes. Many parameters, including the location of the
curve's apex, the distance between the body's midline and the apex (apical translation),
the upper and lower end vertebrae of the curve, the magnitude or degrees of the curve,
trunk balance or coronal decompensation, the type of curve, the grade of the Risser
sign, the status of triradiate cartilage, and the indirect measurement of vertebral
rotation, will be measured and evaluated in the coronal plane. Thoracic kyphosis and

lumba lordosis angles will be measured in the sagittal plane.

1.5. Introduction to the need for alternative technology to assess scoliosis and

scoliotic treatment

As can be seen from the introduction above, the historical approach to the
assessment anceatment of scoliosis has been heavily influenced by the use of planar
X-rays. These planar-Kays first showed and defined scoliosis, and as a result of their
adoption in medical practice, they have also been adopted in orthotic practice.
However, scolios is essentially a thre#gimensional deformity, and orthotic treatment
applies a threeimensional force system to attempt to control and correct this three
dimensional deformity. Outcome measurements from standaay ¥knages can only
describe a twalimensional deformity, which is insufficient to represent the result of
orthotic treatment. Furthermore, repeateth) exposure throughout the treatment and
follow-up period may result in health complications in the future.

To address these issues amprove the quality of outcome measurement in
orthotics, many research groups are developing and experimenting with other
technologies, such as ultrasound imageet al, 2010, Edmoneét al, 2015, Edmond
et al, 2017 Wonget al, 2019) surface topographikKomeili et al, 2014,Komeili et

al., 2015a, Komeilet al, 2015b) and mostecently the use of motion capture system,



to aid assessment and treatment. The goal of employing these alternative technologies
IS to reduce the number of-pays required and to give a truer representation of the
scolioticdeformity.

The casting mcess has been heavily influenced by this planar approach to
treatment with a threpoint force system applied in the coronal plane to correct
coronal deformity and a second one in the sagittal plane to correct sagittal deformity.
What is really needed i® treat the spine as a thréenensional entity and apply a
threedimensional force system which corrects the Hulieeensional deformity.

A number of clinical researchers have attempted to improve the casting process by
using a casting bar, appausf or frame. Examples include the Risser téB&lhause
et al, 2019) Cotrel's framégCotrel and Morel, 1964, Mahajan al, 2020) a custom
Providence brace standing frarfledmondet al, 2013, apparatus for forming a
scoliosis bracgMcCoy and Barry, 1996)and an infant scoliosis casting frame
(Sanders and D'Astous, 2008) addition to the casting frame, ultrasound images have
been utilisedto evaluate the spinal result in the coronal plane following casting
(Edmondet al, 2015 Edmondet al, 2017. However, this technology can only
measure the outcome in one plane after castimgnot in reaftime. Lastly, a
technology utilising ultrasound images to aid in locating the optimal position of
corrective padding and verifying the spinal outcome in the coronal plane is introduced
to facilitate the fitting proceséLi et al, 2010, Liet al, 2012) However, this

technology can onlyneasure the result on one plane and not iRthes!.

1.6. General outline of this thesis

This study aimso quantify spinal parameters using a motion capburgostural
measuremergystem. Previous researchJang(Jang, 2018yleveloped and validated
a method for using a motion capturetsys to quantify the spinal parameters during
the assessment process. Howetleat study used highcost systenthat is not
generally available in orthotic clinical settings and quantified the spine using typical
clinical pl anar me atiedy foceissed onliMonr thee cassessment J a n ¢

process and did not use the system to assist during the casting process.



The current studglescribs the development of a lewost system to assist orthotic
practitioners during the assessment, optimal cormecial casting process for AIS
treatment. The system aims to capture the tdneensional shape of the spine and the
threedimensional force system being applied to it. Our contention is that if we can
assess and treat scoliosis in three dimensions ridtetwo independent planes and
in an inexpensive way in the clinic, then in the long run, we will better understand
scoliosis and how to control it than if we continue to adopt theptane approach.
There were three main parts involved in this develapgme

The first part was a mechanical frame to assist during the optimal correction and
casting process called th&coliosiscasting apparatus”. This apparatus aimed to
apply the corrective, counter, and stabilising forces 1align the spine duringhe
optimal correction and casting process as an alternative to hand pressure from multiple
orthotists.

The second part wasikorce-measuing systeno using load cells attached at the
end of manipulator rods bolted to the scoliosis casting appavétich contacted and
compressed the spine to give the orthotic effect. The forces measured along each rod
were used for reporting the result during the optimal correction and casting process.

The final part was &L ow-costpostural measurementsysten® used to analyse
and represent the spinal outcome during the assessment, optimal correction and casting
process.

The typical casting process generally requires a team of two to three practitioners.
Practitioners must apply force with their kigron the corrective amdunterforceareas
while also controlling the patient's posture and alignment. They must judge the
correction being achieved by eye and as observed from their position.

In contrast, the apparatus proposete developed ithis thesigequires only one
practitioner during the process for establishing optimal correctiorirenédssistance
of a second persoduring the casting process. The scoliosis casting apparatus can
adjust and maintain the forces throughout the procasshdtrmore, the loadell
measures the magnitude of force applied to each area, and-@sbwostural
measuremensystem calculates spinal parameters and force direction to realign the

spine and can provide this data as-temk feedback to the castingam.



2. Chapter 2 Aims, Objectives, and Thesis Outlines
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2.1.Introduction

The introduction to this thesis in thprevious chapter described the primary
research gapf scoliosis researchvhichin our opinion, based on the literature review
presented in Chapter 3,asir collectiveinability to consider the problewf scoliosis
in three dimensionsThis research gap is explored and expanded in the literature
review (Chapter 3) and was the main drgyforce behind the development of this PhD
project and thesis his chapter summarisdéise thesis by presentirije research gap
and introdutg the main content of the thesis, which includes the development of a
low-cost postural measuremesystem, vallity testing, and quantifying the spinal
parameters in scoliosis treatment during the assessment, optimal correction, and
casting process. Finally, this chapter states the research project's goals and the

objectives of the study.

2.2. Summary of scoliosis resarch gap

1 There are few research studies of scoliosis that quantify spimzhturein
three dimensionscluding using motion capture

9 Currently, there is insufficient evidence to supportubeof motion capture to
guantify spinal parameters in scoliosis applications.

1 Only onerecent PhDstudyby Jangused a motion capture system to quantify
spinal parameters by dividing the spinal column into several sections, including
lower cervical, uppethracic, lower thoracic, upper lumbar, and lower lumbar.
This study evaluated scoliosis in three dimensions during the assessment
process but used a higlost motion capture system.

1 No low-cost motion capture system is currently available for quantifyiinaé
parameters in scoliosis applications.

1 While theRaspberry Phas been widely used in computer vision applications,
there has been no development of a-tmst motion capture system that uses
multiple Raspberry Riand cameras to estimate the locabdmarkers used in

human motion analysis.
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1 Casting frames for scoliosis have been used in clinical practice but this is not
common. Casting frames add expense, can be complicated to use, and lack
evidence to support the effectiveness of the frame. Morgallecurrently
available frames apply forces to correct the deformity in one or two planes
only, and not in 3 dimensions.

1 There is still a lack of knowledge about the magnitude of forces applied during
casting. Previous research mostly studied the farpesssure inside the spinal

orthosis, not that developed during the casting process.

To overcome the research gaps, a-tmst motion capture systeon a lowcog
postural measurement systetimat can quantify spinal parameters in scoliosis
applications must be developed. Furthermore, the system's accuracy should be
validated compared to the standard higist system, and the error of the developed
system should be within the acceptable range in routine clinical practice. A scoliosis
casting aparatus that the user can adjust to apply thev#nsional forces to correct
the spinal deformity must be developed. Furthermore, a-foeasuring system that
can measure the magnitude of forces applied during optimal correction and casting
process mudbe developed. Finally, the developed system should be able to quantify
spinal parameters during the assessment, optimal correction, and casting process to
evaluate the change of spinal parameters while applying the forcesaligrréhe

deformity in 3 dinensions.

2.3.Aim of the Thesis

This study aims to develop a levostpostural measuremesystem, a scoliosis
casting apparatus, and a foroeasuring system to assist practitioners during the
assessment, optimal correction, and casting process of spinal orthosis for adolescent

idiopathic scoliosigAlS) treatment.
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2.4. The objectives of the Thesis

The objectives of this study are as follw

Scoliosis casting apparat(Ghapter 4)

1 To developa practicabkcoliosis casting apparatus to assist the clinicians during
optimal correction and casting process in AIS treatment. The apparatus should
be able to be manually adjusted by the clinicianspfdyathe 3dimensional
force correction to correct theddmensional spinal deformity of AIS patients

and should be inexpensive

Forcemeasuring systefChapter 5)
1 To develop a forceneasuring system to measure the magnitude of forces
appliedduring opimal correction and casting process in AIS treatment. The
system should be able to measure the force magnitudes and report the results

on the graphical user interfa@@Ul) on the computer screen.

Low-costpostural measuremesystem(Chapters 6 and 7)
1 To develop a lowcostpostural measuremesystem usindgraspberry Riand
their associated cameras to calculate marker positiorgiménsional space.
1 To study the validity of a loveostpostural measuremesystem compared to
the actual marker positions and higbst motion capture system. The system's
error should be within the acceptable range in routine clinical practice

(approximately 5 mm).

Clinical experiment in AIS patien{€hapters 8 to 11)

1 To demonstrate the feasibility of using a lesost postural measurement
system, scoliosis casting apparatus, and fareasuring system in clinical
practice during the clinical experiment with AIS patients.

1 To verify whether a lowcostpostural measuremesydem can quantify the
spinal parameters in coronal and sagittal planes and to study the validity of the

13



spinal parameters using a la@stpostural measuremesystem compared to

the radiographic evaluation as a goal standard.

To examine whether a leaostpostural measuremesystem can quantify the
angles of the spinal column in 3 dimensions during the assessment, optimal
correction, and casting process.

To examine whether a loaostpostural measuremesystem can quantify the
angle of trunk rotation ithe horizontal plane during the assessment and casting
process.

To examine whether a leaostpostural measuremesystem can quantify the
trunk asymmetry in the coronal plane during the assessment and casting
process.

To examine whether the scoliosistiag apparatus can be adjusted to correct
the spinal deformity in 3 dimensions during optimal correction and casting
process.

To examine whether the foreeeasuring systemaa measure the force
magnitude and whether thmostural measuremesystem an illustrate the

force directions when the forces were applied to correct the spinal deformity in

3 dimensions.

Thesis outline and Scope

The following chapterChapter 3, presents an analysis and evaluation of the

relevant literature concerninthe following six aspects: 1) General information

regarding scoliosis, 2he design of the spinal orthotic and its efficacy, 3) the

radiographic outcome measurement in A&ients 4) alternative technologies to

measure the outcome of AIS, 5) accuracy hijh-cost and lowcost postural

measuremergystem, and 6) castirigpme for scoliosisreatment.

Chapter 4 discusses the developmentsgbliosiscasting apparatus used to assist

practitioners during the optimal correction and casting process.
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Chapter 5 details the development of a forogeeasuring system, including both
hardware and software. The chapter describes a method for calibrating the sensors
(loadcell), as well as how to calculate the result and demonstrates lomlletct data

during the optimal correction and casting process with scoliosis patients.

Chapter 6 presents the development history of a-oestpostural measurement
system, including both hardware and software. Initial developments begin with
developing and expenenting with two and thre®aspberry B and cameras to
estimate multiple marker locations on a fiatard with varying depths and assess
theaccuracy of these methods. The chapter then introduces further development of the
system with an experimental tdsusing threeRaspberry R and cameras perfectly
mouldedon a camera framavhich is then used to estimate multiple marker locations

on a semkircular shape (or ball shape) and to calculate the accuracy of the system.

Chapter 7 introduces computer vision technology and software which is used to
improve the accuracy of the system. The chapter explains the revised concept-of a low
costpostural measuremesystem based on tl@penCV principleand implemented
in Raspberry R thatcommunicates wirelessly with a central computer. This chapter
starts by developing and experimenting with tRaspberry R and cameras to
estimate the location of multiple markers on a flat board and calculate the error. The
chapter then explains how éstimate a marker location inddmensional space using
multiple Raspberry R and cameras @aspberry B). Finally, this chapter discusses
the various experimental tests and their accuracy, including multiple markers on a
scoliosis markin, moving the rankin in different positions and orientations, and then
comparing the results between a hagist motion capture system, a loastpostural

measuremergystem, and a 3D scanning system.
Chapter 8 presents theclinical research methodologyglinical outcome

measurementhow to calculateeachspinal parameter, and how to analyse the data

statistically.
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Chapter 9discusses the clinical experiment conducted Wit patients using the
scoliosis casting apparatus, the fenseasuring system, and the lawst postural
measuremergystem to quantify the spinal parameters during the assesspemal
correction, and casting process, in three dimensidmns.chapter discusses the results
from individual participants to demomate the feasibility of using the developed
system in clinical practice.

Chapter 10 discusses the data analysis using descriptive and inferential statistics

and reports the experiment’'s outcome.
The final chapterChapter 11, discusses the waly's findings compared the

previous articles. The chapter then discusses the study's limitations, recommendations,

and suggestions for future reseaartd concludes the research project.
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3. Chapter 3 Literature Review
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3.1.Introduction

The previous chapters provided an overview of the thesis, including the
introduction and background of scoliosis, research gaps, aims of study, and scope of
this thesis. This chapter expands on the existing literature on scoliosis, especially
adolesent idiopathic scoliosis (AIS), standard and alternative outcome measurements,
the accuracy of higleost and lowcost motion capture systems, and the frame to assist
during casting. This chapter is divided into 7 sections. The first section begins with
gereral scoliosis information. Then, the spinal orthotic treatment and its effectiveness
are described in Section 2. Section 3 describes how to measure the outcome on the
radiographs or Xay images. Section 4 discusses alternative technologies for
determinirg the outcome of scoliosis. The accuracy of fighkt and lowcost motion
capture systems is discussed in Section 5. Section 6 describes the casting frames to
assist practitioners during spinal casting. Sectiote3cribesthe summary of the
existing liteature on scoliosis and introduces the developing system for this thesis.

3.2.Scoliosis

Scoliosis is a spinal deformity characterised by lateral curvature and vertebral
rotation(Janicki and Alman, 200Jgor a threedimensional deformity (3D), including
lateral deviation in the coronal plane, increasing or decreasing kyphotic or lordotic
curvatures in the sagittal plane, and horizontal rotation of vertebrae in the transverse
plane(Stokes Bigalow and Moreland, 198Kotwicki, 2008 Hattoriet al, 2011) as
shown in Figure 3.1 When the lateral curvature of the spine is greater thahtté

coronal Cobb angle, scoliosis is diagnogihicki and Alman, 2007a
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Sagittal plane Axial plane

Coronal plane

Figure 3.1 Spinal deformity of soliosis in 3 dimension@Vanget al, 2014)

Idiopathic scoliosis affects females at a higher rate than rfledgsKornberg and
Cook, 2007) Scolosis is caused by a variety of factors, including genetics, muscle
imbalance, arthritis, and neurological impairment. However, the most common cause
is still unknown (called idiopathic scoliosis or IS), accounting for 80% of all cases
(Negrini et al, 2018. Scoliosis is classified based on age, with infantile scoliosis
affecting children aged 0 to 3 years (0.5% of IS), juvenile scoliosis affecting children
aged 4 to 10 years (10.5% of 1S), and adolescentost®lffecting children aged 10
to 18 years (89% of ISYRiseborough and WynrBavies, 1973) Adolescent
idiopathic scoliosis (AIS) has a prevate ranging from 0.93% to 12¢{Burwell et
al., 1983, Brook®t al, 1975,Wonget al, 2005 Grivaset al, 2006aDickson, 1983
Soucacoet al, 1997, Piret al, 1985, Huang, 1997, Nissinehal, 1993, Willner and
Udén, 1982, LaulundSgijbjerg and Hgarlyck, 1982, MoraiBernier and Turcotte,
1985, Yawn and Yawn, 2001, Gaeeal, 1981, RogalaDrummond and Gurr, 1978,
Shands and Eisberg, 1955, Koukouradisal, 1997,Grivaset al, 2007. However,
most studies report a prevalence of 2% to 3%. Interestingly, the incidence may differ
by latitude(Grivaset al, 2006a,Grivaset al, 2006H.

AIS patients illustrate 3 primary characteristics: 1) vertebral rotation in the
transverse plane, 2) lateral displacement of the spinal column in the coronal plane, and
3) thoracic hypokyphosis in the sagittal plane. The firsirdjstshing characteristic is
an outward rotation of the spinal column and each segmental vertebra towards the
convex side of the spinal curve, resulting in proming@aam, Askin andPearcy,

2008, Stokes, 1989, Jaremé&bal, 2002, Parentyewton and Wenger, 2005, Gleh
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al., 2007,Kotwicki and Cheneau, 2008If the rotation and prominence occur in the

rib or thoracic region, it is known as a rib hump, which can present an asymmetrical
shape of the trunk and rib cage. If the rotation and prominence occur in the lumbar
region it is known as a lumbar prominence. The second characteristic is a lateral
translation of the spinal column from the midline to the convex side of the curve (the
coronal curve), with the most remarkable translation occurring at the curve's apex,
called te apical translation. In the final characteristic, many scoliosis patients

demonstrate thoracic hypokyphosis or a flattening of the thoracic curve in the sagittal
alignment(Dicksonet al, 1989.

Many studies have been conducted to classifioitetion and pattern of the spinal
curve. For example, the side of the spinal curve is determined by the convexity of the
curve. Thus, if the convexity is on the right side, the spinal curve is the right curve.
Furthermore, the location of the apical vbree can be used to classify the spinal
location. The cervicothoracic curve, for example, is located between C7 and T1, the
thoracic (T) curve is located between T2 and T11, the thoracoluffibarcurve is
located between T12 and L1, and the lumbar (Lyeus located between L2 and L4
(Kotwicki, 2008. The curve of the spine can also be classified according to the number
of curves present; for example, a single cuavelouble curve, or a triple curve. In
addition, other wetknown spinal curve classifications are based on various patterns,
such as the King classificatigKing et al, 1983)and Lenke dssification(Lenkeet
al., 2001a.

Trunk asynmetry can be seen in scoliosis patients (fig. 3.2), and clinicians
commonly evaluate it during physical examination. The patients are asked to stand
upright, and the clinicians observe the trunk asymmetry on the posterior side of the
patient. The commorrdnk asymmetry consists of uneven shoulder, uneven axilla,
uneven waist, uneven scapula, uneven arm gap, and trunk leaning to the left or right

side.
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Trunk leaning
(Coronal decompensation)
Uneven shoulder

) Uneven scapula
Uneven axilla P

Uneven arm gap

Uneven waist

Figure 3.2 Trunk asymmetry observed from the back of a scoliosis pdtlantcki and Alman,
2007a)

The severity of the scoliotic curve, also known as the curve progression, indicates
a high risk of progression during the growing of the skeleton, particularly during
adolescenc@Neinstein and Ponseti, 1983ickson and Weinstein, 199Richardset
al., 2009. Girls are more likely than boys to have a higher curve progre@segrini
et al, 2018) Suppose the magnitude of the coronal curve is betwetartD20. In
that case, the curve progression of both groups will be the same, and the ratio of girls
to boys is 1.3:1. It is interesting to note that the ratio of females to males rises to 5.4:1
when the coronal Cobb angle is betweehf &0d 30. The differencdbecomes even
more noticeable when the curve magnitude is greater tifanef@esenting a 7:1 ratio
(ParentNewton and Wenger, 2005, Lonsteif0B).

Risser sign is an importaimdicator to indicate skeleton maturity status. This sign
illustrates the ossification status of the iliac apophysis on the fBigiser, 1958)and
X-ray images are commonly used to assess this type of grading outcome. Two of the
most critical factors contributing to the high risk of curve progression are the severity
of the coronal curve magnitude and trading of the Risser sign. When the Cobb
angle is between 2(and 29, and the Risser sign grading is between 0 and 1, the
curve's progression is considered high (Richardset al, 2005. Additionally, some
patients may experience health problems if the magnitude of the curve is high and
appropriate treatment is not provided. According tditeeature, there is an increased

risk of health problems like cosmetic appearance, lowestdfem, psychosocial issues
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(Payneet al, 1997) low quality of life, back pain, and functional limitations if the
curve angle is between 3and 50 (Lonstein, 2006, Weinsteigt al, 2003,Negrini et
al., 2006)

Generally, AIS treatment is determined by the severity of the curve magnitude, the
patient'sage, skeleton maturity status, and the risk of curve progression. The doctor
considers the observation for an immutable patient with a coronal Cobb magnitude of
10° to 25 (Janicki and Alman, 2007alf the magnitude of the curve is betweeri 25
and 45, an orthosis is prescribédanicki and Alman, 2007a0rthotic treatment aims
to prevent curve pragssion but not permanently improve or correct the deformity
(Willers et al, 1993) In immature patients, surgery is considered when the curve is
greater than 4%5and greater than 80n mature patient§Janicki and Alman, 2007a
The operation aims to correct the deformity permanently, prevent curve progression,
and improve spinal alignment and balance. Furthermore, the exercise has also been
introduced for AIS treatment to improve muscle powerféndbility (Romancet al,

2012, Romanet al, 2013, Monticonet al, 2014,Negriniet al, 2014.

Scoliosis deformities can change the pattehile walking or performing trunk
motions. During the physical assessment, the clinicians ask the scoliosis patients to
perform Adamdés forward bendi(Raybanke2604) wi t h
to assess the curve's flexibility and how the spine, especially in transverse rotation,
changes during the test. To perform Adam
the scoliosis patients to flex the trunk fordiaand the cliniciasiobserve the prominent
asymmetry of the trunk between the left and right sides ofrtim, which happens
on the convex side of the curve. If the patients have apical vertebrae at the thoracic
level, the rib cage will be prominengrmmonly located on the right side. If the patients
have apical vertebrae at the lumbar level, the lumbar area will be prominent,
commonly located on the left side. Then, the patient continues performing a lateral
flexion test to the convex side of the cer¥f the prominent disappears, the scoliotic
spine has a flexible curve, and the transverse rotation of the spine can change during
trunk movement. If the prominent slight reduces, the scoliotic curve has more rigidity
of the curve, and the transverseatan of the spine is more difficult to change during

movement.
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Scoliosis deformities can also affect the gait. Schmid and colleagues used a motion
capture system to quantify the spinal kinematics dusiaiging (Schmidet al, 2016)
Twenty-nine participants were recruited (14 AlIS patients and 15 normal subjects for
the control group). The study concluded that the sagittal curve in the AIS group had
less kyphosis on average of 10cbmpared to the control growjuring walking In
the coroml plane, the curvature angles indicated average lateral deviation in the AIS
group compared to the control group or the spine deviation laterally during walking.
However, their research did not study the spinal curvature change in a transverse plane
or 3-dimensional during gait. Sung and Park studied the axial trunk rotation or
horizontal trunk rotation in AIS patients (14 AIS patients and 18 normal subjects for
the control group) by using a motion capture syst@ung and Park, 2020)
Participants with right thoracic curves were recruited for the study. During the
experiment, the participants had to perform an axial trunk rotation test while standing
while holding a bar with a shoulder flexion of°9®articipants then rotated the trunk
to the left and then right. The result reported that the spine's range of motion in axial
rotation had a positively moderate correlation with Cobb's angle magnitude in the AIS
group, and the lumbar spine had signifitp decreased the range of motion in
horizontal rotation in the AIS group. The literature showed that scoliosis deformities
could change while patients wadk perform trunk motions. Because of the rigidity of
the scoliosis curve, the spine tended to havienitation of range of motion during

dynamic movement in 3 dimensions.

3.3. Spinal orthotic designs and its effectiveness

Several variables must be considered when treating AlIS patients, including the
degree of the coronal curve, the patient's age, and the patient's and parents’ preferences.
A spinal orthosis is typically prescribed by a doctor for a patient with anabooirve
magnitude between 25and 40 (Richardset al, 2005 Danielssonet al, 2007,
Yrjénenet al, 2007, Katzt al, 2010, SchillerThakur and Eberson, 2010he spinal
orthosis (SO) is an external device that encompasses afmititbtacic, lumbar, and
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sacral areas, and the most common orthotic design is the tHonabo sacral
orthosis (TLSO) or underarm brace.

Regarding the orthotic guideline from the International Society on Scoliosis
Orthopaedic and Rehabilitation Btenent (SOSORT) and Scoliosis Research Society
(SRS), the criteria of spinal orthotic treatment is when the coronal curve magnitude
between 25and 40 and the grading of Risser sign between 0 afNe&rini et al,

2015 because this period is a high risk of curve progression. The objective of using
spinal orthosis is to delay or prevent the curve progreg8l@hardset al, 2009,

reduce the surgical treatment, and restore the spinal column to neutral position in all
planes(Edmond,Hill and Raso, 2008)In practice, many doctors may recommend a
spinal orthosis to a patient who has a coronal curve magnitude more than &0
Risser sign greater than grade 3 in ordeprevent and delay the progression of the
curve.

There are many different types of spinal orthotic designs available today, and they
can be classified based on a variety of factors such as time of use (day and night
orthosis), biomechanical princelthreepoint force system, engoint control, static
or dynamic orthosis), and fabrication materials (low and high temperature
thermoplastic, fabrics and elastic materials, conventional or metal design), for
example, the Milwaukee bra¢eonstein and Winter, 1994, Keiser and Shufflebarger,
1976, Carret al, 1980, FisherRapp and Emkes, 198Boston bracédEmanset al,

1986, Katzt al, 1997, Vijvermansk-abry and Nijs, 2004, Wilegt al,, 2000, Yrjénen

et al, 2007, Xuet al, 2019,Grivaset al, 2003, Cheneau bracghamet al, 2007,
ZabrowskaSapeteet al, 2010, Zaborowsk&apeteet al, 2011aFanget al, 2015b,
Pasquiniet al, 2016) Charleston bending bra¢@riceet al, 1990, Katzt al, 1997,

Leeet al, 2012) Lyon bracgAulisaet al, 2015) and SpineCor dynamic elastic brace
(Coillard et al, 2007,Coillard, Circo and Rivard, 2004 Essentially, all of them are
based on the biomechanical force correction strategy known as thedmedéorce
system, with the goal of +aligning the spine in the neutral or optimal position. This
section discusses the two most popular spinal orthoses prescribed in clinic, which are

the Boston brace and the Cheneua brace.
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Boston brace

Boston brace wasvented in 1972 by Bill Miller and John HgEmans, 2003,
Fayssoux,Cho and Herman, 2010The Boston brace is a pneade device i a
posterior openinglt is a rigid orthosis made from thermoplastic material. It comes in
a variety of sizes to accommodate each patigrg.orthosis can be adjusted by cutting
the trimline, opening the hole for trunk shifting, attaching the strapsugpension,
and adding the pad to increase the force to correct the defofingyBoston brace's
biomechanical principle is based on a thpe@t force system. Nowadays, many
orthotists use this concept to create custoatde orthoses for treating patige, known
as custommade TLSOs based on Boston principles. When the apex of the curve is at
T8 or lower, the Boston brace is usually prescribed, and the most efficient location is
when the apex is between T8 and L2. While wearing the orthosis, the couoveal
magnitude should be reduced less than 50% compared to without a(Bosten
Orthotics& Prosthetics, 2023For example, if a patient has a coronal Coidpleaof
40°, the coronal Cobb angle should be reduced by at leasir20ore while wearing

the Boston brace. Figure 3.3 illustrates the example of Boston brace.

Figure 3.3 The example of Boston bra¢EayssouxCho and Herman, 2010)

Emans and colleagues studied the effectiveness of the Bostoimiiz88escoliosis
patients with a followup at least one year after weaning the b(Bceanset al,, 1986)
According to the findings, 49% of the curve remained unchanged5f}/ 39%
achieved final correction betweefl &nhd 15, 4% achieved final correction greater
than 15, 4% of patients lost the correction betweénahd 13, and 3% lost the
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correction greater than 15During the bracing period, 11% underwent surgery, and
1% underwent surgery during the follayp period.

Katz and colleagues investigated the Boston brace's effectiveness in 51 AIS
patients(Katz et al, 1997) According to the study, 61% of patits had a successful
treatment, 16% progressed more tharnahd 31% required surgery.

Wiley and colleagues investigated the Boston brace's effectiveness in 50 AIS
patients with a large curve between® 3nd 45 (Wiley et al, 2000) This was a
retrospective study that collected data after patients discontinued wearing the orthosis.
The participants were divided into 3 groups based on the amount of time they spent
wearing the orthosis, including more than 18 hoursdpgr(Group 1), 12 to 18 hours
per day (Group 2), and less than 12 hours per day (Group 3). The study concluded that
wearing a Boston brace for more than 18 hours per day (Group 1) was more effective
than other groups in preventing the progression of lemgees.

Lange and colleaguesso investigated the loigrm outcomes of Boston brace
treatment in lat@nset juvenile (JIS) and adolescent idiopathic scoliosis (Al&)ge
et al, 2011) This was a prospective study. The study included 272 patients who met
the SRS criteria (58 were latmset JIS and 214 were AlS). & hesults showed that
the majority of patients treated with the Boston brace were satisfied. At the time of
follow-up, 9% of patients had surgery, and 13% had a curve progression greater than
45°,

Chéneau brace

Chéneau brace was invented by ChéraaliMatthias in 1979 and several books
were published in Germany and France by Jacques Chéneau and his collaborators
(Ch°neau,1994, Weil3,Rigo and Chéneau, 2000, Weiss and Rigo, 2008, Rigo and
Weiss, 2008) The Chéneau braces a custorrmade orthosis constructed from
thermoplastic material. The seaming line, or opening side, is on the front side, called

the anterioopening. Figure 3.4 illustrates the example of Chéneau brace.
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a) b)

Figure 3.4 The example of Chéneau brace, where a). posterior and b). anterior views
(ZaborowskaSapeteet al, 2011a)

ZaborowskaSpokta and colleagues investigated the treatment results of the
Chéneau brace with physiotherapy in IS pati€¢hthorowskaSapetaet al, 2011a)
The study design was a prospective observational study. There were 79 patients (58
girls and 21 boys) following SOSORT and SRS criteria included in the study, and data
collection was obtained after weaning the brace with a minimum eyeaefollow
up. The study result was divided into 4 groups based on the severity of coronal Cobb
angle after weaning, including improved (Cobb angle was less thast&ble (Cobb
anglewas * 5), progressed with below 30and progressed with more than°50
Overall, Chéneau orthosis and physiotherapy effectively stopped spinal curve
progression in 48.1% of patients. There were 25.3% of patients in the improved group,
22.8% in the stablgroup, 39.2% in the progressed group beloW 88d 12.7% in the
progressed group with more thar?50

Ming-Qiao Fang and colleagues studied thé&r@au brace's effectiveness on 32
AIS patientgFanget al, 20153. When comparing before and after treatment, 50% of
total participants decreased the coronal Cobb angle by more“thaies reported no
change, ad 19% increased the Cobb angle by more thian 5

Pepke and colleaguemvestigated the efficacy of the @feau brace on 78 AIS
patients (Pepkeet al, 2023) The result showed that there was no statistically
significant difference in the coronal Cobb angle betweerbpee and podirace.
Furthermore, at the end of the treatment, 35% of total participants had a curve

progression of less than®,546% had an nchanged or within legree curve
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progression, and 19% had a curve progression of more th&ubgroup analysis
revealed that patients with thoracic curves, younger age, and Risser grade 0 had a
higher rate of brace therapy failure.

Previous studis clearly examined the effectiveness of Boston aédé&zu braces.
Boston brace was the first spinal orthosis for scoliosis treatment and was invented in
the United States of America. In contrast, @€neau bracéas grown in popularity
over the last deade and was invented on the European side. Both designs have strong
evidence that they can successfully treat scoliosis patients and help stop or delay the
curve's progression. According to recent evidenceCtiaeau braceeported a
slightly higher pecentage of brace treatment success than Boston. However, it cannot
be concluded that one is superior to the other because no research has been conducted
to compare the effectiveness of two brace designs. Future research should compare the

effectiveness dboth devices and studies in various groups of scoliosis patients.

3.4. Radiographic outcome measurement in AlS

Generally, the comparison of the individual's spine between before and after
treatment is investigated to determine the success of orthotic treat®@efteme
measures (OM) are used to show the change during treatment in factors such as
mobility, sdisfaction, and quality of lifqRobinson and Fatone, 2012putcome
measuresan be classified into three typésetters, 2012)including performance
based outcome measure, self or patient reported outcome measure, and biomechanical
analysis outcome measure.

Focusing on the biomechanical outcome measure, movement analysis, especially
gait analysis, is typically used to identify clinical diagnosis and outcome measures for
normal and disabled people. Movement analysis is a method to study biomechanics
andprimarily can be used to diagnose the pathomechanics related to musculoskeletal
diseasegHarris et al, 1996, Andriacchi and Alexande2Q00) It is not however
typically used to measure scoliotic posture.

For outcome measures in scoliosis, radiographsmayXmages of the whole spine

are themost common outcome meas(iketwicki, 2008. Radiographs well illustrate
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the bone shape ampinal column alignment and do soreliatively low cost, and are
widely available in hospitals. Radiographs can be used to evaluate the spinal deformity
and skeletal maturity status so enabling diagnosis and a choice of treatment pathway.
They can also be repeated when required during the entire treatment process. This
outcomemeasure can be categorized as the current standard biomechanical analysis
outcome measure.

As shown in the previous sections of this review, radiogriyplsed outcome
measures are commonly used to determine the success of orthdfithgsdifference
in the coronal curve magnitude before and after treatment ishkes®t equals 5 it
shows that the orthosis can stabilize the spine and prevent curve progf€ssioan,
Browne and Birch, 1990, Shaughnessy, 200f) the other handf, the difference in
magnitude is greater thafi,Turve progression hascurredRichardset al, 20095.

The Cobb metho(Cobb, B48a)is a goal standard for measuring curve magnitude,
diagnosing scoliosis, and evaluating treatment outcomes Xroays. DeSmet and
colleagues investigated the difference in radiographs result between apdstienior
(AP) and posterieanterior(PA) views(DeSmetet al,, 1982) The result showed i
there wereno significant differences between AP and PA radiographs with a mean
differenceof 2.4°. The study recommended taking the radiographs in the PA view
because it provided less radiation to the breast and thyroi{iSaned, 1985)Although
the cliniciars use the same method of measuring the Cobb angle, the results can differ

by up to 8 (Morrissyet al, 1990, CarmarBrowne and Birch1990)

Cobb angle in coronal plane

Coronal radiographs are used to directly measure the Cobb angle in the coronal
plane and indirectly measure the horizontal rotation of the vertebrae. Sagittal
radiographsare used to directly measure the Cobb angle in the sagittal plane, called
kyphosis and lordosis. To measure the Cobb angle in the coronalghiaicegns must
first locate the miesacrum and L5 and then draw a vertical line to the C7. This line is
known as the Centralerticalsacral line (CVSL or CSLjKotwicki, 2008, Lenkest
al., 20018. This line divides the body into left and right sides and observes the trunk's
curve location and asymmetry. Ttlenicians then determine the location of the apical

vertebra. The apical vertebra is the furthest away from the CSL line, the most
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horizontdly rotated, and the most deformed but not tiligbtwicki, 2008) The
clinicians subsequently figure out the upper and leama vertebrae of each curve.
The supeor and inferior vertebrae are the most tilted, least deformed, and usually
absent of any horizontal rotatiglotwicki, 2008) Clinicians draw the lines that are
pardlel to the superior edge of the uppard vertebrae and the inferior edge of the
lower-end vertebraeClinicians then measure the angles from the intersection of 2 lines
and this angle is called the Cobb angle in the coronal plane. FigutliSratesthe

Cobb angle measurement in the coronal plane.

Cobb angle in 6\0&‘56
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Figure 3.5 Cobb angle measurement in the coronal plane.

Cobb angle in sagittal plane

To measure the Cobb angle in the sagittal planelihieians locate T1, T12, L1,
and L5 vertebrae. In thoracic kyphosis, thiricians draw the lines that are parallel to
the superior edge of the uppand (T1) and the inferior edge of the lovesrd (T12)
vertebrae. Performing a similar method to lumbeadosis, thelinicians draw the lines
that are parallel to the superior edge of the waper(L1) and theuperioredge of the
lower-end (S1) vertebragPloumiset al, 2009, Findikcioglwet al, 2013, Parlet al,

2013,Karaaslaret al, 2013) Clinicians then measure the angles from the intersection
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of 2 lines of each curve. Figure6and 37 illustrate the Cobb angle measurement of

thoracic kyphosis and lumbar lordosis in the sagittal plane.

Thoracic kyphosis
angle

Figure 3.6 Cobb angle measurement of thoracic kyphosis irs#iggttalplane.

Lumbar lordosis angle

Figure 3.7 Cobb angle measurement of lumbar lordosis irstigdttalplane.

31



Rotational angle in transverse plane

The radiographs can directly measure the spinal curvature in 2 planes, lateral
deviation in the coronal plane and abnormalities in the kyphotic and lordotic curves in
the sagittal plane, but there is a lack of thenmiation in the horizontal plane. As a
result, other researchers further investigated how to indirectly measure rotational angle
using the radiographs from the coronal plane.

Nash and Moe's proposed an indirect method for measuring the relativerposit
of the shadow of vertebral pediclS the shadow of the vertebral body, as shown in
Figure 38 (Nashand Moe 1969) Perdriolle also proposed the indirect method to
measure vertebral rotation, as shown in FiguggBeadriolle, 1979) The researcher
developed the Perdriolle torsionometer, whicim ozerlay the vertebral body and
measure the rotation.

Although we can measure the horizontal rotation of the vertebral body, the angle
is only for individual vertebrae, particularly the apical vertebrae, and there is no

information for the whole spinal column.

g i il

A B C ] E

Figure 2. Nash and Moe pedice method for determining
vertebral rotation
(Reproduced with permission of the Radiological Society
of North America (RSNA). KimH, KimHS Moon ESat
al, Scoliosisimaging: What radiologists should know.
RadioGraphics. 2010;30:1823-1842)

Figure 3.8 Vertebral roration grading by Nash and Md&seenwood and Bogar, 2014)

Figure 3.9 Vertebral roration angle by Perdriolle, where a) Perdriolle torsionometer, and b) the
torsionometer 6s outer margi ns af(Riehards, 199%ned over
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Skeletal maturity status

It is important to asss the skeletal maturity status for scoliosis patients because
the curve progression occurs rapidly if the skeletal is still immature. Radiogrephs
a standard method for obtaining this information. Many body parts can be evaluated
for skeletal maturitgtatus, including the bone age of the hand and (B#ster, 1959)
pelvic triradiate cartilag€Parvaresket al, 2018, Fabricanet al, 2013, Dimeglio,
2001 ,Kim et al, 2019 and Risser sig(Risser, 1958)The Risser sign, which indicates
the stage of development of iliac bone apophysis, has become a standard method for
assessing growth in scoliosis patients. The Risser sign stage is generally divided into
six grades ranging from O to 5. It grows from the anterior to the posterior of the iliac
spine (Grade 0 to 4) and is eventually fused with the iliac bone (Grade 5). Fitfure 3.
illustrates the stage of the Risser gjglacquebord and Leopold, 2012)

Stage O Stage 1 Stage 2
Stage 3 Stage 4 Stage 5

Figure 3.10 The stage of the Risser siffdacquebord and Leopold, 2012)

Percent ofcoronal Cobb angle reduction

CoronalCobb angle is usually measured before wearing the brace (caltemitvi
a brace), while wearing the bra@alled anin-brace correction), and after taking the
braceoff. The clinicians then calculate the percentage reduction afdtwnalCobb
angle. The formula for calculating this percentage is shown in Equatiomtde (Rx
Cobb) is the coronal curve magnitude without the brawé,(IB Cobb) is the coronal
curve magnitude while wearing the brace. The Boston brace design is expected to
achieve a 50%oronalCobb angle reductio(BostonOrthotics& Prosthetics, 2023)
However, several factors may influence treatment outcome, including the age of onset,

the patient's age, gender, the quality of the spinal orthosis based skilltloé the
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orthotist who fabricates and fits the device, patient compliance and motivation,

wearing time, and strap tension.

I AA (3.1.)

3.5. Alternative technologies to measure the outcome in AIS

The previous section discussed the definitiosaafliosis, the characteristics of a
spinal deformity, treatment with spinal orthoses, and standard outcome measurement
using radiographs. However, because scoliosis is atlmeensional deformity, there
are numerous limitations to quantifying the spinal deformity using radiographs.
Furthermore, being exposed to radiation multiple times during the treatment process
may increase the risk of a health problem. Many research groups have recently been
developingnew technologies to quantify spinal parameters and reduce the number of
radiographs taken. This chapter discusses alternative technologies for measuring
spinal parameters in scoliosis, including ultrasound, surface topography, magnetic
resonance imaging (Rl), computerised tomography (CT) scan, EOS imaging, and

motion capture systems.

3.5.1. Ultrasound system

Ultrasound was the first technology to be used as an alternafi{«eaygs in AlS.
Recently, many medical applications have used ultrasdonddiagnosis and
treatment. In general, the system can producanage after scanning the target area.
The ultrasound probe generates an ultrasound signal or wave, which travels through
the scanned area. The system is ideal for visualising soft tisagesmand the
ultrasound waves produce different signal responses depending on tissue density,
which can be measured for diagnosis and treatment. Ultrasound is helpful for
musculoskeletal imagin{Zhenget al, 2016, Brinket al, 2018) The system helps

di agnose the cause of pain, swelling, anc
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examine an unborn child in a pregnant woman. Moreoverylthasound can be used

to treat the soft tissue injury. After generating the ultrasound wave in the target area,
it causes vibration at the molecular level. It increases warmth within tissues to help
reduce pain, improve stiff joint flexibility, and prare tissue healing.

For the general procedure to use this system, the clinicians apply an ultrasound gel
to the patientdés skin to prevent air poc
may generate an unclear image or insufficient heatéatrhent. Then, the clinicians
place and move the ultrasound probe over the target area. The system generates the
image and displays it on monitors or generates deep heat to injured soft tissue.

Numerous advantages can be gained from this systassy$tem is highly safe
because it is radiatiefiee (Zhenget al, 2016, Brinket al, 2018, Edmondet al,

2017) Unlike other imagaliagnosis methods, such as MRI, this system does not
require using substances known as contract agents to emphasise the specific area to
generate a clear image. Because some patients get allergies to this substance. This
system is a neinvasive method to examine the internal organ, which can cause
painlessness and no recovery time after scanning. Moreover, the system is easy to
operate, portable system, relatively inexpengikenget al, 2016, Brinket al,

2018) available for most hospitals, and dynamic Hteéak response. However, the
ultrasound wavesannotscan through the bone or the structure underneath the bone.

In scoliosis, Li and colleagues used ultrasound to assist during spinal orthotic
fitting (Li et al, 2010, Liet al, 2012) The researchers used ultrasound to track the
spinous process on the spine of scoliosis patients, measured the spinous process angle
(SPA) for Cobb angle esteion, and compared it with radiographs results. The study
design was a prospective study with 43 AIS patients (21 in the intervention and another
22 in the control groups). The study's objective was to improve the effectiveness of
orthotic treatment by usg a threedimensional clinical ultrasound system (3D CUS)
to find the best location of the corrective pad in the fitting process. The intervention
group used the ultrasound system to find the best location of the corrective pad, which
greatly reduced theurve magnitude. The control group followed the conventional
method to position the corrective pad inside the orthosis. The result reported that the
intra-rater reliability for measuring SPA from ultrasound was excellent or greater than

0.9 and pvalue <005. The average of immediately-lmace correction in the
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intervention group was significantly higher than the control group. There was an
excellent positive correlation between Cobb angle from radiographs and SPA from the
ultrasound system, representih@8 with pvalue <0.01. The study concluded that the

3D CUS significantly improved the scoliosis deformity when locating the corrective
pad in orthotic fitting. The system could be considered effective and further used in
other spinal deformitiesFigure3.11illustrates the various experimental locations of
padding and ultrasound scanning used to determine the best position of the corrective

pad.

a) b)

Figure 3.11a) Inbrace ultrasound scanning, and b) the locations for correctiv@_patal, 2010, Li
et al, 2012)

Zheng and colleagues investigated the reliability and validity of using Scolioscan
(3-dimensional ultrasound imagingXZhenget al, 2016) The study design was a
prospective dided into two sutstudies: 1) intraater and intepperator reliability
while using the Scolioscan (20 AIS patients), and 2) correlation between radiographs
and ultrasound systems (49 AIS patients). The result reported that thetetrand
inter-operabr reliability was very good, wittan intraclass correlation coefficient
(ICC) of 0.94 and 0.88, respectively. Additionally, the angles from the ultrasound
system were slightly smaller than the radiographs. The correlation between
radiographs and ultrasodinvas moderate to strong positive correlation or greater than
0.72overall

Edmond Lou and colleagues used the ultrasound system to assist during
assessment, optimal correction, and casting procéSdesondet al, 2017. Thirty-
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four AIS patients were included in the study following the SRS criteria and divided
into 2 groups: intervention (17 participants with 2 males and 15 females) and control
(17 participants with 2 males and 15 females byosgtective method) groups. The
study design was a prospective for the intervention group. The study's objective was
to investigate the effectiveness of using ultrasound to assist orthotists in designing
braces for AIS treatment. Participants from 2 groupsevprescribed the same orthotic
design (Providence brace) and casting method (using Providence brace standing
frame). Additionally, in the intervention group, an ultrasound system, pressure
measurement system, and software were used to assist duriagtihg process. The
system took 1.5 minus during the scanning process and another 2 minus during coronal
Cobb angle calculation before displaying on the computer screen. Figte 3.1
illustrates the ultrasound system and the scanning frame, as well aoviaeRce

brace standing frame, which was used to assisasting. The result reported that the
intervention group could reduce the total number of radiographs taken from 28 times
in the control group to 18 times in the intervention group. The inteoregtoup spent
slightly longer time during casting but significantly shorter during brace adjustment.
The control group needed more brace adjustments (11 times) than the intervention
group (1 time). The percentageaafronalCobb angle reduction of the dool group

during the first inbrace followup was 33% (S 19), and the final ibrace follow

up was 40% (SD= 20), respectively. Additionally, the percentagecofonalCobb

angle reduction of the intervention group during the firdtrimce followup was 29%
(SD=11), and the final i#brace followup was 48% (S 17). The study concluded

that the ultrasound system could help to improve the quality of spinal orthotic casting,
reduce the number of radiographs taken during follipwreduce the totalrie of

brace adjustment, and improve the percentagerainalCobb angle reductioifrigure

3.13 shows an example result from radiographs and the ultrasound system without
force being applied, first #hrace followup, and second Hbrace followup.
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Figure 3.12a) The opening at the back of the frame, and b) a subject stands on a frame with a custom
Providence brace design syst@@dmondet al, 2017

60mmHg

4
) 75mmHg
b 90mmHg

(@) b © d)

Figure 3.13a) The standing prbrace radiographs with Cobb angle 37°, b) The baseline US scan
(Cobb angle35°), c) The first trial US scan (Cobb angle 25°), and d) The 2nd trial US scan (Cobb
angle 3°) (Edmondet al, 2017)

Brink and colleagues investigated the reliability and validity of ultrasound in AIS
patients (Brink et al, 2018) The study compared the results of 2 methods for
calculating the coronal angle from ultrasound, spinous process (SP) angle and
transverse process (TP) angle, to the results from radiographs. The study recruited 33
AIS patieris. The Scolioscan was used to collect ultrasound data. The data were
gathered using four methods (fig. &lautomatic SP angle, manual SP angle, manual
TP angle, and radiographs Cobb angle. According to the findings, ultrasound angles
were 15% to 37% satler than radiographs angles. All ultrasounds had an excellent
positive correlation to radiographs with greater than 0.97. Furthermore, no statistically
significant differences were found between the automatic SP angle, manual SP angle,

and manual TP angl
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Figure 3.14a) Coronal Cobb angle measured bya¥, b) automatic spinous process angle
measurement, ¢) manual spinous process angle measurement, and d) manual transverse process angle
measuremer(Brink et al, 2018)

Yi-Shum Wong and colleagues used the ultrasound to measure the spinous process
angle (SPA) and assist during the assessment pr@déssg et al, 2019. Nine
hundred and fiftytwo IS patients were recruited in the study (721 females and 231
males). The study's objective was to evaluate the reliability and validity of ultrasound
for measuring camal angle compared between radiographic measurement and
automatic spinous process angle (SPA) measurement from an ultrasound system. The
study design was a prospective. The automatic SPA measurement from ultrasound was
previously developed by Zhou and lealgueqZhou et al, 2017) During scanning,
participants were asked to stand in front of the Scolioscan and uncover the posterior
side of the trunk.Figure 3.5 illustrates the scoliosis patient durindtrasound
scanning by using the Scolioscan. The practitioners scanned the spine between T1 and
L5 vertebrae. Then, the system calculated and reported the coronal curve magnitude
automatically. The system took about 5 to 10 minutes, including data datey,
processing and patient positioning. Regarding the results, there were 1,625 curves
measured from radiographs, while 1,432 curves (88.1%) were detected by ultrasound,
3 curves (0.2%) had mismatch of curve direction, and 190 curves (11.7%) were not
detected by ultrasoundThe correlation between radiographs and ultrasound was
0.629, 0.873 and 0.740 presenting at upper thoracic curves (apices at T6.5 or above),
upper spinal curves (apices between T7 and T12/L1), and lower spinal curves (apices
at L1 or bdow) respectively. The study suggested that the radiographic examination
was still necessary for the first assessment to clarify the spinal evaluation and identify
the anatomical landmarks. Ultrasound system could alternatively be used during the
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follow-up period, and most appropriate for a patient with more thac@@nal Cobb
angle with the apex at T7 or below.

Table 3.1 summarises the intend intefrater reliability of the ultrasound system
and the correlation between ultrasound and radibgragults from the relevant

literature.

Figure 3.15(a) The Scolioscan (b) Ultrasound assessment for a p@fiemget al, 2019)

Table 3.1 Summary of the intraand intefrater reliability of the ultrasound system and the correlation
between ultrasound and radiograph results from the relevant literature.

Author, year Numper of | Scanning Intra—r_a_ter Int(_er—r_a_ter Corre_lation with
’ Participants|  system reliability | reliability radiographs
Li et al.,, 2010 &| 43 AIS 3D CUS >0.90 n/a 0.98
2012 patients
Zheng etal., 201¢ 20 & 49 Scolioscan 0.94 0.88 0.72
AIS
patients
Brink et al., 2018 33 AlIS Scolioscan n/a n/a 0.97
patients
Wong et al., 2019 952 IS Scolioscan n/a n/a 0.629 at above T6.
patients 0.873 at T7 to T12/L1
0.740 at beler L1

Note: 3D CUS = Threalimensional clinical ultrasound system, AlS = adolescent idiopathic scoliosis,
IS = idiopathic scoliosis, n/a = not applicable, T = thoracic, L = lumbar.

Ultrasound systems, especially the Scolioscan, have recently become more popular
in scoliosis applications. These systems have been used to quantify the spinal
parameters in the coronal plane by measuring the spinous process angle (SPA).
Ultrasound systenmare radiatiorfree. Therefore, they can scan the trunk several times
without harming the patient. The Scolioscan is an automatic system to calculate the

SPA. It is convenient for the users to use the system. Moreover, previous research was
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conducted on &arge group of scoliosis patients using Scolioscan. The results showed
that the correlation between the ultrasound system and radiographs varied and
depended on the spinal level. Overall, the relationship level was between moderate to
high positive corref@gon. The intra and intefrater reliability showed very high
reliability or >0.90. The Scolioscasystem is relatively expensive, and only a few
hospitals have this system. Furthermore, the current research only studied the scoliosis
deformity in the corpal plane, and no research studied the deformity on sagittal,

transverse, and-@imensions.

3.5.2. Surface topography(ST)

Body surface topography is a photogrammetric technique that uses photograms to
reconstruct the shapes, sizes, and muyioaitions of objectg¢Karpiel et al, 2021)
The photogram is an image created by placing an object directly onto the surface of a
light-sensitive material and exposing it to the lightdany surface topography
applicationsare currently being developéar medical treatment, such as scanning the
upper and lower limbs to create prostheses and orthoses. However, this technology is
relatively new for scoliosis treatment. The benefit of tachnology is safety, as it is
a radiationfree andnonrinvasivesystem. Additionally, it can illustrate the trunk in
three dimensions.

In 1997, Theologis and colleagues evaluated the reliability of the Integrated Shape
Imaging System (ISIS) scans detecting the progression of scoliofifieologiset
al., 1997) The study design was retrospective, and 78 AIS patients with a right
thoracic curve were included. The results from the ISIS scan were compeoedial
Cobb angle measurement from radiographs. The study reported that the scanning
system could demonstrassignificant change in the patient with progressive scoliosis.

In 2001, Liu and colleagues used the Quantec Spinal Image System (QSIS) to
classify the spinal deformity of mild AIS patier{tsu et al, 200]). The study design
was prospective, and 248 AIS patients were included. The QSIS could quantify the
spinal parameters, including trunk height, pelvic tilt angle, Suzuki hump sum, axial
surface rotation, kyphosis, and lordosis. The study reportednghacanning system

could quantitatively assess mild spinal deformity.
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In 2004, Lyon and colleagues further assessed the QSIS by focusing en intra
observer reproducibilityLyon et al, 2004) The study design was prospective, and
200 AIS patients were included. The result reported that the reliabilitthe
parameters was excellent or greater than 80%. This study confirmed the previous study
from Liu and colleagues that the scanning system could quantitatively assess mild
spinal deformity.

In 2013, Schulein and colleagues investigated the-otiserver and intrabserver
reliability of Rasterstereographic 3D back surface analysis sygt@ahileinet al,

2013) The study design wasrgspective, and 39 postsurgical AIS patients were
included (32females and 7 males). The spinal parameters were trunk length, trunk
inclination, trunk imbalance, kyphosis, and lordosis after scoliosis surgery, and 5
investigators collected the data. Theule reported that the int@bserver and intra
observer reliability was excellent. The intdrserver reliability was between 0.918
and 0.988, while the intrabserver reliability was between 0.697 and 0.994. The study
reported that the scanning systenuldanvestigate the spinal parameters after spinal
surgery in scoliosis patients.

In 2015, Komeili and colleagues used the Surface Topography torso scans (Minolta
laser scanner) to detect the curve progression of 100 AIS patient=ili et al,
2015h. The scanning system could illustrate the deviation colour map (DCM) on the
surface to represent the asymmetry of the trunk (Asymmetry visual analysis). Figure
3.16 illustrates the DCM to analyse the spinal parameters in the scaysiggmn. The
scanning results were compared todbmnalCobb angle measured from radiographs,
and the data were collected during g€hr followup interval. The curve was
considered as progress if the curve was greater tharhg result reported théte
scanning system could detect 85.7% of the curve progression, 71.6% of the non
progression cases, and a fategyative rate of 4%.

Komeili and colleagues investigated treiability of Surface Topography torso
scans (Minolta laser scanneahd compared to theadiographs ithe same year
(Komeili et al, 20153. The spinal parameters were curve number, direction and
location, apical vertebra location, and curve severitg, & examiners collected the
data. A total of 124 AIS subjects were recruited (100 radiographs from the

investigating group and 24 patrticipants in the validation sample group). The curve
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magnitude was divided into 3 groups, including mild (328noderatg25° to 40),

and severe (>40 curves. The curve location was divided into 3 groups, including
single, double, and triple. For identifying the curve type, the average percentage
agreement for single, double, and triple curves was 62%, 66%, and 23%tivebpec

with a kappa coefficient of 0.32. For a mild curve group, the average percentage
agreement for single, double, and triple curves was 72%, 77%, and 0%, respectively,
with a kappa coefficient of 0.52. For identifying the curve location (proximahthor
thoracic and thoracolumbar, and lumbar), the percentage of prediction was 63%, 92%,
and 62%, with a kappa coefficient of 0.67. For a mild curve group, the percentage of
prediction was 87%, 95%, and 68%, with a kappa coefficient of 0.74. The study
showed that the scanning system could identify the curve direction correctly and well

in the mild curve group.

Figure 3.16 The deviation colour map (DCM) to analyse the spinal parameters in Surface Tpogra
(ST) torso scans (Minolta laser scanr&dmaeli et al, 2015a, Komeilet al, 2015b)

In 2019, Navarro and colleagues published a systemeatiew with a meta
analysison the evaluation and validity of surface topography for AIS patients
(Navarro, Candotti and Rosa, 2019Twentythree articles were included fahe
qualitative synthesis. Only 4 articles examitieel Pearson correlation coefficient (r
value) between the scanning system and radiographs. In 2000, Thometz and colleagues
comparedheQSIS with the results from radiograpfifjometzet al, 2000) The study
included 193 cases pkdiatric scoliosis. The results reported that thalues in the
thoracic and lumbar coronal Cobb angles were moderate, or 0.65 and 0.63,
respectively. In 2006, Knott and colleagues studied the accuracy of Orthoscan
(Orthoscan Technologies, Inc.) by caaning it with radiographgKnott et al, 2006)

Forty-two scdiosis patients were included in the study. The result reported that the r
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value was 0.65 in the thoracic coronal Cobb angle and 0.13 in the lumbar coronal Cobb

angle. In 2012, Frerich and colleagues used the Formetric 4D surface topography to

compare withradiographgFrerichet al, 2012) Fourteen AIS patients were included

in the study. The result reported that thealue was 0.87 in the thoracic coronal Cobb

angle and 0.76 in the lumbar coronal Cobb angle, and the angle error of the thoracic

and lumbar was 6.98nd 9.42, respectively. Additionally, the-value was 0.80 in

thoracic kyphosis and 0.81 in lumbar lordosis. In 2016, Knott and colleagues studied

the accuracy of the DIERS Formetric system with radiogrékihstt et al, 2016)

One hundred and ninetiiree pediatric scoliosis patients were included in the study.

The result reported that thevalue was 0.73 in the thoracic coronal Cobb aagie

0.49 in the lumbar coronal Cobb angle, and the thoracic and lumbar angle error was

5.8 and 8.8, respectively. Additionally, thevalue was 0.87 in thoracic kyphosis and

0.82 in lumbar lordosis. Navarro and colleagues calculated a-dviatgsis of

correlation (rvalue) from 4 articles mentioned abofiavarro,Candotti and Rosa,

2019) The result reported that thealue was 0.74 in the thoracic coronal Cobb angle

and 0.55 in the lumbar coronal Cobb angle. Additionallg, thalue was 0.84 in

thoracic kyphosis and 0.82 in lumbar lordosis. Table 3.2 summarises thanddyais

of correlation (+rvalue) of thoracic coronal Cobb angle, lumbar coronal Cobb angle,

thoracic kyphosis, and lumbar lordosis.

Table 3.2 Summary of the Metanalysis of correlation of thoracic coronal Cobb angle, lumbar coronal
Cobb angle, thoracic kyphosis, and lumbar lordfisiST systen{Navarro,Candotti and Rosa, 2019)

Author. Number of | Scanning I?earson correlation coefficient (r)
year Participants system Thoracic Lumbar Kyphosis | Lordosis
Cobb Cobb

Thometz, 149 1S QslIs 0.65 0.63 n/a n/a
2000 patients (moderate) (moderate)

Knott, 2006| 42 scoliosis | Orthoscan 0.65 0.13 n/a n/a
patients (moderate) (poor)

Frerich, 14 AIS Formetric 0.87 0.76 0.80 0.81
2012 patients 4D surface (strong) (strong)
topography| (6.98 error)| (9.42 error)

Knott, 2016| 193pediatric| DIERS 0.73 0.49 0.87 0.82
scoliosis Formetric (5.8 error) (8.8 error)

patients
Result from Metaanalysis 0.74 0.55 0.84 0.82

Note: IS = idopathic scoliosis, QSIS Quantec Spinal Imaging Syste® =Dimesion, n/a = not

applicable.
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Surface topography systems useéli®ensional scanning to scan the trunk to
quantify the spinal parameters in scoliosis patients. The systems are safe for the
patients because they are radiatiiize and nofinvasive. Therefore, these systems can
scan therunk several times without harming the patients. The previous research
showed that the correlation between surface topography and radiographs varied and
depended on scanning types and the spinal level. Overall, the relationship level was
between poor tetrongpositive correlation, slightly lower than the ultrasound system.
When comparing the correlation between coronal and sagittal spinal parameters, the
sagittal plane showed a slightly higher correlation than the coronal plane. The current
system is stilused in the laboratory research but not in clinical practice. The current
research only studied the scoliosis deformity in the coronal and sagittal planes. Even
though the scanning could reconstruct the trunk in 3 dimensions, no research studied

the scolosis deformity in &dimensions or while casting or wearing an orthosis.

3.5.3. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is an advanced imaging technology that
creates detailed images for diagnosis and treatment ptanviR| system is a nen
invasive medical examination, which creates a magnetic field around the patient and
usesa computer to take pictures of the patient's body. Each image illustrates a few
layers of body tissue, and combining several images can iesulhreedimensional
structure. The benefit of MRI is to show the structure of soft tissues, such as the spinal
cord and intervertebral discs.

In the scoliosis treatmen¥Rl may be recommended to check for brain and spinal
cord abnormalities. MRhay also be recommended to diagndi§or AlS in patients
with atypical scoliosis, such as congenital scoliosis and scoliosis associated with other
neurological disorders. A scoliosis patient who presents numbness, weakness, pain, or
an asymmetric loss oéflexes may be advised to undergo MRI scan to determine the
cause of the problem. MRI helps investigate neural axis malformations and can be
used to plan for surgical correcti@@zturket al, 2010, Ameret al, 2015) MRI may
also be recommended for a child who has a severe cuthierapid progression in

order to evaluate and prevent future neurological complications. In AlS patients, MRI
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may be used to measure vertebral rota(iBmchall et al, 1997) MRI produces
detailed images with excellent tissue contrast witlibatuse of ionising radiation.
However, the scoliosis deformity changes in three dimensions or the spine moves in
and out of the image plane, making it difficult to interpret the regultsght, 2000)

and requimg speciakoftware to solve this problem. Furthermore, the patient must lie
inside a magnetic tube for about an hour to scan the whole spine, which is also time
consuming. Figure 37illustrates the example of image created by NiI®Rthmitzet

al., 2001)

Figure 3.17 Example of image created by MEchmitzet al, 2001)

Although the MR is a radiatiofree system that can cread 3dimensional spinal
column reconstruction in scoliosis, the system takes a long time to complete the
process and is relatively expensive. Additionally, the patient must be in a lying position
while scanning, which can not assess the true spinal coagmitude compared to
weight bearing or standing position. Therefore, the system is not commonly used to

assess the typic@llS patients

3.5.4. Computerized tomography (CT) scan

A Computerized tomography (CT) scan is a series -oay)Kimagegaken from
different angles around the body and uses a computer to process and create Cross
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sectional images (slices) of the scanned area. The system can also reconstruct the
scanned part to be addmensional shape. This system generates high radiaisesd

to the patients during scanning. MRI can provide excellent images of soft tissue, such
as the spinal cord and canal, but not the bone structure. In contrast, the CT scan well
shows the bone structure and is recommended to check the skeletal abiesrfalit

the vertebral body, particularly in the preoperative planning giagight, 2000, Ng

and BettamySaltikov, 2017)

In scoliosis application, the CT scan is mostly recommended for atypical scoliosis,
such as congenital scoliosis and malformation of the vertebral botyypical AlIS
patients The CT scan is helpful in assessing the segmentation of vertebral
abnormalitiesand axis rotation of vertebra and rib cage deformi{iaro and
Dahlborn, 1981, Heet al, 1993, Krismeret al, 1996) Figure 3.8 illustrates the

example of image created by CT s¢BrerreAurelienet al, 2018)

Figure 3.18 Example of image created by CT s¢®merreAurelienet al, 2018)

Although a CT scan can create a 3D reconstruction of the spinal column in
scoliosis, the system produces a high radiation dose, must be in pdgitign while
scanning, is relatively expensive, and takes a long time to complete the scanning
procesgLamet al, 2008) Therefore, the system is not a common toolMN& patient

assessment.
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3.5.5. EOS imaging

Biplanar steregadiography, also known as EOS Imaging, is a -ttmse
radiographic method that captures anteroposterior and lateral 2 dimensional images at
the same timg(lllés and Somoskedy, 2012)The system then generates a 3D
reconstruction of the obje@elhemet al, 2016, lllés and Somoskedy, 201E0S
system well illustrates the images of musculoskeletal systéma. systemmeduces
radiation dose by approximately 8 to 10 times when compared to traditional
radiographs andy approximately 800 to 1,000 times when compared to-high
resolution 3D CT scan systerf@irdleret al, 2020) The system can create a full body
images and can be scanned during sitting or standing (weséghng method).
Recently, the EOS system has been widely used in a variety of applications, including
scoliosig(Morel et al, 2018, lIharrebordet al,, 2016, KatoDebaud and Zeller, 201,7)
to quantify spinal deformity in two and three dimseons.Figure 3.D. illustrates an
example of images taken by the EOS system in 2 dimensions and reconstructed in 3

dimensionglllés and Somoskedy, 2012)

Figure 3.19 Example of images taken by the EOS system in 2 dimensions and reconstructed in 3
dimensionglllés and Somoskedy, 2012)

The EOS system is a new version of radiographs that can create images
planes and reconstruct the object in 3 dimensions. The system reduces the radiation
dose by approximately 8 to 10 times compared to traditional radiographs. However,
the system is relatively expensive, and only a few hospitals have this system. No

research has studied the EOS system compared to traditional radiographs in scoliosis
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applications. Even though the system can reconstruct the spine in 3 dimensions, no

research studied the scoliosis deformity ididiensions.

3.5.6. Motion capture system

Motion capture, also known as Mocap, was invented in the 1960s. Recently, such
systems have been used in a variety of applications, including industries, military,
sports, gaming, entertainment, robotics, and medicine. Basically, this system is used
to remrd the movement of objects or people. Based on the technology used to calculate
marker position, it is divided into two types: a visual record of body segment positions
(optical system) and electranagnetic sensors to determine segment position and
oriertation (Richards, 1999)

The Optical system is widely used in biomechanics and human movement analysis.
The system utilizes the data (or marker) captured from the image to calculate the
marker position in @limensional space using at least twmegas. Numerous marker
positions can then calculate the spatigthporal and kinematic parameters during the
movement. Three types of optical systems have been used recently. The first one is an
optically passive system. Cameras with rings of infrarededioate used ttrack
retroreflective passive markers attached to the object. The marker does not emit the
light itself but reflects the infrared light from the cameras back to the cameras. The
second type of systems are optically active. The cameras inéicked LED markers
attached to the subject. This marker emits the light itself. The third category and the
newest is a markerless system. A marker is not required during capturing the data. The
motion capture relies on the capability and the intelligeof¢he software to recognise
the body and its orientation from the background of the image in a number of views
and to triangulate these. Markerless motion capture is an emerging technolegy and
far has not been approved for routine medical use.

In medical applications, the first twoategories passive and active systems of
Mocap has been used in rehabilitation in patients recovering from an accident or
surgery and to improve their physical ability. The current Mocap systems can report
movementm reattime and integrate the data with virtual reality which can be used to

improve patient interaction during training and help improve the physical performance
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of patients. Interestingly, most research studies have used the motion capture system
to anayse the movement of upper and lower limbs. However, few have done so for
the spine, especially in scoliosis patients.

In 2008, Zabjek and colleagues used a motion capture system to quantify the spinal
deformity of AIS patients and compare the resuitadiograph¢Zabjeket al, 2008)
The study design was prospective, with 57 AIS patients. The objective of this study
was to compare the results of posture in different tygfespinal curve patterns
between motion capture (Motion Analysis Corporation, 8 cameras) and radiographic
techniques. In motion analysis, the markers were attached to anatomical bony
landmarks, including the spinous process of T1 and S1, the left atcacigimion
processes, inferior angles of the scapula, ASIS, PSIS, calcaneus, and second metatarsal
bones. The spinal parameters of this study were the tilting and rotation of the shoulder
(acromion process) compared to the pelvis (ASIS and PSIS), titidgaation of
shoulder blades (inferior angle of the scapula) compared to pelvis (ASIS and PSIS),
and lateral shift (the spinous process of T1 and S1). The result showed that their motion
capture technique reported a strong positive intraclass correfatibe radiographic
technique. The study also suggested to future research that the new development in
motion capture should focus on the monitoring application in the progression of spinal
deformity. Figure 320 illustrates a postural geometry in the transverse and coronal
planegZabjeket al, 2008)
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Figure 3.20 Postural geometry ithe transverse and coronal planes from the study of Zabjek and
colleaguegZabjeket al, 2008)
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In 2011,Solomito, Lee and Peterson used a Vicon 512 system (12 cameras) to
quantify the spinal parameters in AIS patie(@®lomito,Lee and Peterson, 2011)
This research aimed to study a correlation between radiographs and motion capture
results in kinematics and postural analysistioé trunk. The study design was
prospective, with 10 participants (5 AIS patients and 5 normal subjects). There were 2
main experiments involved in the study. The first experiment was to study static
posture and divided the body into 4 sections, inclutiegupper trunk, middle trunk,
pelvis, and spine. Additionally, the second experiment was to study kinematics by
asking participants to perform trunk movements, including lateral bending, axial
rotation, flexion, and extension of the spiienmarkers weg attached to anatomical
bony landmarks, as shown in Figur@BThe first experiment showed that the motion
capture system reported a higsitivecorrelation (r >0.75) in the postural experiment
compared with the radiographic result. The second expatishowed that most of
the AIS group's range of motion (ROM) was similar to the control group. However,
individual scoliosis patients tended to have lower spinal ROM, especially in bending
at the lower spine. The study concluded that the motion captstensycould help
diagnose and track scoliosis's progression. The researchers also suggested that future

research add more markers along the spine to increase the model's sensitivity.

Figure 3.21 Marker lccations from the study of Solomito, Lee and Peterson
(Solomito,Lee and Peterson, 2011)

In 2015, Schmid and colleagues used a motion capture system (Weguns
software, 12 cameras, 300 Hz) to quantify the thoracic curve in 10 AIS patients

(Schmidet al, 2015) The research's objective was to compare the accuracy of a skin
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marker attached to the trunk's surface with Cobb angle measurement from radiographs.
Thestudy design was prospective. Markersrevplaced at C7, T3, T5, T7, T9, T11,

and L1- L5. The result showed a moderate to strpaosgitivecorrelation between the
motion capture system and radiographs. However, the study did not report the
correlation value. The highest correlation was preseatdhe thoracic curve in the
sagittal plane, and the results were not underestimated or overestimated. However, the
coronal curve results reported an underestimation of the result compared to
radiographs. The study also reported that the distance difefetween the markers

in the motion capture system and the anatomical position in the radiographs was
between Smmand 18 mm error in the vertical direction and up to 9 mm error in the
horizontal direction. The study showed that the skin marker techoayée quantify

the spinal curve for AlIS patients during assessment. The comparison of the skin marker
technique and Cobb angle measurement in the lateral view (thoracic kyphosis) was
reasonably accurate. However, the comparison between this technidCietdmnangle
measurement in the posteroanterior view (coronal curve) was systematically
underestimated.

In 2018, Jang used a motion capture system to quantify the spinal parameter in AIS
patients in 3 dimensior{dang, 2018)This study was the first study that used a motion
system to quantify the scoliosis in 3 dimensiong &im of this study was to develop
a new spinal parameter to describe the spinal deformities in 3 dimensions.
Furthermore, the study also developed a new application in motion capture system for
AIS assessment and presented the result in real time whecthevéirst study to report
the result in real time. FigureZ2 illustrates the location of marker placements on the
anatomical bony landmarks. The spinal column was divided into 5 segments, including
cervical, upper thoracic, lower thoracic, upper lumbad lower lumbar. The spinal
angle in 3 dimensions was measured in all spinal segments. Fig8ibu3tratesthe
spinal parameters of the spinal column, including a) coronal angles, b) sagittal angles,
and c) 3dimensional angles relative to the hontal plane. Furthermore, the
relationship between sagittal and coronal plane values from the motion capture system
and radiographs results was investigated. The evaluation of the motion capture system
was divided int@ studies. The first study was to estigate the correlation between

the motion capture system and radiographs. The study design was a prospective with
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13 AIS patients. The resuthowea that the motion capture system reported a high

correl ati

on (r

>0.7)

I n orelatibn ceefficients: for

par a

coronal cervical, upper thoracic, lower thoracic, upper lumbar, and lower lumbar were

0.95, 0.87, 0.79, 0.81, and 0.70, respectively. The correlations for sagittal cervical,

upper thoracic, lower thoracic, upper lumbar, and l[dwabar were 0.69, 0.92, 0.96,

0.89, and 0.83, respectively. The second study was then to evaluate the developed

application. This study was a pilot study with 5 AIS patients. The data from developed

application was compared and evaluated between withwahdut spinal correction

by Scoliosis Apparatus. The research concluded that the developed application could

help practitioners to provide the optimal placement of corrective forces while the

application could illustrate the result of spinal parameteBdimensions and in real

time. Many spinal parameters were studied in this research. However, we adopted

some parameters in our study, including the coronal spinal &Ngkus et al),

sagittal spinal angl¢SSA), 3-dimensional spinal anglé3DSA), trunk horizontal

rotation at the scapula level, and trunk balance.

Name of 19 Key Anatomical Landmarks of
Landmarks 11 3D Skin Level Parameters (3DSPs)
LTC1 " | | Left Mastoid Process at C1 Level
RTC1 Right Mastoid Process at C1 Level
C4Cs Just below the spinal process of C4
C7TI Just below the spinal process of C7
T7T8 Tust below the spinal process of T7
TI12L1 MW | Just below the spinal process of T12
L3L4 - Just below the spinal process of L3
L5S1 Just below the spinal process of L5
S2S3 Just below the spinal process of S2
LTRO B0 | Left inferior angle of scapular at T7/T8 level
RTRO 28 | Right inferior angle of scapular at T7/T8 level
LLRO Left paraspinal muscles at L3/L4 level
RLRO Right paraspinal muscles at L3/L4 level
LPSI Left posterior superior iliac spine
RPSI Right posterior superior iliac spine
STTS Superior part of the sternum at TS rib level
STT8 Highest point of the sternum
LASI Left anterior superior iliac spine
RASI Right anterior superior iliac spine
K i 1
%1

Figure 3.22 Marker locations from the study of Ja@ling, 2018)
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Figure 3.23 The spinal parameters of the spinal column, including a) coronal angles, b) sagittal
angles, and c)-8imensional angles relative to the horizontal plglag, 2018)

In 2020, Pesenti and colleagues used a motion capture system -f@dogition
infraredcameras, 100 Hz) to quantify the spinal parameters during static and dynamic
movements(Pesentiet al, 2020) The study included 62 AIS patients and was
prospective. The radiographs were compared to the static results (standing position)
from motion analysis, and the static results were tt@mpared to the dynamic
movements (walking 9 metres at a comfortable speed). Figuda Blastrates all
marker locations. The spinal parameters of the study were coronal vertical axis (CVA),

sagittal vertical axis (SVA), and coronal shoulder tilt. Fig@r&4b illustrates the
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markers used to calculate thoracic Cobb angle, lumbar Cobb angle, thoracic kyphosis,
lumbar lordosis, pelvic tilt, CVA, and SVA. The result reported a significant
correlation between the radiographs and static movement from thenncafabure
system for most spinal parameters. Tvalues for thoracic and lumbar coronal Cobb
angles were 0.58 andD.21, respectively. The-values for thoracic kyphosis and
lumbar lordosis angle were 0.57 and 0.44, respectively. However, the motiarecapt
system's static and dynamic movement was not significantly correlated, and the r
values ranged from0.109 to 0.229. The study concluded that the motion capture
system during static movement well correlated to radiographic results. However,

spinal pareneters changed from static to dynamic movements in AlS patients.

C6— ]
® ® Ed
— 6 X}/
{ D &

T9—

- N\
T12 712\ G
d,
®
®—L13— ) &
<y Lo q
S Q @ A ) f

a) b)

Figure 3.24 Marker locations and used to calculate (a angle) thoracic Cobb angle, (b) lumbar Cobb
angle, (c) thoracic kyphosis, (d) lumbar lordosis, (e) pelvic tilt, (f) CVA, and (g) GRé&entet al,
2020)

In 2022, Lau and colleagues used a motion capture system (Vicon, Nexus 2.12, 8
cameras, 100 Hzp study a adimensional spinal proprioception assessment for AIS
patients(Lau et al, 2022) The staly aimed to develop a new spinal proprioception
assessment using-ddmensional motion analysig-ifty-nine AIS patients were
included in the study. During data collection, participants were asked to perform 3
tasks: trunk flexiorextension, lateral flexigrand axial rotationTwentytwo markers
were attached to the spine, and other anatomical bony landmarks, including C7, T3,
T5,T7,T9, T11, L1 to S1, ASIS, PSIS, lateral whied of the clavicle, inferior angle
of the scapula, and costal end of the Ik (fig. 3.25).
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Figure 3.25 Marker locations from the study of Leu and colleaglies et al,, 2022)

The outcome measure of this study was proprioceptive, which assessedlthe tot
absolute repositioning errors in all anatomical planes between the starting and ending
positions of each test. The intraclass correlation coefficient (ICC) was used to assess
trial consistency. The first three trials of each trunk test were testedrsexaminer
reliability. The testretest reliability was performed for the two sets of the 3 trunk tests.

In the coronal and sagittal planes, the angles were calculated between the upper and
lower markers and performed along the spinal column (fi§a3a2d 3.3b). In the
transverse plane, the system calculated the rotation and compared between the upper
and lower levels, such as the PSIS relative to the rib cage, the rib cage relative to the
scapula, and the scapula relative to the clavicle. The resptiged that trunk flexion
extension's intraand testretest reliability were 0.464 and 0.722, while trunk lateral
flexion were 0.435 and 0.698, and trunk axial rotation were 0.324 and 0.589,
respectively. The study concluded that a new spinal proptiocepssessment using

a 3dimensional motion capture system showed a high possibility of measuring the
proprioception of AIS patients, especially the trunk flexamd extension. Future
researchshould study the &limensional spinal proprioception assessifer AIS

patients in various groups.
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Table 3.3 Summary of the correlation and difference distance error between radiographs and motion

capture systems from the relevant literature.

) . ) Distance diff.
Author, Numberof Mocap Correlation with radiographs error between
year Participants system _ radiographs and
Coronal Sagittal Mocap
Solomito, 10 Vicon >0.75 n/a
Lee and (5AlISand 5
Peterson, normal
2011 subjects)
Schmid 10 AIS Vicon Moderate to strong, but n¢ 5-18 mm error
et al., mentioned the exact numb in the vertical
2015 in the article| and 9 mm erro
in the horizontal
directions
Jang, 13 AIS Vicon with 0.95, 0.87, 0.69, 0.92, n/a
2018 patients Nexus software, 0.79, 0.81, 0.96, 0.89,
and Motek D and 0.70 for] and 0.83 for
Flow C, UT, LT, C, UT, LT,
visualisation UL,and LL| UL, andLL
software
Pesenti et 62 AIS High-resolution 0.58 and| 0.57 and 0.44 n/a
al., 2020 infrared cameras -0.21 for for thoracic
thoracic and| kyphosis and
lumbar lumbar
lordosis

Note: AIS = adolescent idiopathic scoliosis, C = cervical, UT = upper thoracic, LT = lower thoracic,
UL = upper lumbar, LL = lower lumbar, n/a = not applicable, diff. = difference.

3.6. Accuracy of motion capture systems

The previous section introducetbtion capture systems and their applications.
Motion capture systems are widely used to analyse human movement, such as
sitting, standing, jumping, walking, and running. Furthermore, some studies use this
system to aalyse spinal parameters in scoliosis patigrdtsvever, these systems are
expensive and beyond the scope of many orthotists, so while current motion capture
technigues can give a more scientific evaluation of AlS patients than radiographs and
in three dimasions, they are not commonly deployed to dasee of the aims of this
thesis was therefore to develop a new-lmsgtpostural measuremesystem which
could be used for the assessment and treatmekitSopatients The next section of

the review, theraire, looks at the accuracy of existing motion capture systems to give
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the levels of accuracy that such a new-mgt system would require. Therefore, this

sectionbegins tadescribe the accuracy of higlest motion capture systems.

3.6.1. Accuracy of high-cost motion capture systems

In 1999, Richards evaluated the accuracy of gt motion capture systems.
(Richards, 199P A testing device called Standard Assessment of Motion System
Accuracy (SAMSA) was designed and used to assess theaagcas shown in Figure
3.26. The SAMSA device had seven fixed markers at known distances from each other.
The distance and angle calculated by the systems were compared to the known values.
The SAMSA device could be rotated 360 the transverse plane @0 rounds per
minute (rpm). The tested system consisted of Ariel, CODA, Elite, Motion Analysis,
Peak, Qualisys, and Vicom 2020, Topley and Richards-exaluated the accuracy of
high-cost motion capture systems used rece(iypley and Richards, 2020The
tested system consisted of Vicon, Qualisys, OptiTrack, and Motion Analysis. The
SAMSA device developed in the previous reskatontinues to be used in this

experiment (fig. 3.8).

Plate: Front View
-

B
4

Figure 3.26 SAMSA device(Richards, 1999, Topley and Richards, 2020)

The dimension of SAMSA was measured by the 3D Fusion FaroArm digitizer to
get an accaate measurement. The 3D Fusion FaroArm digitizer has an absolute
accuracy of 0.035 mm (FARO Fusion tech sheet, 2017). Three sets of markers on
SAMSA wereanalysedn this experiment.

In marker set 1, the top two rotating arm markers or betweerensatkand 2, the

difference distance error of markers ranged flb&89 mm (in Vicon, 16MPp 0.585
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mm (in Motion Analysis, 4MP). The maximum errors were between 0.417 mm (in
OptiTrack, 4.1MP) and 1.030 mm (in Motion Analysis, 1.3MP). As a result, dit hig
cost motion capture errors were lower than 1 mm while measuring the top two rotating
arm markers. The average difference distance error from all systems was 0.35 mm,
with an average standard deviation of 0.087 mm and an average maximum error of
0.61 mm.

In marker set 2, the top two plate markers or between markers 3 and 4, the
difference distance error of markers ranged frd@®03 mm (in Motion Analysis,
1.3MP) to 0.126 mm (in Vicon, 4MP). The maximum errors were between 0.182 mm
(in OptiTrack, 41MP) and 0.991 mm (in Motion Analysis, 1.3MP). As a result, the
errors in this marker set were also lower than 1 mm. The average difference distance
error from all systems was 0.08 mm, with an average standard deviation of 0.12 mm
and an average maximunrarof 0.48 mm.

In marker set 3, for calculating the angle errors or between markers 3, 4, and 5, the
difference angle error ranged fret235 (in Qualisys, 12MP) te0.012 (in Motion
Analysis, 1.3MP). The maximum errors were between 0.884Vicon, 16MP) and
2.083 (in Motion Analysis, 1.3MP). The average difference angle error from all
systems was 0.26 with an average standard deviation of 0.8hd an average

maximum error of 0.74

1999 Ariel
1999 CODA
1999 Elite
1999 Motion
1999 PEAK |

1999 Qualisys 1999 Camera Systems

Motion Analysis,

4MP
m Todays Camera Systems

Vicon, 16MP
Vicon, 4MP

Motion Analysis.
1.3MP

Qualisys, 2MP

1999 Vicon
OptiTrack, 4. 1MP

OptiTrack, 1.3MP
OptiTrack, 1.7MP

Qualisys, 4MP

Qualisys, 12MP

jllll”””

0.00C 0.750 1.000 1.250 1.500 1.750 2.000 2.250 2.500 2.750 3.000

Figure 3.27 The absolute error (mm) between the higist motion capture systems in 1999 and®202
(Topley and Ribards, 2020)
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The study mentioned that motion capture systems in 2020 significantly improved
compared with motion capture systems in 1$3¥eral improvements were achieved
in the highcost motion capture system in 2020ch as the quality of caras, the
tracking software, gap filling, and the signal filtering techniqlilee errors were
reduced from a few millimetres in 1999 to a half millimetre in 2020. Figuré 3.2
illustrates the absolute error between the systems in 1999 and 2020.

Overall, the error of current motion capture systems when recording dynamic
motion of the SAMSA device was lower than 0.5 mm for positionGaisicfor rotation.

This was an order of magnitude better when compared to the systems available in and
around 1999 This improvement is due to the increased image quality of the camera
and the introduction of Megapixel camera3uring walking and higispeed
movement, where the markers exhibit velocity, a comet tail effect can occur, spreading
out the marker image dhe camera image plate. Even though the systems were highly
accurate, the effect still occurs in measuring dynamic motion.

In a scoliosis application, the spinal parameters were quantified in static position
by asking the patients to stand upriglat, to quantify the spinal parameters in dynamic
movement. Hence comet tailing will nmtcur,so these values represent the maximum
likely errors. The previous scoliosis articles mentioned that the progression of the
coronal curve was considered clinicaslgnificant when the magnitude of change was
greater than 5(Emanset al, 1986, Zaborowsk&apetaet al, 2011a, Pepket al,

2023) The mean difference between the Cobb angle in AP and PA views from
repeated evaluation chdiographs was 2.4DeSmetet al, 1982) and the diierence

in Cobb angle measurement between clinicians was up el&tissy et al, 1990,
Carman,Browne and Birch, 1990Mowever, no research mentioned the minimal
clinically important change (MCIC) in distance or error of tistance in scoliosis
outcome measurement.

Current motion capture systems would appear excellent for quantifying the spinal
parameters in scoliosis patients. However, the systems are expensive and, in the

author's opinion, overkill for scoliosagpplications.
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3.6.2. Accuracy of lowcost motion capture systems

A low-cost motion capture system is an alternative system for capturing the
movement of an object or people using a-lkygt camera and developing software.
Some systems can analysevement in 2 dimensions, primarily in the sagittal plane,
while others can analyse movement in 3 dimensions. A variety of camera types have
been used in lowost motion capture systems, including smartphone and tablet
cameras, Microsoft Windows Kinectné digital cameras. As a result, the following
sectiondescribes the accuracy of les@st motion captures that are currently being
used to analyse human movement.

In 2012, Eltoukhy and colleagues investigated the accuracy of-adstnmotion
captue systen{Eltoukhyet al, 2012) The study recorded the human movement using
a digital video and imported the data to analyse the movement in the 2D spftware
Dartfish ProSuite 5.860 Hz). The results from Dartfish softveawvere compared with
the Vicon MXF40 (10 cameras, 60 Hz). One male adult healthy subject was recruited
in the study, and the data were collected during simple squats. Sixteen markers were
attached to the anatomical landmarks following the qougait mockl. The variables
of this study were joint angles and moments at the ankle and knee. The result reported
that the marker positions differed H)0 to 20 mm, and the trajectory difference errors
were between 5 and 10 mm. The study mentioned that the rdtegiertte of marker
position was plus or minus 5 mm, and Dartfish ProSuite 5.5 could track the sagittal
movement at the ankle and knee during squatting.

In 2013, Clark and colleagues compared the accuracy of the King@0vHz)
with Vicon Nexus \1.5.2 (12 cameras, 120 Hlark et al, 2013) Twenty healthy
subjects (10 participants were male and another 10 were female) were recruited in the
study, and the mean age was 27.1 years (SD = 4.5). The entire system was intended to
be used for gait training, but this ald only focused on measuring lateral trunk
leaning while walking. Twentywo markers were attached to the anatomical
landmarks. The results showed that the agreement before calibrating the Kinect system
was greater than°2(mean error = 3.2 SD = 2.2). he error was significantly
lowerthan 2 after theglobal calibration of the Kinect system (mean error 2,1SD

= 1.5). According to the study, the lesost system could be used effectively for a
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lateral trunk lean gait training program, and the Kinemtild provide reatime
feedback during training.

In 2014, Yeung and colleagues compared the accuracy of the Anterior SDK Beta
V2 Kinect (30 Hz) with Vicon MXF40 (8 cameras, 200 HiYgunget al, 2014) Ten
male healthy subjects were recruited in the study, and the mean age wase24s79 y
(SD = 2.68). The study measured the total body centre of mass (TBCM) during
standing sway. Fortgix markers were attached to the anatomical landmarks. The
result reported that the Kinect system correlated highly to the Vicon system. The mean
RMSE was4.38 mm, and the mean Pearson correlation coefficient was 0.94.

In the same year, Pfister and colleag(fefssteret al, 2014)also compared the
accuracy of the Kinect Xbox 360 (Brekel Kinect software) with Vicon MX (10
cameas, 120 Hz, Nexus 1.7). The data were collected during treadmill walking and 3
running velocity (3.0, 4.5, and 5.5 mph). Twenty healthy subjects (9 participants were
male and another 11 were female) were recruited in the study, and the mean age was
27.4 years (SD = 10). Participants wore the body suit, and markers were attached to
the anatomical landmarks following the pliggait model. The variables of this study
were sagittal peak angle at knee and hip flexion and extension and stride timing. The
resut reported that the Kinect could report the normal gait during data collection.
However, the Kinect provided underestimation in joint flexion and overestimation in
extension. The Pearson correlation coefficient varied and ranged between 0.30 and
0.80. Theangle error was greater thahd both joints, ranging frorl9.32 to 5.14.

When the participant walked slowly, the error was smaller. The study also showed that
knee movement correlated better than hip movements.

Additionally, Childer and collegues (Childer et al., 2014) investigated the
accuracy of Dartfish Express on iPad 2 (2 devices, 30 Hz) compared to Vicon 3D (8
cameras, 100 Hz, Vicon Bodybuilder 3.6.1). The data were collected during treadmill
walking with 31 healthy subjects. Thirtynemarkers were attached to the anatomical
landmarks following the plug-gait model. The variables of this study were the
maximum knee flexion and extension angles during the stance and swing phases. The
result reported that the angle error was approxipa. The study mentioned that
this error dd not preclude clinical use anebsstill a costeffective tool.
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In 2015, Kharazi and colleagues investigated the accuracy of the Anterior Kinect
V2 (30 Hz) versus Vicon MX (4 cameras, 120 Kikharaziet al, 2015) The study
recruited 21 healthy volunteers. The systems were measured while walking at slow,
normal, and fast sekelected speeds. The variables in this study were sagittal plane
ankle, knee, and himovements. The result reported that the Pearson correlation
coefficient for the ankle, knee, and hip was 0.09, 0.95, and 0.98, respectively.
Furthermore, the angle errors at the ankle, knee, and hip weré, 238, and 5.29,
respectively. The study ooluded that the Kinect V2 could track movement in the
knee and hip but not in the ankle joints in sagittal plane movements.

Belyea and colleagueBelyeaet al, 2015) investigated the accuracy of the
Kinesio Capure (Spark Motion) 2D app on iPad 2 (30 Hz) to Vicon Nexus (7 cameras,
240 Hz, Visual 3D). The data were collected during the drop vertical jump. Twenty
two healthy subjects (11 participants were male and another 11 were female) were
recruited in the stud and the mean age was 21 years (SD = 1.4). Tweng/markers
were attached to the anatomical landmarks. The variables of this study were the joint
angle at the knee and hip in sagittal and frontal planes. The result reported that the
correlation rangedrom 0.48 (frontal knee angle) to 0.77 (knee flexion angle). The
study concluded that the handheld tablet system could be used to assess and evaluate
joint alignment during drop vertical jumps. However, it is not appropriate to measure
the absolute joindngle.

Albert Kim and colleaguegKim et al, 2015) compaed between SmartGait
(iPhonebs and Mondizen Inc widangle lens) and GAITRite (CIR System) walkway.
The data were collected during walking at slow, preferred, and fast speeds, and the
variable of this study was spatiotemporal parameters, including stgp lstep width,
step time, gait speed, and double support time. The result reported that totaggra
correlation coefficients (ICCs) were excellent, ranging flom 7t@QL. 9 &nd the
absolute error ranged betwekandl Inm.

In 2017, Grey ad colleagues compared the Anterior Kinect V2 (30 Hz) to the
Vicon MX-T40S (8 cameras, 100 Hz, and Nex(Syay et al, 2017) Thirty-eight
healthy subjects (20 maand 18 femalg were recruited in the study, with a mean
age of 24.79 years (SD = 2.68). The data were collected during 5 trials of the drop

vertical jump (total trials = 190). Sixteenarkers were attached to the anatomical
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landmarks. The result reported that the intraclass correlation coefficient (ICC) was
excellent, with values of 0.84 for initial contact (IC) and 0.95 for peak flexion (PF).
Furthermore, the Kinect V2 identified theomement with 95.8% reliability to Vicon
(182 of 190 trials).

In the same year, Schurr and colleag(fshurret al, 2017)compared the 2D
system from Canon digital cameras (3 cameras, 60 Hz, Kinovea software) to Flock of
Birds 6 degree of freedom (DOF) electromagnetic tracking system (144 Hz, Ascension
Tech Inc). The systems were measured during sieglsquats on each legwenty
six healthy subjects were recruited, and the mean age was 22.26 years (SD = 2.99).
Fifteen markers were attached to the anatomical landmarks. The variables of this study
were frontal and sagittal plane joint displacements at the ankle, kneandipunk.

The result reported that the correlation in the sagittal plane was moderate to strong,
ranging from 0.51 to 0.93, and the correlation in the frontal plane was 0.31 at the knee
joint (p-value <0.05). Other variables were statisticallysignificant between both
systems. The Blandltman analysis in the sagittal plane revealed strong agreement in
the average mean difference of joint displacement, ranging betweéra@d8.12

and between8.72 and 7.92 in the frontal plane. The study concluldéhat the 2D
low-cost system was adequate for tracking the sagittal plane movement during single
leg squats.

In 2018, Reither and colleagues compared the Kinect V1 (30 Hz), Kinect V2 (30
Hz), and 3D video motion capture (8 cameras, 60 Hz, Coffedijheret al, 2018)

One adult male healthy subject was recruited in the stdigyhteen markers were
attached to the anatomical landmarks. The systems measured the upper limb extremity
motions for 6 trials. The result reported that the forward reaching of the upper limb
had a similar result between Kinect V2 and 3D video motion cagMC), but

Kinect V1 was underestimated by 7 cm. In the shoulder motion, the Kinect V1 and V2
significantly overestimated the VMC by %0 27. The study concluded that both
Kinects could detect the movement pattern well but poorly measure an abaogee r

of motion magnitude.

In 2020, Pilar and colleagues compared the digital camera (Nikon D3200, 50Hz)
with Kinovea software (version 0.8.15) to the Vicon system (8 cameras, 100Hz, Nexus

1.8.5 softwarejFernandezsonzéalezt al, 2020) The data were collectedidng the

64



initial contact phase of walking and focused on the kinematics of hip, knee and ankle
joints in the sagittal plane. Fifty healthy subjects {@®alesand 24maleg were
recruited in the study, and the mean age was 21.62 years (SD =2.62). Ulhe res
reported that the intreater reliability was a good correlation for all joints with greater

than 0.85. The interater reliability was excellent for all joints with greater than 0.90.

The Bland Altman analysis of the magnitude of disagreement waappately +5

for intracrater reliability, +2.8 for inter-rater reliability and around +2250 +5° for

Kinovea versus Vicon.

Table 3.4 Summary of the accuracy of legost motion capture systems.

Authorand | Low-Cost High-Cost | Subject .
Activity Accuracy
Years System System type
Eltoukhy A digital Vicon 1 healthy| Simple | Marker position difference:
etal., 2012| video with | MXF40 (10 squats | -10 to 20 mm
Dartfish cameras, 60 Trajectorydifference: 5 to
ProSuite 5.5 Hz) 10 mm
Clark etal.,| KinectV1 Vicon 20 Lateral | The agreement: mean errof
2013 Nexus healthy trunk before calibration was 322
V1.5.2 (12 (10 leaning | (SD=2.2).
cameras, | males, 10| while After calibration was 1.7
120 Hz) females) | walking | (SD=1.5).
Yeung et| Anterior Vicon 10 Total Mean of RMSE: 4.38 mm.
al., 2014 SDK Beta MXF40 (8 healthy body Mean Pearson correlation:
V2 Kinect cameras, (10 centre of | 0.94
200 Hz) males) mass
(TBCM)
during
standing
sway
Pfister et| Kinect Xbox | Vicon MX 20 Treadmil | Pearson correlation: betweg
al., 2014 360 (10 cameras| healthy | | walking | 0.30 and 0.80.
120 Hz, (9 males,| and three| Angle error: between
Nexus 1.7) 11 running | -19.32to 5.14.
females) | velocity
(3.0, 4.5,
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Authorand | Low-Cost High-Cost | Subject o
Activity Accuracy
Years System System type
and 5.5
mph)
Childers et| Dartfish Vicon 3D (8 31 Treadmil | Angle error: 10.
al., 2014 Express on cameras, healthy | | walking
iPad 2 100 Hz,
(2 devices) Vicon
Bodybuilder
3.6.1)
Kharazi et| Anterior Vicon MX 21 Walking | Pearson correlation: 0.09 al
al., 2015 Kinect V2 (4 cameras,| healthy | atslow, | ankle, 0.95 at knee, and 0.9
120 Hz) normal, | at hip.
and fast | Angle errors: 22.03at
selt ankle, 5.33 at knee, and
selected | 5.29 at hip.
speeds
Belyea et Kinesio Vicon 22 Drop Correlation: 0.48 (frontal
al., 2015 Capture Nexus (7 healthy | vertical | knee angle) to 0.77 (knee
(Spark cameras, (11 jump flexion angle).
Motion) 2D 240 Hz, males, 11
apponiPad| Visual 3D) | females)
2
Kim et al.,,| SmartGait GAITRite Not Walking | Intra-class correlation:
2015 (iPhone 5s (CIR mention | atslow, | between 0.731 to 0.982.
and System) preferred | Absolute error: between 1
Mondizen walkway , and fast| and 11 mm.
Inc wide speeds
angle lens)
Grey et al.,|  Anterior Vicon MX- 38 Drop Intra-class correlation:
2017 Kinect V2 T40S (8 healthy | vertical | between 0.84 and 0.95.
cameras, | (20 male,| jump Reliability: 95.8%
100 Hz, and 18
Nexus) female)
Schurr et| Canon digital|  Flock of 26 Single | Correldion in the sagittal
al., 2017 cameras (3 Birds 6 healthy leg plane: between 0.51 and
cameras) degree of squats | 0.93.
freedom
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Authorand | Low-Cost High-Cost | Subject o
Years System System type Activity Accracy
with Kinovea | electromagn Correlation in the frontal
software etic tracking plane: 0.31 at the knee.
system (144 Agreement in the average
Hz) mean difference of joint
displacement: between 0.74
and 3.12 in sagittal and
between8.72 and 7.92 in
the frontal plane.
Rdther et| KinectV1 3Dvideo | 1 healthy| Upper | Inforward reaching
al., 2018 and Kinect motion (1 male) limb movement: Kinect V2 and
V2 capture (8 extremity | 3D video motion capture
cameras, 60 motions | (VMC) had a similar result,
Hz, Cortex) but Kinect V1 was
underestimated by 7 cm.
In the shoulder motion:
Kinect V1 and V2
overestimated 5to 27°.
Pilar et al., Digital Vicon 50 Initial Intra-rater reliability: >0.85.
2020 camera system (8 | healthy | contact | Inter-rater reliability: >0.90.
(Nikon cameras, (24 phase of | Disagreement: £5for intra-
D3200) with 100Hz, males, 26| walking | rater reliability, 2.5 for
Kinovea Nexus 1.8.5| females) inter-rater reliability and
software software) around £2.8to £5° for
(version Kinovea versus Vicon
0.8.15)

1 Raspberry Piand its applications

A Raspberry Pis a small computer developed in the United Kingdom by the
Raspberry PiFoundation(RaspberryPi, 2023) It can plug into a monitor, keyboard,
mouse, electronic board, afthspberry Pcameralt is a capable little device that
enables the user to write computer programming, connect to the internet and Bluetooth,
play a game, and record video or pictures froReapberry PcameraRaspberry Pi
has been used in many applications, such as rebetid weather monitoring, but not

in human motion analysis.
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Karthikeyan and colleagud&arthikeyanet al, 2023) conducted a systematic
review of Raspberry Pin terms of the use, challenges, benefits, and drawbacks of
Raspberry Pand its applications. The resela summarized that tHeaspberry Pivas
developed for many applications, such as education, robot controllers, Web servers,
motion capture security cameras, and healthcare applications.

Someresearchers developed systems uBlagpberry Pin healthare applications.
Banerjee and colleagues used Respberry Pto monitor the movement and body
posture of elderly patients in a hospital. The system could detect the change and send
the notification to caregivers' mobile phoriBanerjeect al, 2013) Another research
by Sachian and colleagues usedRlaspberry Pio measure and monitor the air quality
in a hospital(Sachianet al, 2020) Lavanya, Lavanya. and Divyabharathi used the
Raspberry Pio measure and monitor the heart rate of the patients. The doctors could
assess the recard data to monitor the heart rate and prevent the risk of health
problemqLavanyaLavanya and Divyabharathi, 201 Ramal and Ghosal conducted
a similar research, they used Raspberry Pio measure and monitor the patibotly
temperature, heartbeat, and body position movements. The recorded data was
wirelessly sent from the remote area to the healthcare se(laewml and Ghosal,

2018)

Some researchers udedspberry Pio develop the smart home syste&Snuthy and
George use@Raspberry Pio develop a home security system to detect the event and
send the notification to the users' mobile phone or emailsy$tem could also make
a phone call, capture the VDO of the event, and live stream the VDO on a webpage.
The user could control the system remotely via an internet conng&tiathy and
George, 2017)dris, Alkooheji and Jameel developed a smart home automation using
Raspberry RiThe system could detect and analyse visitors' faces when they were in
front of the door. If the faces were authorised, the door could automatically open. An
additional option for unauthorised faces was that the system could make an automatic
video call wth the user. The users could lock and unlock the door remotely. The
system could also report the body temperature of the visitors for CQ¥ Kymptoms
screenindldris, Alkooheji and Jameel, 20223ornalatha and Kavitha usBaspberry

Pi to develop the smart museum. The system could detect the movement o$ visitor
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and automatically provide information about the artwork. The purpose of the system
was to gain more attention of visitqSornalatha and Kavitha, 2017)

Some researchers usRdspberry Pio develop a system to detect environmental
changesBalasubramaniyan and ManivannasedRaspberry Pio measure, analyse,
and monitor the air qualityBalasubramaniyan and Manivannan, 201&)similar
study from Kumar and Jasuja also uBaspberry Pio measure, analyse, and monitor
the air quality(Kumar and Jasuja, 201Ate and Abdelrahim useRaspberry Pto
develop a system to control and maintain the temperature constant in the chemical
storage roonfAte and Abdelrahim, 2018)

Some researchers usdRdspberry Pio develop a smart agricultural systehmer,
Mudassir and MalikisedRaspberry Pio develop amutonomous robot for agriculeir
called AgriBot. The robot could perform variouasks, such as seeding, weeding,
fertilizer spraying, and insecticide sprayitgmer, Mudassir and Malik, 2015)
Chaudhari useRaspberry Pio measure the temperature and moisture from a windmill
at a farm(Chaudhari, 2019)Danita and colleagues conducted similar research. They
usedRaspberry Pio measure andontrol moisture, temperature, and humidity inside
the greenhouséDanita et al, 2018) Cabaccan, Cruz and Agulto also conducted
similar research. They usddaspberry Pito monitor the light, temperature and
humidity around the agricultural environmg@abaccanCruz and Agulto, 2017)
Furthermore, Tiaixing Xu and Fengying used Raspberry Pito monitor the
temperature, humidity, and oxygen concentration in the granary. The system could
also capture the image of pests in the grain pile, and the system then sent the warning
to the userg$Xu and Fengying, 2021)

Lastly, Sooryavanshi, Upganlawar and Bhosle URadpberry Pto develop the
system for defence purposes. They developed ana@utaus vehicle robot for spying,
bomb disposal units, and threat detect{®woravanshi,Upganlawar and Bhosle,
2017)

In thesecurrent applications, thiraspberry Piwas integrated with other sensors or
additional hardware to receive the information and perform the tasks. The sensors or
additional hardware consisted of a humidity sensor, temperature sensor, air pressure
sensor, gas sensor, movement sensor, and caroenasing on the applications that

use theRaspberry Pwith a camera, some studies developed the system to capture
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images and live VDO streaming and then send the information to users online or show
it on the webpage. Furthermore, some studies have geekosystem that performs
iImage processing to detect the movement of humanssty ged face detection and
recognition. OpenCV was used for the image processing technique. The current
articles focused on system development and demonstrate the possfhiling the

system to assist users in practice. However, no research has studied the system's
accuracy or the error in the distance of the image processed by the system. Even though
the Raspberry Pand camera were widely used in many applications, isurgly, no

one has used them to analyse human motion and scoliosis applications.

Summary

Current human motion capture systems are excellent for quantifying the spinal
parameters in scoliosis patients. However, they are expensive and overkill for scoliosis
applications. The error of the current lmast motion capture systems varied and
dependd on the type of camera, software, and testing activities. The distance error
ranged from 5 mm to 20 mm ant9.32 to 27° across the history of motion capture
development, and modern higind systems are highly accurafdo research
mentioned the standaetror that a lowcost motion capture system must achieve.
Another reason that influenced the error was the speed of movement. Pfister and
colleagues mentioned that the error was smaller when the participant walked slowly.
In contrast, the error was largehen the participant walked fas{@fisteret al, 2014)

The error of current loveost motion capture system was relatively high. Some
systems could be used in clinical practice to assist clinicians in evaluating the ®@utcom
measurement in dynamic activities (such as sHttrgtanding and walking), but not
for more general outcome measurement in clinical research. Furthermore, the current
low-cost motion capture systems were unsuitable for scoliosis applications beeause th
kinematics error was high and greater than the minimal clinically important change or
curve progression of the coronal curve at 5°. Therefore, a nexwdstamotion capture
systemor a new lowcost postural measurement systeith suitable accuracy was

required to measure static spinal pose. Technology was available to develop this

70



system Raspberry B and megapixel cameras) with suitable accuracy for a scoliosis
application and suitable for clinical use.

No research mentioned the error of meagutools in motion capture systems,
which is of suitable accuracy for scoliosis applications. This thesis suggested the error
of measuring tools in motion capture systems by using a calculation from a maximum
of 5° of curve progression and the spinal coltsriength.Figure 3.28 illustrates the
geometry to calculate the error for a motion capture system in a scoliosis application.
Point A to point B (Xvalue) is the distance of spinal segments, including the spinal
segments ofcoronatupperthoracicangle (QTA), coronallower-thoracicangle
(CLTA), coronatupperlumbarangle (CULA), and coronatlowerlumbarangle
(CLLA). Y-value is the error in distance or how the data deviates from its position. If
the Y-value is small, the error is small, and the system has high accuracy. In contrast,
if the Y-value is high, the error is high, and the system has low accuracy.(Thaeta
an angle of a maximum of’ ®f curve progression when the clinicians evaluate the
curve progression after treatment. However, we usedi2 the calculation because
the error can go around upward and downward. For the spinal segment length, we used
the Euclidean distance of the spinal segments from participants in the Clinical
experiment in this thesis. The average spinal segment I€fgkte 3.5)in CUTA,

CLTA, CULA, and CLLA was 176.93 mm, 112.30 mm, 57.23 mm and 52.43 mm,

respectively.

Point A 6 )

Y

( e Point B

Figure 3.28 Geometry to calculate the error for a motion capture system in a scoliosis application.

Table 3.5 The possible errors of a motion capture system thstlligpractical for a maximum of*of
error.

Spinal Segments

Spinal segment length

(mm)

Possible Errar2Y

(mm)

CUTA

176.93

15.43

CLTA

112.30

9.80
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Spinal Segments

Spinal segment length

(mm)

Possible Errqr2Y

(mm)

CULA

57.23

4.99

CLLA

52.43

4.57

Table 3.5 shows that the error varied betweespieal segment lengths. A longer
length could allow a bigger error that is still practical for a maximunt aff surve
progression. In contrast, a shorter length of the spinal segment could require a smaller
error to measure the same accuracy of angle. §ystem should have sufficient
accuracy to calculate spinal parameters in scoliosis to withinTberefore, we
proposed that the error of a motion capture system to quantify spinal parameters in

scoliosis applications should be lower than 4.57 mm (orce@pately 5 mm).

3.7. Casting frames for scoliosis

Should a suitable lowost motion capturer low-cost postural measurement
system be able to measure spinal outcome measurement with suitable accuracy, it
would need to do so during the casting process for the orthotic treatment. As indicated
in the introduction to this thesis, it would be helpful to deploy a casting framegb ass
the clinicians while casting the AIS patients. Hence pthetural measuremesystem
would need to work alongside the casting frame. For this reason, this review also
includes a review of existing casting frames.

Casting is a method of capturirggpatient's limb shape and using it to create
prosthetic and orthotic devices. Traditionally, gractitionersusea plaster bandage
to capture the patient's shape. The plaster bandage must be soaked in water before
casting, and the water must be wadisorbed inside the bandage. The plaster bandage
is then twisted to remove excess water before being wrapped around the patient's limb.
The practitionershape the plaster bandage on the patient's limb and apply forces to
correct the deformity. The practitierswait until the plaster bandage is set before
removing it from the patient's limb. It usually takes between 10 and 15 minutes. The
cast is then removed, and the patient is cleaned. The cast after removing from the

patient is called a negative cast.®iteoners evaluate the negative cast's quality. If the
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quality is poor, the casting must be repeated. If the cast is of good quality, the
practitioners will use it for subsequent processes such as plaster modification, device
fabrication, and fitting thelevice to the patient.

In scoliosis casting, the practitioners perform techniques similar to those described
above. Because several forces are required to correct the spine, 2 to 3 practitioners are
usually required. Practitioners must be skilledrkwoell together, and understand the
concept of Adimensional spinal correction for scoliosis deformity to produce & high
quality negative cast and spinal orthosis. Some researchers created the casting
apparatus to help practitioners when casting scoliosss a result, the casting
apparatuses adescribed in this section.

In 1964, Cotrel invented the casting frame called EDF (Elongation, derotation, and
flexion) Cotrel's framéCotrel and Morel, 1964)The frame provides axialangation
or spinal traction by pulling the strap at the head, leg, or pelvis. In coronal plane
correction, practitioners use the hand to apply the force to correct the deformity. The
kyphosis and lordosis can be maintained in the sagittal plane whigedgithe frame.

In the horizontal plane, practitioners place the strap from one side of the casting frame,
then roll the strap around the patient's trunk and attach the strap to another side of the
frame (fig. 3. B). Nowadays, the casting frame is usedstlyan casting infantile and
juvenile scoliosis(Sanders and D'Astous, 2009, Sandddinston and D'Astous,
2012, Canaveset al, 2016, Dede ahSturm, 2016, Sanders, 2016, Ballhaesal,

2019, Mahajaret al, 2020) However, it is not a common in AIS casting.

Figure 329EDF Cotr el 6s f r aMaeroyetrale 2014eGhnaveset alC2016) e |
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A similar design and function of a casting frame is a Risser f(&agssouxCho
and Herman, 20107 his casting frame (fig. 30) was invented and is widely used in
North America. Similar to Cotrel's frame, the patient must lay supine on the frame.
The practitionerpull the straps at the head and pelvis to apply the traction force to
strengthen the spine. After that, practitioners apply the corrective and counter forces

on the patient's trunk to correct the deformity.

; 7z
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Figure é.30 Risser framdgFayssouxCho and Herman, 2010)

The advantages of these casting frames are to elongate or stnethgtkpine and
derotate the spine using the strap (Cotrel's frame) and forces applied from the
practitioner's hands. However, the patient must be laid down on the frame, which might
make it difficult to control the thoracic kyphosis and lumbar lordosis.

In 1994, Barry McCoy invented a casting frame called the Apparatus for Forming
a Scoliosis Brac@McCoy and Barry, 1996)The apparatus was also granted a patent
in the United States. Figure 3. illustrates the detailed structure of the casting
apparatusThe apparatus consigi§ a bed and adjustable manipulators, each with a
force sensor at the tip. During casting, the patient lies supine on the bed, and the
practitioners place the adjustable manipulators on the patient's lateral side and at the
correctve and counterforces' locations. The manipulator's length is then adjusted to
compress the trunk slightly. After achieving the optimal spine alignment, practitioners
measure the force at the corrective and counterforce areas. Although the casting
apparatusanapply forces to correct the spine, it can only correct the spine in one
plane (the coronal plane). Surprisingly, no further research has conducted on this

casting apparatus in clinical use.
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Figure 3.31 Apparatus created by Barry McC@ylcCoy and Barry, 1996)

Another casting frame called a custom Providence brace standing frame3gjg. 3.
was used to assist casting the Providence WEadeondet al, 2015, Edmonet al,
2017). Patent stand upright and put the back agent the casting board. After that, the
practitioners place the adjustable manipulators on the patient's lateral side and at the
corrective and counterforces' locations. The manipulator's length is then adjusted to
compeess the trunk slightly. Although the casting apparatusapaly forces to correct
the spine, it can only correct the spine in one plane (the coronal plane) similar to the
casting apparatus from Barry McCoy. There was no research study the effectiveness
of this casting frame. However, the cast is widely used during casting for the
Providence brace and some use this frame and integrate with ultrasound system to

qguantify the spinal deformity.
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In 2018, Jang introduced a Se8lianding Frame (fig. 33) to evaluate the change
of spinal parameters before and during applying tiheefto correct the deformity
(Jang, 2018) The manipulators attached to thrame can be adjusted in various
positions and directions to correct the spine in 3 dimensions. Moreover, the load cells
were attached to the tip of the manipulators, and the forces could be measured while

compressing the load cells on the patient skimnduthe experiment.

Figure 10.2 - Posterior, Lateral, and Anterior Views of a Subject in the Scoli-
Corrective Frame while Corrective Forces are Applied: (a) Thoracic Corrective
Force, (b) Lumbar Corrective Force, (¢) Abdominal Pressure, and (d) Axillary Force

Figure 3.33 ScoliStanding Frame created by Jddgng, 2018)

The casting frames for scoliosis were introduced tistagficians during casting.
EDF Cotrel's frame and Risser frame had a similar function to provide a traction force
to straighten the spine while the patients were in a lying position. The clinicians had
to apply the forces to correct the spinal defoyritall directions using their hands. It
requires the skill and teamwork of the casting team to obtain a good negative cast.

Apparatus for Forming a Scoliosis Brace and a custom Providence brace standing
frame had a similar function in that the users could manually adjust the frame to correct
the deformity in the coronal plane and lack of correction in the sagittal and transvers
planes There are two different points from both systems. The Apparatus for Forming
a Scoliosis Brace had to perform casting when the patients were lying. However, the
patients were cast in a standing position using a custom Providence brace standing
frame. Furthermore, the Apparatus for Forming a Scoliosis Brace had a force sensor

to measure the force during casting, but the Providence brace standinglitiaroe
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A Scoli-Standing Frame could manually adjust the frame to correct the deformity
in 3 dimensions, and patients had to stand while applying the forces. The system also
had load cells to measure the forces to correct the deformity. However, the evidence
to support the effectiveness of the casting frame was not strong, and future research
needs to investigate this in a big group of scoliosis patients.

No research has studied the position of scoliosis patients during casting. However,
in clinical practice, the clinicians will decide the casting position based on the patient's
condition.The casting in a lying position will be performed if patients cannot stand or
can stand only for a short time. The advantage of casting in a lying position is that the
gravity is eliminated, and the spinal curve is easier to correct than in a standing
postion. However, clinicians must be careful of the sagittal curve because it is easy to
create a flat back during casting.

Casting in a standing position or perching on the casting bar has become more
common in AIS casting because clinicians can naeend the patient's trunk, and it
Is easier to apply the force corrections in 3 dimendiloas in a lying positionThere
was no difference in terms of spinal angle and alignment between standing or perching
on the casting bar. However, the patientsrieare stable while perching on the casting
bar. The body is not easily swayed compared to a standing poaiaresult, a new
casting frame should be adjusted in 3 dimensions to correctdlmedsional spinal
deformity. Patients perch on the baridgrcasting, and the system can measure the
magnitude of forces during casting and illustrate the force locations and directions in

3 dimensions.

3.8. Conclusion

This chapter described the scoliosis literature review, which included théidafi
and characteristics of scoliosis, scoliosis treatment, standard and alternative scoliosis
outcome measurement, highst and lowcost motion capture systems, and casting
frames. Scoliosis is a thre@mensional spine deformity that requires a mettwmd
quantify the deformity in all planes in order to correct the spine appropriately in all

three planes.
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Radiographs ara standard tool for measuring outcomes because they illusteate
bone structure well, can measure the magnitude of the cutlre coronal and sagittal
planes, areelatively inexpensive, and acemmon in hospitals. However, expostoe
radiation throughout the treatment process may increase the risk of future health
problems. Some research uses coronal radiographs to edtimaiegree of vertebral
rotation in the transverse plane. However, this method is not the direct measurement
and it still lacks information about the whole spinal column in 3 dimensions.

Some studies use MRI and CT scans to quantify spinal pamametscoliosis.

Both systems can reconstruct and illustrate the spine in 3 dimensions. However, these
technologies are not commonly used in AIS patients because they take a long time to
complete scanning, only scan in the lying position, and are relagxpkensive. As a

result, doctors primarily use these systems to examine the spine in severe cases, such
as congenital scoliosis, scoliosis with neurological complications, and surgical
planning. Moreover, CT scan generates higher radiation compared nidarsta
radiographs.

Ultrasound has become a popular alternative method for measuring spinal
parameters in scoliosis. Because the system is radfagient can illustrate the spinal
column in coronal planand is inexpensive. Many studies are ri@ing conducted to
investigate the effectiveness of using ultrasound in a large group of scoliosis patients,
and there is strong evidence to support the effectiveness of this system. However, most
current studies use ultrasound to quantify spinal defgrimitthe coronal plane,
lackingresearch in theagittal andransverse plane and spinal column in 3 dimensions.

Nowadays, EOS or lowdoseradiographs are being used to quantify the spinal
parameters in scoliosis. Because this systiearly shows bioe structure and the
system can reconstruct the spinal column in 3 dimensions. This system, however, is
new and relatively expensive. As a result, there is still a lack of research using this
system to quantify spinal deformity in the transverse plan8&atishensions.

Surface topography and motion analysis are two new technologies to quantify the
spinal parameters sroliosis. Both systems are currently in the research phase. The
advantage of these technologies is that they consider the spinentr itru3

dimensions. Surface topography scans and reconstructs the inlaimensions,
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while motion analysis tracks the marker locations attached to anatomical bony
landmarks and illustrates the marker location or spinal parameters in 3 dimensions.

Regarding the correlation studies between thedenologiesand radiographs,
surface topography has a slightly lower correlation than the motion capture system.
The motion capture system estimates spinal deformity from marker locations attached
to the &in surface and anatomical bony landmarks that are relatively close to the spinal
column inside the body, whereas the surface topography estimates spinal deformity
from surface asymmetry. Furthermore, when compared to ultrasound, the motion
capture systemeports a slightly lower correlation. Like surface topography, motion
analysis estimates spinal deformity from marker locations attached to the skin surface
and anatomical bony landmarks. Meanwhile, ultrasound estimates spinal parameters
from the spine inde the body. However, it cannot conclugeich technology is
superior to another. Surface topography and motion analysis should be studied further
in a large group of scoliosis patients, and the following research should directly
compare thesd systemsn the same study.

High-cost motion capture systems are widely used to measure biomechanical
outcomes, particularly lower and upper limb movement, butimnstoliosis. An
optical motion capture system, which uses multiple cameras to track thersaattio
markers, is the most common higbst system used in the laboratory. This system is
highly accurate, with less than 0.5 namd0.5° error in dynamic movement. A motion
capture system is used in a few articles to quantify spinal parameters in scoliosi
mostly in coronal and sagittal motion. Some studies examine the shoulder rotation and
the scapula'’s inferior angle in relation to the PSIS level to assess spinal parameters in
the transverse plane. Only one study considers the entire spinal column in
3 dimensions. As a result, there is still a lack of evidence to support and clarify the
spinal parameters in all planes, and this area needs to be studied in the following
research.

Low-cost motion capture systems are becameeasingly popular for se in
motion analysis. Mosif this research to date has used a Kinect to detect and analyse
movement, such as drop vertical jump, walking, and running. Furthermore, some
researcherereate software and use digital or smartphone cameras to analyse

movement The current system's error varies depending on joint position and
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movement velocity. Overall, the errors range flemm to 20 mm anel9.32 to 27.
Even though thé&kaspberry Pand camera are widely used in many applications.
Surprisingly, no one has used Raspberry Pand camera to analyse human motion.

Traditional casting requires the practitioner's skill and experience to obtain a good
quality of thenegative castflthe negative cast is of poor quality, the prosthetic and
orthotic devices will not fit the patients or cause other problems, such as excessive
compression to the skin, device slipping, and insufficient control of the deformity. In
scoliosis casting, manfprces must be applied to correct the spine in 3 dimensions.
Therefore, more than 2 practitioners are commonly involved during this process. To
correct the spinal deformity, working as a team and having a thorough understanding
of the threedimensional foce system is necessary. Some scoliosis casting frames have
been introduced but have yet to become widely used in clinics because they are
relatively expensive, lack research evidence to support their efficacy, are relatively
difficult to use and only applcorrective force in one or two dimensions. Furthermore,
there is a lack of evidence regarding the magnitude of force to correct the deformity
during casting, and no research illustrates the direction of forces applied to correct the
spine in 3 dimensions

Only one study recently used a motion capture system for assessing spinal
deformity in scoliosis patients in 3 dimensions. However, the technology has only been
used during the assessment process. Furthermore, no other study has used a motion
captue system to quantify spinal deformity in scoliosis patients during the optimal
correction and casting processes. As a result, the new motion capsieenor
postural measuremesystem should be able to quantify the spinal deformity in 3
dimensions, beinexpensive with good accuracy, be appropriate for scoliosis
applications, be a simple system and easy to use by clinicians, be integrated with a
forcemeasuring system that can describe the amount of force applied and illustrate the
force direction, assi€linicians during the assessment, optimal correction, and casting
processes, and reduce the number of clinicians required during casting.

Figure 333 and 334 illustrate the conceptual design of a new development system
for this thesis. The systeim composed of 3 parts. The first part is a scoliosis casting
apparatus that can adjust the forces in various directions and areas. The second part is

a forcemeasuring system that can measure the magnitude of force applied to correct
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spinal deformity. Fially, a lowcostpostural measuremesystem that can quantify
3-dimensional spinal deformity. Furthermore, tpestural measuremergystem
collaborates with the foremeasuring system to display the direction of forces used to
correct the deformity in 3ichensions. The entire system should help practitioners
correct deformity and quantify scoliosis in 3 dimensions during the assessment,

optimal correction, and casting phases.
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Figure 3.34 The conceptual design of a new development system for this thesis in front view.
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Figure 3.35 The conceptual design of a new development system for this thesis in oblique view.
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4. Chapter 4 Development of Scoliosis Casting Apparatus
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4 .1.Introduction

The previous chapter presented an analysis and evaluation of the relevant literature
and described the thesis's research gap, aim, and objettieas Chapter 4 discusses
the first development, called $coliosis casting apparatus to assist practitionsr
during the optimal correction and castingor optimal correction and casting,
clinicians use a -point force system concept to apply the forces to correct the 3
dimensional spinal deformity of scoliosis patients using their h&hdstitioners draw
a blueprint on the coronahdiographgo identify the trimline of the spinal orthosis,
allocate the apical, uppend, and loweend vertebrae, and identify the location of
force to apply during casting by harkgure 4.1 illustratea 3-point force system to
correct the coronal plane's deformity, Figure 4.1a ispaifit force system to correct
the lumbar curve, and Figure 4.1b is for the thoracic curkie.force correction for
sagittal and transverse deformities is also considezéatdy casting. However, these
do not commonly draw on the blueprint for the sagittal plane and cannot be drawn on

the blueprint for the transverse plane.

Superior counterforce for
thoracic curve
Corrective force for

Superior counterforce for
thoracic curve

lumbar curve

Inferior counterforce for
thoracic curve

Corrective force for
lumbar curve

Inferior counterforce
for lumbar curve

a) b)

Figure 4.1 Consideration of a-pointforce system to correct spinal deformity in the coronal plane, a)
to correct the lumbar curve, b) to correct the thoracic curve.

The casting process requires 2 to 4 practitioners to correct the §iginé.q)
because scoliosis is addnensional dformity and is more complex than other
deformities. This technique allows practitioners to get a touch feeling during casting
and easily adjust the amount of force, force location, and force direction. However, the

traditional method necessitates the iggration of many people during casting, as well
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as practitioner skills and teamwork. Furthermore, this method cannot control,

maintain, or measure the force applied throughout the process.

Figure 4.2 Traditionalmethod to perforncastingwith ascoliosis patient.

Recently, a few casting frames were introduced to use during casting to overcome
these problems as detailed in the literature review of this thesis. However, most can
only apply the forces in one plane, and no one has attached a load cell to rieasure
force during casting.

Therefore, the first objective of this chapter was to develop a scoliosis casting
apparatus that could assist practitioners during an optimal correction and casting. The
developed casting apparatus should bedoat and osimple design. It should be able
to apply the forces to correct the spine indignensios, reduce the number of
practitioners during casting, improve the quality of the negative cast and the spinal
orthosis, and measure the magnitude of force at eacht@m@aderstand how the
scoliosis was corrected using aliBnensional force system. The developed casting
apparatus should be an appropriate size, allow casting and allow simply adjustment of

the forces applied by manipulators.
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4.2.Conceptual design okcoliosis casting apparatus

The first development of this research was a mechanical casting frame known as
the "Scoliosis Casting Apparatus' The biomechanical principle of this apparatus was
to allow a 3point force system to be applied to the @atis trunk to correct the
deformity in 3 dimensions.The scoliosis casting apparatus was designed using the
computer software called SolidWorks. Several adjustments ashesigns were made
in the program until the optimal version was produdeidure 43 illustrates the

scoliosis casting frame's conceptual design.
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c)
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e)

Figure 4.3 The conceptual design of a scoliosis casting apparatus, a). oblique view, b). front view, c).
backview, d). side viewand e) top view.
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4.3.Function of scoliosis casting apparatus

The apparatus was divided into eight parts:
1. Main structual element
Sitting bar
Arm-rest aredLeft and right side)
Abdominal manipulator
Gluteus mediu¢GM) manipulatos (Left and right side)
Axillary manipulatos (Left and right side)

Left lumbar or thorackcorrective manipulator

© N o o A~ WD

Right lumbar or thoracicorrective manipulator

9 Main structur al element

The primary objective of the main struadlelement was to serve as the foundation
of the casting apparatus. The structure should have enough space for a scoliosis patient
to perch on the edge of the sitting bar. However, the apparatus's size should be
manageable as greater size will increasedta weight and make movement of the
frame difficult.

After consideration, thenain structual element was designed in a rectangular
shape with dimensions of 2 meters in height, 1 meter in width, and 1 meter in depth
(fig. 4.4). The patient entedthe apparatus from the front and pexdbn the edge of
the sitting bar. Manipulators were attached to the main stal@l@ment at various
locations depending on the forces required during the optimal correction and casting.
The abdominal manipulator wattached to the main strucibelement on the anterior
side. The gluteus medius manipulateereattached to both the left and right sides of
the main struct@al element. The axillary manipulator was attached to the main
structual element, either lefor right, or both, depending on the patient's condition.
The lumbar or thoracicorrective manipulator was attached to the main stralctur
element on the posterior side. The-&ftrective manipulator was used if the patient
presented the left curve arbe rightcorrective manipulator for the right curve,

respectively. The main structdielement was strongly fixed by connectors, bolts, and
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nuts. However, the manipulators could be manually adjusted and fixed to desired

locations by connectors, bolts, amats using the Allen key.

Figure 4.4 Design of main structat elementn the oblique view

1 Sitting bar

The lower end of the sitting bar was permanently fixed to the main s@lctur
element in the cerdr This part allowed the scoliosis patient to perch on the edge of
the sitting baduring the optimal correction and casting process. The height of sitting
bar could be adjusted using connectors, bolts, and nuts to match individyrl ibe
height of sitting bar could be adjusted from 60 centieseto 100 centimets (fig.

45).

Sitting bar

Figure 4.5 Design ofsitting barin the oblique view.
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1 Arm-restarea(Left and right sides)

During castingforces will be applied around the axilla area as a counterforce or
stabilizing force depending on each clinical consideratidrhe patients must,
therefore, elevate their arms. In the traditional method, they would rest their arms on
the practitioner's shoulder, and this allows the practitioner's hand to compress the axilla
area. In the scoliosis casting apparatus, we designed aresirigrea for the patients
to rest their arms on and allow the practitioners to work more freely whileiagply
the axilla forceThe armrestareawas attached to the main struetiglementon both
the left and right sides. The resting plate, a plastic sheet, was placed on the metal profile
and covered with soft foam to provide comfort. There was a 50 cergintenigth and
a 30 centimess width of the armresing structure The function of this part was to
rest the patient's forearm and, therefore, control and rest the entire upper limb
throughout the process. The height of this structure could be adjusteatdb the
individual patient (fig. %).

Arm-rest area

a)
Arm-rest area
4
E
b)

Figure 4.6 Design of arnrestarea a).obliqueview andb). top view
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1 Abdominal manipulator

Manipulators were attached to the msiructual element of the scoliosis casting
apparatus. However, the number of required manipulators depended on the individual
patient's condition. The function of the manipulator was to apply the corrective force,
counterforce, or stabilizing force to-adign the spine and correct the deformity in 3
dimensions during the optimal correction and casting.

The abdominal manipulator was attached to the front part of the main stfuctur
element and was 60 centimestiong €ig. 4.7). The manipulator codladjust the height
(shifting up and down in the-#xis) and depth (shifting to the centre of the volume in
the Zaxis) at the connectors using the Allen k&lie objective of this manipulator
was to provide the stabilizing force at the abdominal areadpody directed force),
partially increase intrabdominal pressure, and counteract the force from the posterior

side (anteriorly directed force from lumbar thoraciecorrective manipulator).

|__— Abdominal manipulator

A

a)

Abdominal manipulator

b)

Figure 4.7 Design ofabdominal manipulatoi) oblique viewand b) top view.

93



1 Gluteus medius manipulators (Left and right side)

Gluteus medius () manipulators were attached to the main strat®iement
on both the lefand right sidesThe function of tlesepars wasto stabilize the pelvis
and not allow the pelvis to move when applying other corrective forces. Another
function of theGM manipulator, either on the left or right side, was to counteract the
corrective foce. For example, if a patient has a left lumbar curve with the apex at L2,
upper and lowerend at T7 and L5. As a result, the correctmeewas applied at L2
to L4 on the left side. The superior and inferior counterforces were applied at T7 on
the right side andright GM, respectively.The manipulators could be adjusted to
compress at theM area on both sides, and the force direction was generally a medial
directed force. The manipulators could adjust the height (shifting up and down in the
Y -axis) and depth (shiftingp the centre of the volume in theakis) at the connectors

using the Alen key.The manipulator length was @@ntimetregfig. 4.8).

Gluteus medius
manipulators

a)

Gluteus medius
manipulators

b)

Figure 4.8 Design ofgluteus mediusnanipulatorsa) oblique view and b) top view.
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1 Axillary manipulator s (Left and right side)

Axillary manipulators were attached to the main striatelement on both the left
and right sided-However, some cases used only one manipulataisome used two,
depending on the individual patient's condition. The function of these \pastso
provide a superior counterforce to the corrective force. For example, if a patient has a
left lumbar curve with the apex at L2, uppend lowerend at T7 and L5. As a result,
the corrective force was applied at L2 to L4 on the left side. Theisupeunterforce
was applied at T7 on the right side or the right axilla area, and the interior counterforce
was at the righGM. The force direction was a meduilected force, similar to the
force direction from th&M manipulators. The manipulators ¢dwadjust the height
(shifting up and down in the-#xis) and depth (shifting to the centre of the volume in
the X-axis) at the connectors using the Allen k&he manipulator length was 60

centimetregfig. 4.9).

\ Axillary manipulators

Figure 4.9 Design of axillary manipulatgrin oblique view.

1 Left lumbar or thoracic -corrective manipulator

The spinal curve can be found on both the left and right sides and in the lumbar
and thoracic regions. As a resuhe new apparatus should be able to apply the force
to correct the spine in various curve types. Therefore, we designed a lumbar or
thoracieccorrective manipulator and attached it to the main stracalement(fig.

4.10). The manipulator's height adépth can be adjusted to correspond with the curve
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location. There were three force directions provided on this manipulator: anteriorly
directedforce, medially directed force, and upwatiected force.

The force direction was determined by theetyyp curve. In the lumbar curve, the
anteriorly directed force and medially directed force were applied. The anteriorly
directed force was required to-dmate the spine in the horizontal plane, and medially
directed force was needed to cenmalihe spie in the coronal plane. Therefore, the
manipulator to correct the lumbar curve was abolft id5the horizontal plane,
combining both force directions. Moreover, in the thoracic curve, the anteriorly
directed, medially directed, and upwatidected forcesvere applied. The objective of
the first two forces was similar to the lumbar curve. Additionally, the upwmedted
forces helped to deotate the spine in the horizontal plane following the direction of
the rib cage. As a result, the manipulator ugedarrect the thoracic curve was°45

horizontal and 450blique upward to the same plane.

Left lumbar or

thoracic-corrective
manipulator

a)

Left lumbar or

thoracic-corrective
manipulator

b)

Figure 4.10 Design ofleft lumbar or thoracicorrective manipulator, a) oblique view and b) top
view.
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1 Right lumbar or thoracic-corrective manipulator

The right lumbar or thoracicorrective manipulator was attached to the main
structual elemenbn the right side (fig. 41). The structure, function, adjustment, and

force direction weraimilar to the left lumbar or thoracmrrective manipulator.

]
Right lumbar or
< thoracic-corrective
manipulator
a)
Right lumbar or
<= thoracic-corrective
manipulator
b)
Figure 4.11 Design of right lumbaor thoraciccorrective manipulatgr) oblique view and b) top
view.

Then, the commercialuminiumprofile was ordered from thmanufactureand
cut into pieces according to the size specified in the programl(&miniumprofile is
a readymade profile commercially available in the market that comes in various sizes
and lengths). Finally, akluminium profiles were assembled and connected by the
connectors, bolts, and nuts. The design was based on biomechanical fticegiapp
in all three planes, and the apparatogld apply, adjust, and realign the spine freely.

Figure 4.8 illustrates the scoliosis casting apparatus used in the data collection process.
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Sitting bar

Axillary
manipulator
Gluteus medius

manipulators
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Abdominal
manipulator

Lumbar or thoracic-
corrective manipulators

Figure 4.13 Scoliosis casting apparatus,ainrest area, b3itting bar, c) left axillary manipulator, d)
gluteus medius manipulators, €) abdominal manipulator, and f) left and right lumbar or thoracic
corrective manipulators.

4.4. How to adjust the scoliosis casting apparatus during optimal correction and

casting process with scoliosis patient

Before adjusting the scoliosis casting apparatus, the clinician had to complete a
physical assessment and radiographic evaluation to understand the patient's condition
and create a treatment plan. The clinician hadlémtify the 3point force system
(location and direction) to correct the deformity before casting. During the data
collection process, the patient was asked to change the clothes to a proper fit. Then,
the researcher identified the anatomical bony lanisnand attached the markers to
them (fig. 4.14a).The location of markers and spinal parameters for the clinical
experiment will be described in ChapterThe process of adjusting treeoliosis
casting apparatus described below (fig. 44).

1. The patient was asked pzrch on the sitting banside the scoliosis casting

apparatus. The height was adjusted to match individual patients.

2. Then, the clinician adjusted the height and location of therastarea This

part should not be too high @a low because it could affect the shoulder level
andcounterforce at the axillar area

3. The abdominal manipulator was adjusted after the patient perched on the sitting

bar. The location of this part was about the middle of the abdomen.
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4. Then, the left andght GM manipulators were adjusted to compress aGikle
area of both sides. The objective of this adjustment was to stabilize the pelvis
and not allow the pelvis to move when applying other corrective forces.
Another function was to counteract the cotirecforce.

5. The axillary manipuladr was theradjusted It depended on the curve pattern.
Both manipulators were sometimes used to correct the deformity and decrease
the coronal decompensation. However, some required only one side to counter
or stabilizethe spine.

6. Moving on to the most important manipulator, the lumbar or thoracic
corrective manipulator was applied to correct the deformity. If the patient has
the right single thoracic curve, the right thoracterective manipulator was
used to apply théorce. In addition, if the patient has a double curve with right
thoracic and left lumbar, the right thoraciarrective manipulator was used to
apply the force to correct the thoracic curve, and the left |ntd@ective
manipulator was used to apply tHerce to correct the lumbar curve,
respectively. The direction of the force also depended on the curve type. The
lumbar curve required anterior and medial directed force. Moreover, the
thoracic curve required anterior, medial, and upwhrected forces.

7. In general practice, we ask the patient to grade the level of corrective actions
to the correatd area. The force level should be between 8 and 9. Zero level
means no force acting on the spine, and ten means the patient cannot tolerate
the force. If the drce level is less than 8, thainician will adjust the
manipulator to increase the force, and if the level is 10, the force will be
decreased.

8. A low-costpostural measuremeaystem then recorded the marker's location
and calculated the spinal parametansl alignment. Furthermore, the force
measuring system recorded and reported the magnitude of force applied at each
area. A lowcostpostural measuremesystem and a foremeasuring system

were described in detail in the following chapter.
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Figure 4.14 Scoliosis patient in the optimal correction pro¢cedsefore applying the forces, b)
while applying the forces in the posterior view, c) in the lateral view, and d) in the arterio

4.5. Conclusion

This chapter detailed how the scoliosis casting apparatus was developed. The
conceptual design of the apparatus was designed in the SolidWorks program. Several
adjustments were made before getting the final version. Thergedbarcher ordered
the aluminium profile, connectors, and assembling tools fronmireufacturesAll

structures were assembled following the program design. The apparatus was divided
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into 8 parts, including the main structlelement, sitting bar, andmest area (Left and

right sides), abdominal manipulatoGM manipulatos (Left and right sids), axillary
manipulators (Left and right sidg left lumbar or thoracicorrective manipulator, and

right lumbar or thoracicorrective manipulator. The main sttural element was not
allowed to be adjusted after assembly. In contrast, other parts and manipulators could
be manually adjusted using the Allen key. There wérmanipulators in total.
However, 5 and 6 manipulators were commonly adjusted to corredctiiesis
deformityin 3 dimensionsNow, the scoliosis casting apparatus has been completely

developed and is ready for the clinical experimeitih AIS patients
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5. Chapter 5 Development of ForceMeasuring System
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5.1. Introduction

The previous chapter presented the development of casting apparatus to assist
practitioners during the optimal correction and casting for a spinal orthosis. The
casting apparatus could apply adighensional force system to correct the 3
dimensional spinal defmity of the scoliosis patiesit This chapter describes the
second development, a forogeasuring system, to measure the magnitude of force
applied to correct the scoliosis deformity. Recently, there is still insufficient evidence
in the literature to qudify the magnitude of the forces applied to correct the deformity
in the 3dimensional force system. No authors have attached load cells to the casting
frame manipulators and measured the forces during the casting process. Therefore, we
developed a forceneasuring system that could measure the magnitude of force at
multiple areas and in Chapse6 and 7we will explain how a lowcost postural
measuremergystem was used to measure the direction of these forcdsmesions.
However, this chapter onlp€uses on the development of the femeasuring system.

During casting, the forces applied to the trunk should be applied with little or no
shear force i.e. as a pressure over an area of the trunk. This is achieved witt a pad
the end of the manipator arm.The manipulator arm experiences a compressive force
along the axis of the manipulator, which could be detected with a single axis,
compression, force transducer or load cell. The load cell was attached at the end of the
manipulators of the scalsis casting apparatus between the manipulator rod and the
casting pad.

The new load cell needs to be calibratedring the calibration process, testing
masses were measured byaamcurateveighing scale and then used to compress the
load cell. Two pieces of software were written, one for force transducer calibration
and another for recording the forces during casfiihg. calibration software recorded
the value from the load cell as a change of voltage. After that, the data were used to
observe theihearity of the data, quantify errors, look for hysteresis and calculate the
simple linear regression formula to estimate the magnitude of force applied from the

voltage recorded. The formula obtained was then used in the casting program.
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5.2. Componentdor load cell calibration

The forcemeasuring system was composed of hardware and software. The
hardware components consisted of a load @&t 3136 _0,a product from Phidgets
Inc.) (fig 5.1), a PhidgetBridge-nput (ID: 1046_1,a product fronPhidgets Inc.jfig
5.2), a USB cable, and maincomputer. A load cell is a sensor widely used in many
applications to measure the magnitude of force. In this research, we used the load cell
ID3136_0, which could measure the force up to 50@Phidgets, 2023a)lhis load
cell was selected because the force applied to colredpinal deformity in scoliosis
from the previous research were lower than 50Qvéh Den Hout and van Den
Munckhof, 2002, Loukost al, 2011, Jang, 20187 he raw output from the load cell
was a voltage ratio (V/V). Therefore, the calibration process required to convert the

recorded voltage ratio to Newtons.

/— PhidgetBridge

AAAAAA @— USB cable

@ [ .oad cell

Figure 5.1 Load cell(ID: 3136_0)connectedvith the PhidgetBridge

Figure 5.2shows the PhidgetBridgelaput load cell interfacéPhidgets, 2023b)
It is a lowcost electronic component used to power up the lelidaonplify the load
cell's output and convert it to a digital number. The PhidgetBridge provided a clean
and stable digital signal. Each PhidgetBridge provided four inputs or channels,
meaning four sensors could be connected to one PhidgetBFiigeesearch used six
load cells to collect the data at different areas of the scoliosis trunk because the
maximum force locations and directions to correct the scoliosis deformity were
between5 and 6 forces. Therefore, wo PhidgetBridges were needed to colldet

outputfrom the load cellgn this application
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Figure 5.2 PhidgetBridggID: 1046_1)

A calibration program was created to read the incoming data from the sensor. This
load cell calibrationprogram was written by the author in the Python computer
language using Visudbtudio 2017 and the Microsoft Windows operating system
(Windows 10).The program is provided in the electronic appendices of this thesis
(Appendix land 3.

Figure 5.3llustrates the components used in the calibration process and the
required components for load cell calibration are listed below.

Calibration machine

The testing masses were approximately 5 kg each, and therd wethem
(the maximum testing mass wasr#fere 40 kg of 80% dhe full scale range
Balance or weighing machine

Load cell PhidgetBridge, and a USB cable

Support base of load cell

Computer and program for load cell calibration

Data collection sheet

Testing
mass
Support base of
load cell
Calibration
machine
a) b)
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Chamets1)
|
i

Computer

<)

Figure 5.3 Example of required components for load cell calibration, a) testing mass, b) calibration
machine and support base of load cell, ancbe)puterand program for load cell calibration

5.3. Procedurefor load cell calibration

During the calibration process, the testing mass was placed on the top surface of
the load cell, and the mass was gradually increased by 5 kg at a time, up to 40 kg. For
every 5 kg, the software recorded the outpuinfritie load cell. After reaching the
maximum, the mass was gradually reduced by 5 kg, and the program recorded the
output. A similar process was performed for all load cells. After that, the output from
increasing and decreasing mass was recorded in the datection excel
spreadshedfig 5.4), and a simple linear regression formula was then calculated.
Therefore, each load cell had a different simple linear regression foronesdimate
new resuls. Figure 5.5shows the graphical user interfa@&Ul) of the program for

load cell calibration, and this program could be used to calibrate all load cells.

Load Cell Calibration I Load Cel Calibration )
Mass | Mams | X Mass ¥: Outpat Scatter plot : Increasing mass Wass | Mass | X Mass ¥- Guptput Scatter plot : Decreasing mass
no ) :

- | (ka) (Ka) no. (Ka) (Kg) (vfv)
0 o [ ~35 8] 5.067] 40,158, 834.23] .
1| 5014 5.014 97.73 ; ; gi? ;3 g;;
2| 5.014 10.028] 203.12 T ke
3| s.013 15.041 307.47 o D .06
45012 20.053] 41187 |5 5
5|_5.013 25.066) 516.25) 3] 5013 15,041
6] 5.011 30.077 620.46] 2| 5.014 10.028| =8
7|_5.014 35.091 724.63 1 5014 5.014] 10004 5 om
8] 5.067, 40.158 830.23 0 0 of 5.62
SUM_| 40.158 o ¥ SUM_| 40.158
Siope (m 20646 w8 o w0 g

Slope (m
-2.709)
Correlation __| 0.9999664205

Formula: y = mx + b Formula: y = mx + b |

Correlation 0.9999986716 |

% 027|kg X -n@'xg
2.61|N ~0.80|N
m 2085 m= 20,87
b -6.56, b= 2.71|
y: 1.00]vjv y= 1.00] v
a) b)

Figure 5.4 Example of data collection sheet used for calculating a simple linear regriessioia, a)
increasing mass condition, and b) decreasing mass condition
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¢ Load Cell Calibration Program — o X

Channel81/0 | Channel 81/1| Channel81/2| Channel 8173 | Channel 1870 | Channel 16/1|

Load Cell Channel: 81/0

Increasing Mass (from 0 Kg to 40 Kg) Decreasing Mass (from 40 Kg to 0 Kg)
0Kg Record | Calculate | Display 735 | viv 40Kg  Record | Calculate | Display || 83423 | viv.

5Kg Record | Caleulate | Display 7B | viv 35Kg  Record | Calculate | Display || 72696 | wiv.
10Kg  Record | Calculate | Display || 20312 | wiv 30Kg Record | Calculate | Display || 62438 | v/v.
15Kg  Record | Calculate | Display || 30747 | wiv 25Kg  Record | Calculate | Display || 52415 | viv.
20Kg  Record | Calculate | Display |[ 411.82 | viv 20Kg  Record | Calculate | Display || 41810 | viv.
25Kg  Record | Calculate | Display 51625 | /v 15Kg  Record | Calculate | Display 31380 | viv.
30Kg  Record | Calculate | Display || 62046 | viv 10Kg  Record | Calculate | Display || 20682 | wiv.
35Kg  Record | Calculate | Display || 72463 | viv 5Kg Record | Calculate | Display |[ 10104 | vv.
40Kg  Record | Calculate | Display 83023 | wv 0Kg Record | Calculate | Display -5.62 viv.
Exit

Figure 5.5 Graphical user interfag&UI) of the program for load cell calibration

The procedure for calibrating a load celtiesscribed further below.

)l

Measured the testing mass with a weighing machine. The testing mass was
approximately 5 kg, and the total number of objects was 8 pieces. The actual
mass was measured with three decimal points. For example, the first object had
5.26 kg. As each object was not precisely the same mass, the object was
measured ankhbelledfrom numbers 1 to 8. Therefore, the testing object had to
be placed on the load cell in the consequence order.

Set up the testing equipment and program: the céblbramachine,
PhidgetBridge, load cell, USBable supportbase for load cell, computer, and
program for load cell calibration.

Set up the load cell and support base at thereeftthe lower part of the
calibration machine (fig 5.3b).

Opened the prografor load cell calibration (fig 5.5).

Recorded the voltage output when no mass was applied (0 kg).

Then, put a &g mass on the load cell and clicked to record the voltage output
on the program.

Put another &g mass and clicked to record the data. Resmbttie data until it
reached 40 kg.

Then, removed a-kg mass and clicked to record the data on the program.
Removed another-bg mass and clicked to record the data. Recorded the data
until it reached 0 kg.
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71 Clicked another GUI page to calibrate anotheisse.

{ Calibrated the sensors until all sensors had been done.

1 Recorded the voltage output in the data collection sheet (fig 5.4). The sheet then
calculated the simple linear regression formula that could be used to predict the

new value when compressing the sensor in the following program.

5.4. Calibration result

This section details the calibration result for one load cell (Serial Number 81 and
Channel 0) to assess the quality of the load cell before using it in the data collection
process with scoliosis patienEgure 5.6llustrates an example of the line ghapf
the calibration result while increasing the load Hygcof mass. The&-axis is the time
(seconds), and theaxis is the voltage ratio (V/V). Five variables are considered in
this graph.

1. A stepchanges the steady magnitude of the voltagéeaftesting mass is
increased.

2. Risetime is the time it takes a signal to change from a low value to a high value.

3. Responst@me is the time it takes a signal from a high value in a rise time to the
new steadistate value.

4. Themeanof the steady staie an average voltage ratio calculated from about 10
seconds of data after reaching the new steady state.

5. Thesteady state's standard deviat{Sib) is a measurement of data spread for

10 seconds after reaching the new stesale s

Mean and SD of new
| steady stage |

850.00

800.00

Voltage ratio
(v/v)

| Step change
" Rise | Response

i | time |  time
0.00 5,06 1000 ' 15.00 2000 25.00
Time (s)

Figure 5.6 Example of the line graph of the calibration result.
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The load cell calibration began with the testing condition of increasing mass
followed by decreasing mass. Conditions 1 to 8 were the conditions while increasing
every 5kg mass, and conditions 9 to 16 were the conditions while decreasing every 5
kg mass.Table 5.1summarizes the calibration result during increasing mass
conditions.

Figure 5.7illustrates the calibration result of the load cell in condition 1, between
0 kg and 5 kg (mass 1 = 5.014 kg). The initial resals-7.35 V/V. After appying a
5-kg mass, the result increas® 97.73 V/V within a rise time of 1.8 seconds and no
response time. As a result, the sensor spent 1.8 seconds before reaching the new steady
state. The new steady state's mean with a standard deviation (SD) wa$0974)
V/V. The voltage ratio increased by approximately 100 units for the application of 50

N. As a result, the system quantification level was about one voltage unit (v/v) equal

to 0.5 N.

Condition 1
150.00

100.00

Voltage ratio
(V/v)
(o)
o
o
o

0.00
0.00 5.00 10.00 15.00 20.00

-50.00 .
Time (s)

Figure 5.7 Calibration result of the load cell in condition 1.

Figure 5.8illustrates the calibration result in condition 2, between 5 kg and 10 kg
(mass 2 =5.014 kg). The initial reswas97.73 V/V. After applying afkg mass, the
result increasto 203.12 V/V within a rise time of 2.80 seconds and a response time
of 0.70 seconds. As a result, the sensor spent 3.50 seconds (A + B) before reaching the
new steady state. The mean with SD of the new steady state was 203.12 (1.26) V/V.
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Condition 2
250.00

200.00

150.00

Voltage ratio
(v/v)
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0.00 5.00 10.00 15.00 20.00

Time (s)

Figure 5.8 Calibration result of the load cell in condition 2

Figure 5.9illustrates the calibration result in condition 3, between 10 kg and 15 kg
(mass 3 = 5.013 kg). The initial resulas203.12 V/V. After aplying a 5kg mass,
the result increasto 307.47 V/V within a rise time of 1.19 seconds and a response
time of 0.61 seconds. As a result, the sensor spent 1.80 seconds (A + B) before reaching
the new steady state. The mean with SD of the new steadywstat807.47 (0.52)

VIV.

Condition 3

350.00
S 300.00
©
CREY
%E 250.00
=)
> 200.00

150.00

0.00 5.00 10.00 15.00 20.00
Time (s)

Figure 5.9 Calibration result of the load cell in condition 3

Figure 5.1Gillustrates the calibration result in condition 4, between 15 kg and 20
kg (mass 4 =5.012 kg). The initial reswkis307.47 V/V. After applying a-kg mass,
the result increaskto 411.82 V/V within a rise time of 1.86 seconds and a response

time of 0.8 seconds. As a result, the sensor spent 2.66 seconds (A + B) before reaching
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the new steady state. The mean with SD of the new steady state was 411.82 (0.51)

VIV.

Condition 4
450.00
il
S 400.00
>
T
S 350.00
>
300.00
0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.10 Calibration result of théoad cell in condition 4.

Figure 5.11illustrates the calibration result in condition 5, between 20 kg and 25
kg (mass 5 =5.013 kg). The initial reswkis411.82 V/V. After applying a-kg mass,
the result increaskto 516.25 V/V within a rise time of 1.86 seconds and a response
time of 2.14 seconds. As a result, the sensor spent 4.00 seconds (A + B) before reaching
the new steady state. The mean with SD of the new steady state was 516.25 (0.38)

VIV.
Condition 5
550.00
S
© 500.00
CREY
g
S 450.00
>
400.00
0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.11 Calibration result of the load cell in condition 5.

Figure 5.12 illustrates the calibration result in condition 6, between 25 kg and 30
kg (mass 6 =5.011 kg). The initial reswks516.25 V/V. Afte applying a kg mass,
the result increaskto 620.46 V/V within a rise time of 1.85 seconds and a response
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time of 2.15 seconds. As a result, the sensor spent 4.00 seconds (A + B) before reaching
the new steady state. The mean with SD of the new sté¢amtyvgas 620.46 (0.22)

VIV.
Condition 6
650.00
e
S 600.00
CREY
g
S 550.00
>
500.00
0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.12 Calibration result of the load cell in condition 6.

Figure 5.13 illustrates the calibration result in condition 7, between 30 kg and 35
kg (mass 7 = 5.014 kgThe initial resulivas620.46 V/V. After applying a-kg mass,
the result increasto 724.63 V/V within a rise time of 1.58 seconds and a response
time of 2.75 seconds. As a result, the sensor spent 4.33 seconds (A + B) before reaching
the new steadytate. The mean with SD of the steady state was 724.63 (0.66) V/V.

Condition 7

750.00
e
S 700.00
TR
TS
S 650.00
>

600.00

0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.13 Calibration result of the load cell in condition 7

Figure 5.14 illustrates the calibration result in condition 8, between 35 kg and 40
kg (mass 8 =5.067 kg). The initial reswkis724.63 V/V. After applying a-kg mass,
the result increaskto 830.23 V/V within a rise time of 1.64 seconds and a response
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time of 4.00 seconds. As a result, the sensor spent 5.64 seconds (A + B) before reaching
a steady state. The mean with SD of the steady state was 830.23 (1.69) V/V.

Condition 8

850.00
e
S 800.00
=
g
S 750.00
>

700.00

0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.14 Calibration result of théoad cell in condition 8

Table 5.1 Calibration result of the load cell in conditions 1 to 8 (Increasiags condition)

N Applied | Applied Steady state (V/V) Rise time Rgsponse (A) + (B)
Condition Mass Force A) time (B)
(kg) (N) Mean SD ) s) (s)
No mass 0.00 0.00 -7.35 0.05 n/a n/a n/a
Condition 1 5.014 49.19 97.73 0.14 1.80 0.00 1.80
Condition 2 10.028 98.37 203.12 1.26 2.80 0.70 3.50
Condition 3 15.041 147.55 307.47 0.52 1.19 0.61 1.80
Condition 4 20.053 196.72 411.82 0.51 1.86 0.80 2.66
Condition 5 25.066 245.90 516.25 0.38 1.86 2.14 4.00
Condition 6 30.077 295.06 620.46 0.22 1.85 2.15 4.00
Condition 7 35.091 344.24 724.63 0.66 1.58 2.75 4.33
Condition 8 40.158 393.95 830.23 1.69 1.64 4.00 5.64

Note: v/v = voltage ratio, (A) = Rise time, (B) = Response time, s = second, kg = Kildgrahewton,
SD = Standard Deviatiom/a = not applicablé=orce = mass g, where g .81 m/4.

The load cell calibration continued to be performed in the decreasing mass
condition. Conditions 9 to 16 were the calibrating conditions while decreasing every
5-kg massTable 5.2also summarizes the calibration results of these conditions.

In condition 9 figure 5.15illustrates the calibration result of load cell when the
mass changed from 40 kg to 35 kg. The initial resak834.23 V/V. After decreasing
a 5kg mass, the result decredse 726.96 V/V within a rise time of 0.66 seconds and

a response time of 2.67 seconds. As a result, the sensor spent 3.33 seconds (A + B)
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before reaching the new steady state. The mean with SD of the steady state was 726.96

(2.50) V/V.
Condition 9
850.00
o
T 800.00
o>
g3
ke 750.00
>
700.00
0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.15 Calibration result of the load cell in condition 9

In condition 10, figure 5.1Blustrates the calibration result when the mass changed
from 35 kg to 30 kg. The initial resuwitas726.96 V/V. After decreasing aks mass,
the result decreadeo 62548 V/V within a rise time of 0.46 seconds and a response
time of 3.75 seconds. As a result, the sensor spent 4.21 seconds (A + B) before reaching
the new steady state. The mean with SD of the new steady state was 625.48 (0.65)

VIV.
Condition 10
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o
T 700.00
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Figure 5.16 Calibration result of the load cell in condition 10

In condition 11, figure 5.17 illustrates the calibration result when the mass changed
from 30 kg to 25 kg. The initial reswitas624.38 V/V. Ater decreasing akg mass,
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the result decreadeo 524.11 V/V within a rise time of 0.54 seconds and a response
time of 2.31 seconds. As a result, the sensor spent 2.85 seconds (A + B) before reaching
the new steady state. The mean with SD of the steaathywas 524.11 (0.65) V/V.

Condition 11

650.00
S
T 600.00
o=
TS
S 550.00
>

500.00

0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.17 Calibration result of the load cell in condition 11

In condition 12, figure 5.18 illustrates the calibration result when the mass changed
from 25 kg to 20 kgThe initial resulivas524.15 V/V. After decreasing akg mass,
the result decreadeo 417.59 V/V within a rise time of 0.95 seconds and a response
time of 0.30 seconds. As a result, the sensor spent 1.25 seconds (A + B) before reaching
the new steadsgtate. The mean with SD of the steady state was 417.59 (0.46) V/V.

Condition 12
550.00
i)
S  500.00
CRES
:3S
S 450.00
>
400.00
0.00 5.00 10.00 15.00 20.00 25.00
Time (s)

Figure 5.18 Calibration result of the load cell in condition 12.

In condition 13, figure 5.19 illustrates the calibration reshiémwthe mass changed
from 20 kg to 15 kg. The initial reswitas418.10 V/V. After decreasing akg mass,
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the result decreadeo 314.21 V/V within a rise time of 0.50 seconds and a response
time of 1.50 seconds. As a result, the sensor spent 2.00 s¢aonB3 before reaching
the new steady state. The mean with SD of the new steady state was 314.21 (0.56)

VIV.
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Figure 5.19 Calibration result of the load cell in condition 13.

In condition 14, figure 5.20 illustrates the calibration result when the mass changed
from 15 kg to 10 kg. The initial resutas313.80 V/V. After decreasing akg mass,
the result decreadeao 206.95 V/V within a rise time of 0.60 seconds and paese
time of 0.20 seconds. As a result, the sensor spent 0.80 seconds (A + B) before reaching
the new steady state. The mean with SD of the new steady state was 206.95 (0.53)

VIV.
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Figure 5.20 Calibratian result of the load cell in condition 14.
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In condition 15, figure 5.21 illustrates the calibration result when the mass changed
from 10 kg to 5 kg. The initial resultas206.82 V/V. After decreasing akg mass,
the result decread¢o 101.11 V/V within a rise time of 1.16 seconds and a response
time of 0.34 seconds. As a result, the sensor spent 1.5 seconds (A + B) before reaching
the new steady state. The mean with SD of the steady state was 101.11 (0.07) V/V.

Condition 15
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© 180.00
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Figure 5.21 Calibration result of the load cell in condition 15.

The last condition (Condition 16), figure 5.22 illustrates the calibration result when
the mass changed from 5 kg to zero. The initial resas 101.04 V/V. After
decreasing a-kg mass, the result decredge -5.62 V/V within a rise time of 0.86
seconds and a response time of 0.50 seconds. As a result, the sensor spent 1.36 seconds

(A + B) before reaching the new steady state. The mean with SD oéthstaady

state was5.62 (0.03) V/V.

Condition 16
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100.00

Voltage ratio
(V/v)
a1
o
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0.00
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-50.00 _
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Figure 5.22 Calibration result of the load cell in condition 16.
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Table 5.2 Calibration result of the load cell in conditions 9 to 16 (Decreasiags condition

Applied Applied | steady state (v/v) Rise time | Response A) + (B)
Condition Mass Force (A) time (B) ()
(ko) (N) Mean | SD (s) (s)
Condition 9 35.091 344.24 726.96 2.50 0.66 2.67 3.33
Condition 10 30.077 295.06 625.48 0.65 0.46 3.75 4.21
Condition 11 25.066 245.90 524.11 0.65 0.54 2.31 2.85
Condition 12 20.053 196.72 417.59| 0.46 0.95 0.30 1.25
Condition 13 15.041 147.55 314.21| 0.56 0.50 1.50 2.00
Condition 14 10.028 98.37 206.95 0.53 0.60 0.20 0.80
Condition 15 5.014 49.19 101.11 0.07 1.16 0.34 1.50
Condition 16 0.00 0.00 -5.62 0.03 0.86 0.50 1.36

Note: v/v = voltage ratio, (A) = Rise time, (B) = Response time, s = second, kg = Kilogram, N = Newton,
SD = Standard Deviation, n/a = not applicable, For¢mas$ x (g), where g = 9.81 mds

Table 5.1 reports the calibration result in conditi@rte 8, or increasing the mass
from 0 kg to 40 kg on the load cell. Furthermore, table 5.2 reports the calibration result
in conditions 9 to 16, or decreasing the mass from 40 kg to O kg. Regarding the
increasing mass condition, the mean and SD of thdinse (A), the response time
(B), and (A) + (B) were 1.82 (0.46), 1.64 (1.34), and 3.47 (1.32) seconds, respectively.
Furthermore, in the decreasing mass condition, the mean and SD of the rise time (A),
the response time (B), and (A) + (B) were 0.72 (Q.2%5 (1.34), and 2.16 (1.18)
seconds, respectively. As a result, both groups' rise and response times were quite
similar. The rise and response time were slightly longer in the heavier accumulated
mass than in the lighter accumulated mass. Howeverp#uedell generally spent a
short time of between 2 to 3 seconds to reach the new steady state while measuring the
mass changén conclusion, the sensor is fast enough to give the output after applying
load and is suitable for clinical use, provided dataat collected within the first 3
seconds of applying the forces. In addition, the data shows the signal from the
transducer to be drifree and sufficiently noiseless for accurate forces to be measured.

Figure 5.23 shows the load cell's responsemthe mass increases (Condition 1 to
8) anddecreases (Condition 9 to 16). Table 5.3 also compares the difference in voltage
change at each testing poifithe result showed that the voltage value between
increasing and decreasing conditions at each testing point was quite similar. For
example, the mean output of increasing and decreasing at the testing point of 5.014 kg

was 97.73 v/v and 101.11 v/v, and tliference of mean output or (BJC) was 3.38
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v/v or approximately 2 N. The average and SD of the mean difference between rising
and falling data was 4.52 (2.02) v/v (approximately 2 N) with a maximum of 7.86 v/v
(4 N) and a minimum of 1.73 v/v (1 N). &hresult showed that the mean output of
each testing point of decreasing mass (D) was slightly higher than the point of
increasing mass (C). However, this different value was only a couple of Newtons on
average which would not affect the significance & thsults obtained during the

clinical experiments.

Condition 1 to 16
900
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_1000.00 50.00 100.00 150.00 200.00
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Figure 5.23 Calibration result of load cell when the mass increased and dechezteesn 0 kg and

40 kg.

Table 5.3 Comparisorof the difference in voltage change at each testing jpeitwteen increasing and
decreasing mass conditions.

Increasing masgv/v) Decreasing mas&//V) Diﬁbﬁi '\ﬁ‘:an
Applied Force| \ean Ouput sb Mean Output sD D pC)
©) (D) (VIv)

No force -7.35 0.05 -5.62 0.03 1.73
AL49.19 N 97.73 0.14 101.11 0.07 3.38
At 98.37 N 203.12 1.26 206.95 0.53 3.83
At 14755 N 307.47 0.52 314.21 0.56 6.74
At 196.72 N 411.82 0.51 417.59 0.46 5.77
At 245.90 N 516.25 0.38 524.11 0.65 7.86
At 295.06 N 620.46 0.22 625.48 0.65 5.02
At 344.24 N 724.63 0.66 726.96 2.5 2.33
At 393.95 N 830.23 1.69 834.23 n/a 4.00

Note: kg = Kilogram, v/v = Voltage ratio, SD = Standard deviathds, newton,n/a = not applicable
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5.5.Simple linear regression for load cell calibration

The calibration data from increasing and decreasing the mass were used to
calculate the relationship between applied force and measured output which could then
be reversed and used in the cliniedting program.

Simple linear regression is a common statistic used to predict the relationship
between the independent inputValue) and the dependent outputvgiue). Once
established, and provided there is little hysteresis, it can be reverssd® convert
the dependent variable (y value or measured output) to predict the independent variable
(x value or applied force). In this study, the independent variabldosees and the
dependent variable was voltage change (v/v)The formula for asimple linear

regression is described Hguation 5.1
W a0 (5.1.)

where:

1 vyisthe predicted value of the dependent variable or voltage ratio (v/v)
1 bis Y-intercept or the predicted value of y when the x is O

1 mis the regression coefficient or slop
1

x is the independent variable or fordéewton)

In the increasing force condition, the slope (m) was 2.13, timgeYcept (b) was
6.56, as shown ithe equation belowlherefore, 1 v/iv was aboQ0t47 N. The graph
(fig. 5.24) shows in a straight line, a positive direction, and no deviation of data.
Moreover, the correlation efficiency was close tqrdvalue = 0.999999pr an

excellent relationship bweenforceand voltage output.

W PO Y

In decreasing mass condition, the slope (m) wa8, % -intercept (b) wa$2.71,
and correlation efficiency was 999966 as shown in the equation below. Therefore,

1 v/v was about 0.47 N. The gragig. 5.24) also shows similar to the previous
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condition, in a straight line, a positive direction, and no deviation of data. Moreover,
the correlation efficiency was close to (ftvalue =0.999966, or an excellent

relationship betweeforceand voltage otput.

W PO P

Finally, Figure 5.2 illustrates the scatter plot of increasing and decredsing
conditions at each testing point. The result showed that the value of each testing point
was similar in magnitude and direction. As can b& $e®m the graph, there is no lag
or deviation between both outputs or no hysteresis dffgeteen increasing and

decreasing théorceson this load cell.

Scatter plot : Increasing and decreasing the applied force
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Figure 5.24 The scatter plot betweepplied faceand voltage ratio during increasing and decreasing
force conditions.

Then, theapplied forceand voltage output from both conditions were combined
and used to calculate the final formula of the simple linear regression. After
calculation, the slope (m) wa®.13 Y-intercept (b) was4.63, and correlation
efficiency was0.999%, as shown in the eqtion below. Finally, another five load
cells were calibrated, and the simple linear regression formula was then calculated

following the previous description.

W Po THo
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5.6. Rootmeansquare error in load cell calibration

The Rootmeansquare error (RMSE) is a common statistic &malysingthe
errors. The residuals measure how far the data point is from the regression line, and an
RMSE measures how spread out these residual&Eaweation 5.Zhows the formula
of RMSE, whee

. is variable or voltage ratio (v/v).

1 nis the number of nemissing data points.

I« is the actual observation value or the voltage ratio result getting from the

load cell at all testing points.
I« is an estimated value or the voltage ratio resalltulated from the simple

linear regression formula.

YO YO — 5.2.

The result showed that the RMSE for tiegressiorwas 2.72 (v/v). Referring to
the previous calculation, 1 v/v was approximately 0.47 N. Therefore, the RMSE
this load celwas 1.28 N.

5.7. Simple linear regression results and errors for another five load cells

Another five load cells wereatibrated using a similar method described above.
Figure 5.25 illustrates the scatter plot between the applied force and voltage ratio for
all load cells used in this developmeniable 5.4 reports the simple linear regression
resultsandthe erros of voltage ratio and force for another five sensors. The result
showed that the slope (m) was similar on all load cells, ranging from 1.966 to 2.203.
The Y-intercept results varied between load cells, ranging #988.11 to 68.33.
However, the trendline in theeatter plot went in a similar direction. For the RMSE of
voltage ratio, the error ranged from 1.05 v/v to 1.74 vlv, similar to load cell 81_0. One
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voltage ratio ranged from 0.45 N to 0.51 N, and the error of force ranged from 0.50 N
to 0.89 N.

In conclusion, the results showed that the error was considered small and would
not affect the clinical experiment outcomes. Individual load cell calibration is
essential. Even though the error was small and would not affect clinical use, the Y
intercept of edt load cell varied and could affect the result if we did not perform the
individual load cell calibration.

Scatter plot : Applied force VS
Voltage ratio of 6 load cells
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Figure 5.25 The scatter plot between applied force and voltage fatisix load cells

Table 5.4 Simple linear regression results @RMSE of voltage antbrcefor another 5 load cells.

Serial Number and Slope Y- RMSE of 1 v/v unit Error of Force
Channel of Load cell intercept| Voltage(v/v) (N) (N)
811 2.047| 31.267 1.29 0.49 0.63
812 1.966| 68.330 1.74 0.51 0.89
813 2.067| -27.197 1.21 0.48 0.59
18 0 2.203| 100.734 1.20 0.45 0.54
181 2.114| -108.105 1.05 0.47 0.50

Note.N = Newtons, v/v = voltage ratio.
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5.8. Development and procedure ofa forcemeasuring system in clinical

experiments

The previous section detailed a method to calibrate the load cells and assess the
error. As a result, the errors of a few Newtons were relatively small, and the load cell
was considered acceptabior clinical use. Subsequently a program was written to
measure the magnitude of the axial forces between the manipulator and skin used to
correct a scoliosis deformity. This program was again written by the author in Python
using VisualStudio 2017 anthe Microsoft Windows operating system (Windows 10)
and ran on the testing computer. The program is provided in the electppeicdices
of this thesigAppendix 3)

The reversed simple linear regression formula from each load cell was added to the
program to calculate the magnitude of the force for each individual sensor based on
their individual calibration equations. The calibrated load cells were attached to the
ends of manipulators and used to measure force in various areas of the scoliqgtic trun
including the left and right gluteus medius, the left and right axilla, the left and right
corrective, and the abdominal areadowever, the number of these seven manipulators
used varied from case to case depending on the individual patient's corkiueto
six forces were commonly applied during the casting of scoliosis patients.

The program could record and display the results from all 7 transducers on the
computer screen during the clinical experiments. Figuré iBuatrates the graphical

user interfacéGUI) of the forcemeasuring program.

Force Measuring Program

Left Axillary Force
Recordl Calculatel Display| -376 |N.

Figure 5.26 The graphical user interfa¢&Ul) of the forcemeasuring program
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The procedure for measuring the force in the clinical experimelesisribed below.

)l

The patient was first asked to stand in the middle of the scoliosis casting
apparatus and then perched on the edge of the sitting bar. Then, the practitioner
adjusted the manipulators until reaching the optimal alignment of scoliosis
defomity (fig 5.27). The method of apparatus adjustment is referred to in
Chapter 4.

The practitioner opened the program catleel fiForce Measuing
Programo (fig 5.26).

The practitioner clicked th#Rkecord" button to record the voltage output, and
the progran then converted it to Newton.

After that, the practitioner clicked tli€alculate” button to average the result
from the previous click.

Then, the practitioner clicked tHBisplay" button to display the result on the
computer screen.

This software atbws the practitioner to record the result from an individual load
cell or only one click to record all values simultaneously by clickind'Atle
Record" button.

The result was then saved as a CSV file format in theiv@. Alternatively, the
practitione clicked the "Screenshot" to capture the screen, rename the file, and
save it in the desired folder.

Finally, the practitioner clicked tH&Xxit" button to stop and exit the program.

Figure 5.27 The soliosis casting apparatus applies multiple forces to correct the scoliosis deformity,

and the program is measuring the magnitude of the force at each area.
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5.9. Conclusion

This chapter detailed how the foroeeasuring system was developed, and the load
cells were selected to measure the force magnitude. As a load cell result was a voltage
ratio, not the Newton, a load cell calibration had to be done before use imita c
experiment. The calibrated program was developéhe result of one load cell
calibration (serial number 81 _0) showed that the load cell could measure the axial
force applied to the object. The force difference between increasing and decreasing
conditions was approximately 2 Newtofwith a maximum of 4 Newtonsifter a
delay of 3 seconds with the noise of the order of approximately 1 Newton.

The result from another five load cells showed that all load cells had a similar
relationship betweeapplied force and voltage ratio, the trendline onstegterplot
went in the same direction, the slope (m) was approximately 2, one voltage change
was approximately 0.5 Newton with the noise of approximately 1 Newton, similar to
sensor 81_0. Even thougte error was small and would not affect clinical use, the Y
intercept of each load cell varied and could affect the result if we did not perform the
individual load cell calibration.

Another program, a foremeasuring program, was developed foe tlinical
experiment. The reversed simple linear regression formula from each load cell was
added to the program to calculate the magnitude of the force for each sensor based on
their calibration equations. Now, the fomreasuring system has been conwgllet
developed and is ready for the clinical experiment. However, we still need to know the
force's orientation used to correct the spinal deformity in 3 dimensions, which was

obtained from a lowcostpostural measuremesystem developed in the next chapte
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6. Chapter 6 Development of A LowCost Postural
Measurement System: Using 2 and Raspberry Pis and

Cameras to Estimate Marker Positions
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6.1. Introduction

An X-ray of the whole spine of a person with scoliosis has been used as a standard
to measure the severity of spinal deform(i§otwicki, 2008, and this Xray image
repeatedly taken from the patient during the whole treatment process. As described in
Chapter 3, the use of planarrys like this has significantly impacted the historical
approach to diagnosing and treating scoliosis. PlarmaryXillustrated and defined the
characteristics of scoliosis. Due to their widespread use in medicine, sigHuve
also embraced them in orthotic treatment. HoweverayXexposure throughout the
treatment and follovup period may result in health complications in the future.
Furthermore, since scoliosis is essentially a tdieeensional deformity, a three
dimensional force system must be applied during orthotic treatment in an effort to
control and correct the deformity. However, planarray image outcome
measurement is limited to describing a tdimmensional deformity, which is not a
sufficient representain of the outcome of scoliotic treatment.

Motion capture systems have been widely used to stwdign8nsional upper and
lower limb movements but are rarely used in spinal evaluation, including in scoliosis
research and practice. Chapter 3 previously discussed the limited use of motiaa captur
technology in scoliosis. A previous study of 3D orthotic treatmestoliosis(Jang,
2018)used a higkcost motion capture system to quantify the spinal parameters of
scoliotic patients during the assessment process and to evaluate the spinal deformity
in 3 dimensions in redlme. Interestingly, no lovcost motion capture sism is
currently available for quantifying spinal parameters in scoliosis applications.
Although theRaspberry Phas been widely used in computer vision applications, a
low-cost motion capture system has yet to be developed to estimate the marker location
and use multipl®aspberry B and cameras in human motion capture.

It is necessary to develop a lawst motion capture systeon a lowcost postural
measurement systethat can measure spinal parameters in scoliosis applications in
order to close the research gaps. The new system should be affordable for clinicians
and suitable for scoliosis application. The new system should also provideneal
biomechanical feedbacko evaluate the immediate change in the outcome.
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Additionally, the developed system's error should fall within the acceptable range in
clinical practice, and its accuracy should be verified against thecbhgfisystem.

Assessment, casting, andifig evaluations mainly depend on decisioaking by
clinicians based on their experience, which is a subjective evaluation and not a
guantitative evaluation method. In order to assess the change in spinal parameters
while applying forces to realign thefdemity, the developed system should be able to
quantify spinal parameters during the assessment, optimal correction, and casting
processes.

This chapter describes the development of a-dost postural measurement
system using a simple calculatioechnique (the right triangle similarity theorem
andtrigonometry)to calculate a marker position in-démensional space. This
development use#l and then3 Raspberry R and associated cameras to calculate
marker positions and assess the error. This chbptgns with the details of the image
processing technique to calculate the ee=atra marker on an image and the method
to calculate a marker's position irdBnensional space. The subsequent section will
detail the method to assess the system's agcur@experiments. Experiment 1 used
2 Raspberry R and cameras to calculate marker positions. The cameras were attached
along a wooden bar, facing toward the markers with the cameras parallel to each other
and the wooden bar attached to a tripod. Expent 2 also use? Raspberry B and
cameras and the experiment setup was similar to experiment 1. However, the cameras
were horizontally tilted 45toward each other while remaining vertically aligned.
Experiment 3 use@ Raspberry B and cameras attacht the camera frame. Three
cameras were attached along the same metal bar. The left and right cameras were
horizontally tilted 48 to each other, while the middle camera was parallel to the metal

bar.

6.2. Components of a lowcostpostural measurementsygem
The lowcost postural measuremerstystem was composed of hardware and

software. The hardware components consisteRBaspberry B and cameras, and a

computer. ARaspberry Pis a small computer developed in the United Kingdom by
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theRaspberry PFoundatior(RaspberryPi, 2023) It can plug into a computer monitor,
keyboard, mouse, electronic board, d&aspberry Pcamera. It is a capable little
device that enables the user to write computer programming, connect to the internet
and Bluetooth, play a game, and record video cupgs from &aspberry Pcamera.
Raspberry Pihas been used in many applications, such as robotics and weather
monitoring, but not in human motion analyéiefer to Chapter 3)There are many
generations oRaspberry Pavailable in the market. HowevdRaspberry P8 Model

B+ was selected to use in this development (fig 6.1). This generation had a 1.4 GHz
64-bit quadcore processor, dudland wireless LAN, Bluetooth 4.2/BLE, faster
Ethernet, and PowaverEthernet support (with separate POE HAT). Tloaver
supply of thisRaspberry Pwas a 5V/2.5A DC micro USBRaspberryPi, 2023)

Figure 6.1 Raspberry P8 Model B+(RaspbernpPi, 2023)

The Raspberry Picompany also has a number of camera products. We used
Raspberry PCamera Module 2 NoIR, the infrared camera, in this development. It has
a Sony IMX219 8megapixel sensor. It can take hidéfinition video and still
photographslts camera function is similar to the standard camera but does not employ
an infrared filter. This camera allows the user to see the object and take an image in a
dark environment with infrared lighting. Raspberry Ptamera was connected to each

Raspbey Pivia a 15cm ribbon cabldfig. 6.2).
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Figure 6.2 Raspberry PCamera Module 2 NolRRaspberrnypPi, 2023)

TheRaspberry Phas numerous benefits in developing a-lovgt neasuring tool.

It is a small computer that caperform data processing tasks like computer
programming, load cell calculations, and image processing. The processed data from
theRaspberry Ptan be sent to the computer for further calculations, such askam
calculation from multipldRaspberry F. This technique can speed up the information
processing process and improve computer performance. AdditionallyReapberry

Pi has its own IP address, so tRaspberry Pand computer can interact wirelessly

and independently.

A program to calculate the ceetof a marker on an image was written by the
author in the Python computer language using the Python 3 (IDLE) program and the
Rasberian operating system on tRaspberry Pisee appendix for full pgram
Appendix 4. An image was taken by the camera and then the program calculated the
x and y values of a marker in thmage. Those values were then manually recorded
in an excel spreadsheet on the computer and excel used the data from 2 or more
cameas to calculate the location irdimensional space of the marker.

6.3. Image processing technique to calculate the centre of a marker on an image
The previous section detailed the specifications ofRhepberry Pand camera

selected for this development and introduced a method of marker calculation. This

section further describes a method to calculate a marker position Bagpberry Pi
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using the image processing technique. This technique's result was thesrakiee
on an image (x and y values from each camera).
To begin this process, the author ran the program oRakpberry Pio open the

camera. Then, the video (or image) was displayed on the monitor (fig 6.3).

Figure 6.3 The original image after opening tRaspberry Pcamera.

The images were converted from a colour image to a grayscale image (fig. 6.4)
using theficv2.cvtColorfunction. This is a method to change RGB (Rgeenblue)
image, which contains 24 bits to be a shading of a black and whgeyowhich

contains only 8 bits.

Figure 6.4 The grayscale image after applying cv2.cvtColor function.

Thresholding ishie simplest image segmentation method for separating the object
of interest from the environment. In this program, a specific thresholding value was

manually set and could be adjusted. This number ranged from 0 to 255. The image
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with zero intensity value as pure black, and thgs5intensity value was entirely
white. Thegrayscale images were thresholded using the "cv2.threshold function” (fig

6.5) to give a blaclandwhite image.

Figure 6.5 The threshaled image after applying cv2.threshold function.

After that, the region of interest or marker area on the thresholded image was
extracted using thiacv2.bitwise _andunctiono. This function is a method to find the
corresponding pixel from 2 imageBhe first image was the thresholded image, and
the other was a maskframe image. A maskframe image was a pure black image. Then,
the contour of the marker area was found and drawn using

theficv2.findContoursandcv2.drawContourfunction® (fig 6.6), respetively.

Figure 6.6 The image after applying cv2.bitwise_and, cv2.findContours and cv2.drawContours
functions, respectively.
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Next, the program calculated the height and width of a detected area, calculated
the centre of that area, and reported the x and y values on the monitor (fig 6.7). Finally,
these x and y values were manually recorded in the excel spreadsheetoonghtec
A marker position in dlimensional space was then calculated. The method for doing
this varied between camera setups in the three experiments andthuelsare given

in each experimental section.

PP C\Users\hp\Anaco.., - O X
161 25

Figure 6.7 The result of the centre of the marker in x and y values

6.4.Experiment 1: A low-cost postural measurementsystem using 2Raspberry

Pis with parallel cameras

The previous section described the method to calculate a marker's x anés/ val
on an image taken byRaspberry Ptamera. This section further describes the method
used to calculate a marker position wdighensional space based on the right triangle
similarity theorem anttigonometry.

This development began with a sim@xperimental setting @Raspberry B and
cameras. Experiment 1 initially set both cameras parallel to each other. Figure 6.8
illustrates the components used in Experiment 1.

1 A tripod, wooden bar, flatboardndwhite flat markers

1 Two Raspberry R andcameras, monitors, keyboards, mouses, HDMI cable,

and computer
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1 Precalculated excel spreadsheet

Markers on
flatboard

Wooden bar

A Two raspberry
s pis and cameras

Tripod

Figure 6.8 Example of required components for Experiment 1.

6.4.1. Experimental setting for Experiment 1

Twentyfive markers were used in this experiment and were attached to the
flatboard (fig 6.9). Each circular, flat, white marker had a diameter of 10 mm. To
achieve a high contrast of colour with a white marker, the background was reversed
by usingblack paper. The distance between markers was 100 mm on both the left and
right, as well as the upper and lower positions. The order of markers is illustrated in
Figure 6.9. There were five rows and five columns. The first marker was in the upper
left correr, and the last marker was in the lower right corner. Furthermore, the middle

marker was located at the 13th marker.

Figure 6.9 Twenty-five markers on the flatboard used in Experiment 1.
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Figure 610 illustrates the component setting for Experiment 1. Raspberry R
and cameras were attached along a wooden bar, and the distance between both cameras
was 200 mm. Both cameras were set parallel and facing forward to the markers. The
wooden bar wasxed to the tripod. The flatboard had to be perpendicular to the floor

to maintain the same depth between markers.

a) b)
Figure 6.10 The component setting for Experimenta] from the side view, ang) from the top view.

The position of the flatboard with markers attached was changed into five different
depths. The distance between the cameras and the flatboard was measured in depth.
Depth one was 565 mm between the cameras and the flatbeatt, two was 665
mm, depth three was 765 mm, depth four was 865 mm, and depth five was 965 mm.
Therefore, 125 points were calculated in this experiment. Additionally, we considered
thedistancebetween markers and cameeasthe zvalue. The 125 points pduced a
capture volume in 3D which was 46tm by 400mm by 400mm.

This experiment used a simple calculation technique (the right triangle similarity
theorem andrigonometry)to calculate a marker position inrddmensional space.
Several values hat be calculated and estimated before calculation. The values are
as follows.

1 The centre of the image in x and y axeg é8d G). In this experiment, we

assumed that ,C= 320 and ¢ = 240 The camera image was 640 by 480
pixels).

1 Focal length (f). The flowing section will explain how to calculate this value.
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1 Camera orientation. In this experiment, we assumeddegeees of rotation
for all 3 axes.

1 Distance between cameras. In this experiment, the distance between both
cameras was 200 mm.

i Distance beteen camera and marker 13.

6.4.2. Focal length (f) calculation for Experiment 1

The previous section described the Experiment 1 component setup, marker
locations, and relevant value estimation. On the other hand, the focal length calculation
was nad explained in the previous section. Therefore, this section explains how to
calculate the focal length (f) for Experiment 1.

Figure 6.11 shows the geometry of the right triangle similarity between the camera
plane, the image plane, the locationtbé marker 13, the distance between the
cameras, and the distance between the cameras and marker 13. Furthermore, Equation

6.1 is a formula for the right triangle similarity to calculate the focal length (f).

Marker 13

Image plane

f

Camera plane

X-axis

Figure 6.11 Geometry of right triangle similarity to calculate the focal length (f) for Experiment 1 in
the top view

(@]
e
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(6.1)
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To be more specific, Figure 6.12 shows the geometry for a larger triangle, and
Equation 6.2 shows how to find (tar) for that triangle. (b) is the distance between
camera 1 and marker 13 on thexs and (b) = (X), and (2) is the distance between
marker 13 and the camera plane on tais.

Marker 13

o1

Z

Image plane

Z-axis 81

90° - @,
Camera plane
b pil
X-axis

Figure 6.12 Geometry for a larger triangle for calculating a focal length (f) in Experiment 1.
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o
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(6.2)

Figure 6.13 shows the geomefior a smaller triangle, and Equation 6.3 shows
how to find tan— for that triangle. (¥ is the distance or pixels between the middle of
the image in the -axis (G) to marker 13 displayed on the image placg . In
Experiment 1, we assumed the)€quals 320, and f is the distance between the image
plane and the camera plane or the focal length.

Marker 13

L1

X

Image plane

Z-axis o] f

90° - 0;
Camera plane
b pil
X-axis

Figure 6.13 The geometry for a smaller triandte calculating a focal length (f) in Experiment 1.
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o ) 0 OCT®
0 W& - = = (6.3)

Because Equation 6.2 equals Equation 6.3, Equation 6.4 shows the final formula
for calculating the focal length (f) in Experiment 1. We ug&bhspberry Ptameras
in this experiment, and we assumed the component settings of both cameras would be
similar. Rather than calculating the focal length for each camera, we calculateg the (x
from the average of cameras 1 and 2 and used this value in Equatiomélly, F

Experiment 1's focal length (f) was 483.81.

® OCT®
() "Q
o O (6.4)

4AEAOAAEI OA Q -

6.4.3. A marker position calculation for Experiment 1

The previous section described a methodt&dculating a marker's x and y values
within an image, as well as estimating and calculating all relevant values for further
calculation. This section explains how to calculate a marker positicdiménsional
space for Experiment 1. For the thaienensonal space globalxes,the X axis was
to the side, the Y axis wasrtical,and the Z axis was forwards.

Equation 6.5 implements t he fASifeore rul e
the geometry in Experiment 1 (refer to fig 6.11), whereig¢abhe distance between
Raspberry Pcameras 1 and 2,)lis the distance between camera 1 and marker 13,

(I2) is the distance between camera 2 and marker 13;-a00c (‘) are the horizontal
angle of the marker displayed on the image plane #mwaythe centre of image in x

axis.

i 0 — [ ni— [ bni— (65)
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Then, we caild) cahatbfals echeon dEquipt amd 6d3.
were entered into Equation 6.5 to calculateghd (b).

Equation 6.6 illustrates how to calculate the component of the marker position
along the xaxis using either the distance from camera 1 to the marker and the angle
d(X)) or the distance from c axt™)rTageRthet o t he
best (X) estimation, we averaged the)(Xnd (>¢) for the final result of (X) (Equation
6.7).

®w ai R N o ai Qe (6.6)
o — (6.7)

Equation 6.8 illustrates how to calculate a marker position on -dpdsz the
distance from the camera to the marker on thgig. (4) is the result from camera 1,
and (2) is the result of camera 2 (Equation 6.8). To get the best (Z) estimagon,
again averaged the {Zand (2) for the final result of (Z) (Equation 6.9).

O AQE4+— NGO awéE+ (6.8)
N — (6.9)

Figure 6.14 shows the geometry of the right triangle similarity in the side view,
and Equation 6.10 illustrates how to calculate a marker position oratkie.\(y1) and
(y2) are the distance or pixels between the middle of the image oratkie {Cy) to
the marker displayed on the image plane of cameras 1 and 2. (Y) is the distance (or
height) from the camera to the marker on thexig. (Y1) is the result from camera 1,
and (Y2) is the result of camera 2 (Equation 6.10). To get the best (Y) éstimae
again averaged the ()¥and (Y,) for the final result of (Y) (Equation 6.11).
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Z-axis
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Figure 6.14 Geometry of right triangle similarity for Experiment 1 in the side view
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All 125 testing points were then calculated based on the calculation technique
mentioned above. In the next step, we evaluate the experiment's accuracy by

comparing it to the reference values.
6.4.4. The error calculation for Experiment 1

The previous section described a method for calculating a marker position in three
dimensions. The error must be evaluated in the following step to assess this
experiment's accuracy.

The Rootmeansquare error (RMSE) is a common statistic émalysingthe
errors.Equation 6.1Zhows the formula of RMSE, where

1 nisthe number of markers.

I« isthe marker positions calculated by the system.

I «.is the reference marker positions.
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YOO 6.12.

We divided the reference marker positions @troups. In Reference 1, we used
only one marker, marker 13 at depth 3 (765 mm), as a starting point because it was in
the middle volume of this experiment. Then, in X,and Z, we added 100 mm to
calculate other reference points. In Reference 2, instead of using only one marker as a
starting point, we used marker 13 at each depth to become the starting point of each
depth. Then, we added 100 mm in X and Y to calculater etference points.

Figure 6.15 illustrates the use of the red colour to represent the error range. White
colour means an error between 0 and 5 mm; light red is more than 5mm but less than
10 mm; typical red is more than 10 mm but less than 20 mm; and dark red it amore t
20 mm, respectively. Then, this colour range is used to represent the error of each

marker in the following illustrations.

0 — 5 mm error

5 <x < 10 mm error

11 <x < 20 mm error
> 20 mm error

Figure 6.15 The range of red colour to represent the range of the erExpieriment 1.

Table 6.1 illustrates the RMSE comparing between Reference 1 and the system
calculation. The RMSE of X, Y, Z, were 7.46 mm, 8.99 mm, 58.95 mm, and the RMSE

of the three dimensional euclidean error \Ba&88mm, respectively.

Table 6.1 RMSE comparison between Reference 1 and the system in Experiment 1

RMSE

(mm)
X from all depths, n=125 7.46
Y from all depths, n=125 8.99
Z from all depths, n=125 58.95
3-dimensional euclidean error 8.78

Note: mm = millimetre, n = number of markers, RMSE = Roetnsquare error.
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Figure 6.16 shows the X error across the volume, represented by the red colour
range. Figures 6.17 and 6.18 also show the Y and Z errors, respectively. For the X
error, the lowest error appeared at depth three, a middle depth of this experiment. The
error then gradually increased as the markers moved away from depth three. Depth
one had the greatest error, followed by depth five, both of which were the furthest

away from depth three.

3.36/1248] 5.65 1.16 4.23 235 3.02. 448 | 531] 7.71] 0.30] 6.84 -2.45
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a) b) c)
" 4.18] 5.22]-2.40/-10.06] 9.32| [ 7.01] 6.28] .00 FI2E7IEIN00

| 324 3.50/-3.10 -6.18 -4.93| 3.05 2.51-3.56 -8.42| -6.16
| -1.07 1.91]-2.66 -551 -0.64| 148 1.97 -3.06 -7.88 -2.84
-2.35/ 0.39)-2.24 -3.18 4.58 | -1.30| -1.04/-3.78] -4.97| 0.08
[-5.93 -0.95]-1.41] -0.66] 8.43| | -5.84] -2.65-2.12 -2.43| 4.45

d) €)

Figure 6.16 A different tone of red colour to represent the X error compared with Reference 1. a).
depth one, b). depth two, c¢). depth three, d). depth four, and e). depth five.

A similar error trend in X was presented in Y, as shown in Figure 6.17. However,
theY error was greater than in X. The smallest error appeared at depthTtieesror

gradually increased when the markers were moved away from depth three.

2.39/-10.27)-14.95 -7.86| 7.40
4.43| 341 5.77 -0.86| 7.41
0.85 027 0.00/ 033 1.13
228 0.5 -3.16 574 -1.19 140 -1.73| 8.4

7.80 -2.93-10.25 B400 451 0.03] 731088
a) b) c)
1043 022 [[7.39 245
7.29 -3.79 3.14 | -1.06 -5.03 -7.05 555 1.09
022 040 -0.10 -0.34 | 021 049 -0.48 -135 -0.73
-1.00 1.50 -0.43_ 5.92 | -0.85 -0.36 1.56 -0.07] 5.59
-3.89 -1.35 -5.44 0408 | 8.62 -2.77 -1.06] -3.88
d) e)

8.97| -8.34F1288 -5.05
823 -2.20 -5.04 -0.21
103 021 072 -0.2

-4.1751207 -0.42

0.28 -4.78 1.30
-0.24 -0.15
-0.69

Figure 6.17 A different tone of red colour tepresent the Y error compared with Reference 1. a).
depth one, b). depth two, c). depth three, d). depth four, and e). depth five.
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A significant error was reported in Z. Errors greater than 20 mm were displayed in
most areas and all depths, as shawhigure 6.18. The lower row had a greater error
than the upper row. Additionally, the first column had a greater error than the second

column, and the fifth column also had a greater error than the fourth column.

3.9

231

-0.74 -1.84

d) e)

Figure 6.18 A different tone of red colour to represent the Z error compared with Reference 1. a).
depth one, b). depth two, c¢). depth three, d). depth four, and e). depth five.

Table 6.2repors the RMSE comparing between Refece 2 and the system
calculation. The RMSE of X, YandZ were 6.20 mm, 8.95 mm, 55.34 mamd the

RMSE ofthe 3-dimensional euclidean error was 8.75 pmaspectively.

Table 6.2 Rootmeansquare errocomparison between Reference 2 and the system in Experiment 1

RMSE

(mm)
X from all depths, n=125 6.20
Y from all depths, n=125 8.95
Z from all depths, n=125 55.34
3-dimensional euclidean error 8.75

Note: mm = millimetre, n = number of markers, RMSReotmeansquare error.

In the comparison between Reference 2 and the system calculation, Fifure 6.
shows the X error, represented by the red colour range. Figu@argi26.4 also
show the Y and Z errors, respectively. Focusing on the X arbigher error was

presented at depth one. Then, the error gradually decreased when the depth increased.
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The error was mainly presented at the first and fifth rows, especially at depths one,
two, and three.
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Figure 6.19 A different tone of red colour to represent the X error compared with Reference 2. a).
depth one, b). depth two, c¢). depth three, d). depth four, and e). depth five.

A similar error trend in X was presented in Y, as shown in Fi§x& However,
the Y error was greater than in X. A higher error was presented at depth one. Then, the

error gradually decreased when the depth increased.
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Figure 6.20 A different tone of red colour teepresent the Y error compared with Reference 2. a).
depth one, b). depth two, c). depth three, d). depth four, and e). depth five.

A significant error was reported in Z. Errors greater than 20 mm were displayed in
all areas and depths, as showifrigure 6.4. The lower row had a greater error than
the upper row.
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Figure 6.21 A different tone of red colour to represent the Z error compared with Reference 2. a).
depth one, b). depth two, c). depiinge, d). depth four, and e). depth five.

6.4.5. Discussion and conclusion of Experiment 1

Experiment 1 described the first as@nplestconcept to develop a lewost
postural measuremesystem usin@ Raspberry R and2 cameras. This concept was
based on a simple calculation technique using the right triangle similarity theorem
andtrigonometryto calculate a marker position in-dmensional space. This
experiment use@ Raspberry B and cameras and attached both casnalang a
wooden bar. Cameras were set parallel and facing forward to the markers.-fiventy
markers were attached to a flatboard, and a flatboard was charigeaisitions along
the Zaxis. The system then calculated marker positions in all depths.

The results were compared with the reference to assess the system's accuracy, and
there were references for this comparison. Reference 1 was the best choice for this
experiment because we could assess the error after calculating a cubic volume.
Furthemore, in Reference 2, we would also like to see the error at each depth when
using a middle marker of each depth as its reference.

According to the literature review in Chapter 3, current-tmst motion system
errors range between 5 ar@ mm The previous article reported the error of
measurement aforonalCobb anglen radiographsvas about 5(Wanget al, 2018)

As aresult, our lowcostpostural measuremesystem aims for less than 5 mm of error

and it might be acceptable if the error is less than 10 mm.
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