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ABSTRACT 

 

Adolescent idiopathic scoliosis is a multi-factorial, three-dimensional (3D) deformity of 

the spine which can appear during any of the rapid periods of growth in apparently healthy 

adolescents. Patients with early scoliosis or a Cobb’s angle of 10-20 degrees only need to 

attend regular check-ups every 6 to 12 months. However, those with a spinal curvature 

that is over 21-45 degrees usually undergo therapy with the use of a brace made of rigid 

plastic material. Unfortunately, related problems with the brace, including an aesthetically 

unpleasing appearance, physical constraints and skin irritation may intervene with the 

social life of brace wearers which then results in low compliance. Back muscle 

strengthening exercises are thus recommended for scoliotic patients to strengthen their 

back muscles so that the trunk is maintained in an upright position with active muscular 

forces. However, patient compliance with the prescribed intervention exercises still 

present challenges.  

 

In light of these issues, this project aims to develop an innovative body mapping tank-top 

for adolescents with early scoliosis equipped with 3-axis accelerometer sensors that 

synchronized with pre-recorded surface electromyographic (sEMG) signals. The tank-top 

will be used to provide tailored posture training for adolescents with early scoliosis.  It is 

designed so that the comfort of the users is maximized and the 3-axis accelerometer 

sensors are accurately positioned, therefore patients can wear the tank-top for a long 

period of time but their quality of life would not be affected. 

 

The research method in this study comprises three stages, including: 1) design and 

development of the body mapping tank-top that allows for posture training; 2) subject 

recruitment and preliminary examinations; and 3) wear trial and evaluation. First, the 

tank-top is designed in accordance with the design process framework. Three 3-axis 

accelerometer sensors are used to monitor and record the real-time posture information of 

the users. In the second stage, the target subjects are recruited through a school screening 
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program and a series of preliminary examinations are carried out to determine the degree 

of spinal deformity. Paraspinal muscle activity signals are detected by electromyography, 

and the posture of the subjects are assessed by using 3D body scanning and infrared 

thermography. Finally, in the third stage, a six month wear trial for posture training takes 

place, which involves 30 sEMG training sessions in a controlled environment. The 

training objective is to encourage the subjects to manage their muscle activity with 

minimal effort by using the sEMG training software which is synchronized with the 

posture monitoring sensors. The effectiveness of the training is evaluated in terms of 

sEMG signals and 3D ultrasonic imaging of the spinal situation.  

 

The major findings of this study are that after about 30 sessions of posture training, the 

majority of the participants are able to train their sitting posture so that it is relatively more 

balanced and involves a lower degree of muscle activity in terms of sEMG signals 

compared to their circumstances prior to the training. More importantly, 11 out of 12 

participants have spinal curvature that is no progression, and 1 has a progression of spinal 

curvature that is more than 5°. Despite the size of participants in this study has a limited 

representative, this is still an encouraging result which warrants further study for the 

posture training of mild scoliotic patients. It is concluded that the sensors accommodated 

tank top can motivate patients to adopt a more active role, thus more effectively improving 

their control and coordination of movement and daily posture.  
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CHAPTER 1- INTRODUCTION 

1.1 Background of the study 

The human body is made up of bones, which provide a supportive framework. In the 

framework, the spine is an essential component that supports the human body. It is located 

at the center back of the body, which significantly contributes to maintaining posture 

during normal activities and also serves as an important nerve transmission channel. 

Unfortunately, some people, especially adolescent girls for no known cause, may suffer 

from a deformity of the spine called scoliosis, which affects their daily life and in extreme 

cases, even their life (Morgan and Scott, 1956).  

According to the Oxford Concise Color Medical Dictionary (Martin, 1998), scoliosis is 

defined as the “lateral deviation of the backbone”. Severe scoliosis affects the social life 

of patients. They are unable to perform normal activities, like walking, speaking or taking 

part in sports due to the spinal deformity. Most cases of scoliosis are idiopathic (Hewitt, 

2011), which means that the cause of the condition is unknown. The most current type of 

therapy for scoliosis is passive. Patients with less serious cases of scoliosis, which means 

a spine that has a 10-20 degree curvature, go for regular check-ups every 6 to 12 months, 

and exercise or physiotherapy is suggested by doctors. For scoliotic patients with a spinal 

curvature that is over 21-45 degrees, brace therapy is usually applied (Hong Kong 

Sanatorium & Hospital, 2005), with the use of a brace made of rigid plastic material. 

However, related problems with the brace, including irritation and low compliance may 

also intervene with the social life of wearers (Wong et al., 2001). Despite that there are 

flexible braces in the market which serve the same purpose as rigid braces, their 

effectiveness is still questionable, because there are both a large number of successful and 

failure cases.   

The effectiveness of a spinal orthosis, whether it is a hard or flexible brace, depends on 

its ability to remind the wearer about his/her spinal curvature through increased pressure 

at certain body points. This would serve to alert the child of poor posture as well as 

motivate him/her to straighten his/her spine. Therefore, different types of treatments, 
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such as physical therapy, chiropractic care, biofeedback and electric stimulation are used 

to address scoliosis. 

Biofeedback is an area of growing interest in medicine and psychology, and has proven 

effective for a number of physical, psychological and psychophysical problems (Lehrer 

et al., 2000; Nestoriuc et al., 2008; Ahmed et al., 2011). It is a non-medical process that 

involves the measuring of specific and quantifiable bodily functions of a subject, such as 

the brain wave activity, blood pressure, heart rate, skin temperature, sweat gland activity, 

and muscle tension, thus conveying the information to the patient in real-time. The basic 

aim of biofeedback therapy is to support a patient in realizing his/her self-ability to control 

specific psychophysiological processes (Kappes, 2008). Wong et al. (2001) studied the 

effectiveness of feedback device in postural training for adolescent idiopathic scoliosis 

(AIS) patients. The results showed that the curve control rate is 69% (Wong et al., 2001). 

Later, Wong (2009) introduced a smart garment to monitor the trunk posture. The garment 

integrated accelerometers and gyroscopes which can detect postural changes in terms of 

the curvature variation of the spine in the sagittal and coronal planes. However, in this 

system, the specific and quantifiable bodily functions of a subject, such as muscle tension, 

are not taken into consideration. Also, the data acquisition and feedback system is not 

wireless and the battery is relatively bulky. There is substantial room for improvement if 

this sort of audio-biofeedback system is used for posture training. 

The literature has consistently indicated that surface electromyography (sEMG) 

biofeedback is effective for muscle rehabilitation. A review of the sEMG studies on upper 

extremity dysfunctions in the physically disabled (Lyons et al., 2003) concluded that 

sEMG is a valuable method for increasing upper extremity muscle activity and most 

effective when used in conjunction with physiotherapy.  In a meta-analysis of sEMG 

biofeedback studies applied to hemiplegic stroke subjects, Schleenbaker and Mainous 

(1993) concluded that sEMG improves functional outcomes in both the upper and lower 

extremities, and that sEMG should be included in therapeutic regimes.  

This study aims to develop an innovative body-mapping tank top equipped with a 

biofeedback system for adolescents with early scoliosis. Biofeedback training that 
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incorporates sEMG signals and 3-axis accelerometers for posture detection will be 

formulated.  The aim is to progressively provide muscle training to patients with scoliosis 

so as to restore a balance in muscle activity and reduction in the displacement of both 

sides of the spine.  

1.2 Problem Statement 

There are two main problems found by existing research on the treatment of adolescents 

with early scoliosis.  They are as follows. 

1) The scoliotic patients, even for mild one, had posture problem. A good posture can be 

beneficial for everyone, especially for adolescent with scoliosis. 

2) There are few options in terms of biofeedback systems that have been specifically 

developed for adolescent idiopathic scoliosis (AIS) patients. Besides, the existing 

equipment have already been developed at least five years ago, and more up-to-date 

technology could be incorporated into such devices to improve user experience. The 

devices were designed so that they hang from the body of the subject, which may 

result in inaccurate monitoring (Wong et al., 2001) and the devices may not be too 

user-friendly due to their size (Wong, 2009). By developing a biofeedback system that 

could implement training on a daily basis, which has the characteristics of 

convenience, accuracy, portability and longevity in terms of battery life, patients with 

early scoliosis can use this system to control curve progression.  

1.3 Aims and Research Objectives 

In the proposed project, the aim is to design and develop a posture training tank-top for 

10-13 year old pre-teen and teenage girls who have mild scoliosis, in order to train them 

into obtaining a relatively more balanced posture and eventually control their spine 

curvature deformity. The posture training tank-top will be made by using textile materials 

and accommodated with 3-axis accelerometers that provide real-time monitoring, in order 

to provide an alert function to the wearer about her posture. 

 

The main research objectives of this study are as follows: 

1) to study the background information of scoliosis, review the traditional methods of 
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controlling spinal deformity and studies on biofeedback therapy that involve the 

training of patients to control physiological processes, such as muscle tension, 

2) to design and develop, on the basis of body-mapping techniques, materials and textile 

sciences, a posture training tank-top accommodated with 3-axis accelerators for 

adolescents with early scoliosis, 

3) to select suitable materials, prepare paper patterns and select a suitable manufacturing 

method to fabricate a posture training tank-top,  

4) to conduct a school pre-screening program so as to recruit appropriate human subjects 

for the wear trials, and 

5) to evaluate the effectiveness of the proposed posture training tank-top synchronized 

with sEMG biofeedback training. 

1.4 Project Originality and Significance 

AIS is a prevalent chronic condition that gradually leads to the three-dimensional 

deformity of the spine. Spinal curvature increases in youths as puberty progresses. 

Patients with a spinal curvature between 21 to 45 degrees do not need to undergo surgical 

treatment, and instead, wear a brace to effectively control curve progression. Although 

there is evidence that rigid brace treatment is effective in altering the natural history of 

idiopathic scoliosis (Peterson & Nachemson, 1995; Rowe et al., 1997), physical 

complications associated with prolonged use of a rigid brace are still being reported with 

the implications as stated above; therefore, improvements in the quality of life of a patient 

while under brace treatment should be further considered as worthy of study. 

Given these issues, this project aims to combine body-mapping techniques with textile 

and materials sciences, and introduce a monitoring process that uses sensors to research 

and develop a posture training tank-top for adolescents with early scoliosis. The posture 

training tank-top that will be developed in this project has significant potential, with not 

only the ability to monitor posture for adolescents, but will be synchronized with an sEMG 

biofeedback training program, which can train the posture on a real time basis and track 

the progress of the muscle training on a regular basis. As a result, this will reduce the 

future likelihood of brace wear or surgery. 
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1.5 Research Methodology 

The research methodology is briefly described as follows. 

Literature Review 

A literature review will be conducted to gather background knowledge on scoliosis, 

methods of controlling spinal deformities and biofeedback systems that use sEMG. It will 

also help to provide information on the design features, functions and construction of 

related posture training garments.  

Physical testing of fabrics  

Physical testing that is related to the design criteria and comfort of garment will be carried 

out in order to select the most suitable materials for the prototype. 

Pattern making and garment assembling for prototype 

Pattern making and garment assembling will be conducted to complete the prototype. The 

patterning making process includes basic block construction and alternation as well as 3D 

draping on a dummy. The garment assembling will include seam and stitch applications.  

Recruitment of human subjects  

The recruitment and selection of human subjects will be determined after a pre-screening, 

3D body scanning, ultrasound imaging, infrared (IR) thermography and sEMG muscle 

activity scanning, in order to select suitable subjects to test the prototype.  

Incorporation of posture monitoring sensors into prototype  

A set of hardware and software architecture design for the 3-axis accelerometer sensors, 

in the form of a micro controller unit (MCU) which is responsible for processing the 

sensed data and displacement of the whole hardware to the posture training tank-top, will 

be developed. This will allow strategic placement of the posture sensors and the 

embedment of multiple sensor units into the tank top to correctly sense and monitor the 

posture of the subjects. 

Wear trial 

Clinical trials must be performed to evaluate the effectiveness of the posture training tank-

top developed in this study. The clinical trial will need to take place for at least half a year 

in order to monitor the spinal deformity / curve progression of the adolescents. The tank-

top will monitor the posture of the users while the data is synchronized with a sEMG 
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training program.  

Evaluation of Effectiveness 

The effectiveness of the training program will be evaluated with the use of data from the 

pre and post training of muscle activity. The sEMG signals and changes in spinal 

curvature angle are the main parameters to determine the effectiveness of the program. 

1.6 Outline of the Report 

There are 6 chapters in this thesis. Chapter 1 provides the background information, 

concept, rationale and objectives of the present study. Chapter 2 is the literature review, 

which includes a brief review of scoliosis and the types of treatment, associated problems, 

body measurement and pattern making methods, and research design framework. In 

Chapter 3, the thesis research plan and methodology will be described. Chapter 4 presents 

the research progress and primary results of the design and development of the posture 

training tank-top, subject selection, and prototype manufacturing. Chapter 5 presents the 

result and discussion of the sEMG posture training program and the changes in spinal 

curvature after 6 months of training. The last chapter is a general conclusion on the thesis 

work and provides suggestions for future work.
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CHAPTER 2- LITERATURE REVIEW 

2.1 Introduction 

In this chapter, the current literature on scoliosis will be reviewed so as to provide basic 

knowledge about this condition. The symptoms and means of identifying scoliosis are 

examined to provide insight on the diagnosis of this problem. The methods of classifying 

scoliosis, for recommending treatment accordingly, are also investigated and compared. 

These include conservative bracing with a flexible or rigid brace, as well as the related 

problems including effectiveness and related concerns, which are reviewed in order to 

determine the potential issues and improvement for further study. In addition, other 

related methods of posture correction are investigated to provide an understanding on the 

importance of maintaining a “good” posture and the impact of posture on scoliosis patients. 

Besides, a biofeedback system, as the main monitoring system in this project, is studied 

in terms of its general applications, and applications related to posture training. Then their 

advantages will be implemented into a tank top that encourages posture training. In order 

to develop a posture monitor sensor that works well on the designed tank-top, the design 

framework and model are studied in order to provide a systematic design process. 

2.2 Overview of Scoliosis 

2.2.1 Introduction on Scoliosis 

“Scoliosis” is a term that originated from the ancient Greek word “skoli-osis”, which 

means curved (Matthews & Crawford, 2006). Scoliosis is a condition where the spine has 

lateral curvature in the anteroposterior plane (Webster’s, 1983). More recently, 

researchers have concluded that cases in which the lateral curvature of the spine measures 

10° or more based on radiographs are regarded as a diagnosis of scoliosis (Cassella & 

Hall, 1991; Kane, 1997). 

In general, scoliosis can be classified into three main groups, namely, idiopathic, 

congenital or secondary to a neuromuscular disease. Idiopathic scoliosis is a structural 

spinal curve that occurs without a clear cause (Reamy & Slakey, 2001). Congenital 

scoliosis takes place before or at birth. Scoliosis cases that are secondary to a 
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neuromuscular disease take place when the spinal curvature is caused by impairment of 

the muscles or the direct nervous system control is affected. Agabegi and Agabegi (2005) 

indicated that the approximate distribution of the three groups of scoliosis conditions is 

65% idiopathic, 15% congenital and 10% secondary to a neuromuscular disease. Hewitt 

(2011) provided similar percentages, with 65% idiopathic, 15% congenital and 20% other 

reasons. Therefore, the focus of this work will be on idiopathic scoliosis as this affects the 

mass population of the patients. 

Idiopathic scoliosis can be further classified by the first diagnosed age of the patients. 

Juvenile idiopathic scoliosis patients are first diagnosed between the ages of 4 to 10 years 

old (Coillard, Circo and Rivard, 2010). Adolescent idiopathic scoliosis (AIS) patients are 

first diagnosed between the ages of 10 to 15 years old with skeletal maturity (Dobbs & 

Weinstein, 1999). AIS is the most common. There has been a number of research work 

done that indicates the rapid growth of the body structure during puberty is one of the 

factors that induce the progression of spinal curvature (James, 1954; Lonstein & Carlson, 

1984; Mackenzie, 1922). 

Besides, scoliosis in girls tends to progress more rapidly than in boys (Roach, 1999). 

Pehrsson et al. (1992) indicated that the girl to boy ratio for scoliosis is 1:1 between 4 to 

6 years old, 2:1 to 4:1 between 6 to 10 years old, and 8:1 for those over 10 years old. This 

also indicates that girls require treatment more than boys based on the affected population. 

2.2.2 Identification Methods and Symptoms of Scoliosis 

Since idiopathic scoliosis is caused by unknown reasons and the majority of spinal 

deformities can be detected during adolescence (Luk et al., 2010), it is important to 

understand the symptoms and the methods of diagnosis to quickly address the condition 

when it does appear. Lau (2011) suggested that there are three signs of scoliosis, including 

uneven shoulders, curve in the spine and uneven hips. These signs allow scoliosis to be 

diagnosed in its early stages. Sander et al. (2003) developed the Walter Reed Visual 

Assessment Scale, a comprehensive assessment scale to assess the severity of scoliosis 

and scored on a scale with five levels from a minimum of (1) to a maximum of (5). The 

assessment has seven questions, including those on spinal deformity, rib and lumbar 
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prominence, thoracic deformity, trunk imbalance, and shoulder and scapular asymmetries 

(Figure 2.1). The use of the Walter Reed Visual Assessment Scale as an evaluation tool 

to assess the signs of scoliosis provides scores that are highly correlated with the 

magnitude of the spinal curve. Pineda et al. (2006) agreed with the effectiveness of this 

assessment scale and commented that the scale has excellent internal consistency. 

 

Figure 1 Figure 2.1 Walter Reed Visual Assessment Scale. (Sander et al. 2003) 

Other screening methods, like the Adam’s forward bending test (Adams, 1882), is also 

commonly used by doctors along with a scoliometer to detect signs of scoliosis (Figure 

2.2). The subjects are to bend forward and the scoliometer is used to identify the angle of 

trunk rotation (ATR) at the thoracic and lumbar regions. If the ATR exceeds or equals 5°, 

the subject is then at high risk of scoliosis and requires further examination. Although this 

method is widely applied for scoliosis screening, a number of research work has indicated 

that this test has high false positive and false negative numbers (Soucacos et al., 1997; 

Wong et al., 2005) Consequently, the Moiré topography has become a more acceptable 

method for the diagnosis of scoliosis due to its excellent prediction rate (Ueno et al., 2011). 

The technique projects dark and light fringes through an illuminating object on the back 
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of the subject and produces a contour image (Figure 2.3). By counting the number of 

fringes that deviate from the reference lines, the spinal situation of the subjects can be 

evaluated (Adair et al., 1977). In recent years, modern surface topography methods have 

also been introduced for the detection of scoliosis symptoms. Surface topography 

techniques include thermography and 3D surface imaging. The former is a method that 

uses infrared thermal cameras to evaluate the paraspinal skin surface temperature. Cooke 

et al. (1980) indicated that the concave side of the observed area has higher infrared 

emission and results in a higher surface temperature, while the convex side would be the 

opposite. As a result, a surface topography picture can be generated from an infrared 

image (Figure 2.4) and evaluated by professionals. The 3D surface imaging method uses 

a similar approach, but instead of infrared, uses a number of cameras and combines the 

image into a single 3D image. After computerized analysis, the surface contours and 

postural deformity of the subject will be produced (Fong et al., 2010). However, these 

methods can only be used to diagnose the signs of scoliosis, and not identify scoliosis 

itself. The advantages of these methods are that they are non-invasive, time-saving and 

have the ability to provide a certain degree of reliability and validity (Pearsall et al., 1992). 

In Hong Kong, the scoliosis screening program uses the forward bending test to screen 

out most of the normal cases. Children with an ATR that is over 5o will be referred to a 

special assessment centre to undergo Moiré topography before they are transferred to a 

specialist hospital for further examination. These two stages of screening are considered 

to be predictive and sensitive with a low referral rate (Luk et al., 2010) 

 

Figure 2 Figure 2.2 Diagnosis of scoliosis with scoliometer. 
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Figure 3 Figure 2.3 Projection fringes and reference lines from Moiré topography on subject 

body (Daruwall and Balasubramaniam, 1985) 

 

 

 

Figure 4 Figure 2.4 Grey toned infrared image of idiopathic adolescent scoliosis patient. 

(Cooke et al., 1979) 
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To identify or diagnose scoliosis, a medical scanning method called computed 

tomography (CT) scanning can also be applied. CT scanning uses multiple radiography 

cameras to create a 3D image of a scanned area. A 3D image is relatively more effective 

in diagnosing scoliosis as the curvature of the spine can be rotated in different directions 

for observation (Hewitt, 2011). 

Besides, a more common method for diagnosing scoliosis is radiography. In 1948, Cobb 

(1948) developed an assessment method that measures spinal curvature with the use of 

angles. Perpendicular lines are drawn at the most tilted vertebrae above and below the 

apex of the curve. The angle between the intersecting lines are measured, which is known 

as the Cobb’s angle (Figure 2.5). This method is carried out on the radiographs of patients 

and still in use today. However, like CT scanning, this technique potentially exposes 

patients to the threat of radiation. 

 

 

Figure 5 Figure 2.5 Measurement of Cobb’s angle (Medtronic, 2014) 

As radiography could be harmful to patients due to radiation, Cheung and Zheng (2010) 

developed a radiation-free device to measure the angle and rotation of spine deformity. 

The device uses multiple ultrasonic images to form a 3D image that indicates the spinal 
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situation of patients. Clinicians use the device to measure the spine deformity angle and 

rotation through manually assigned markers on the 3D images. The results are highly 

comparable to those obtained with x-ray methods (Cheung et al., 2013). This device is 

patented and registered as Scolioscan™ (Figure 2.6).  

 

Figure 6 Figure 2.6 Scolioscan™ 

 

A summary of the diagnosis techniques for scoliosis is provided in Table 2.1. From the table, it is 

concluded that there is no best method or approach so that the method or approach used should be 

based on time limitations, cost-effectiveness and reliability.   
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2.2.3 Classification of Scoliosis 

2.2.3.1 The King’s Classification System 

It is important for doctors to classify the type of scoliosis and provide treatment 

accordingly. In 1983, King et al. devised a classification system (Figure 2.7) with five 

types of classifications based on the Cobb’s angle measured from radiography, and a 
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flexibility index based on bending radiographs. In King Type 1, an S-shaped curve crosses 

the midline of the thoracic and lumbar curves. When compared, the lumbar curve is larger 

and more rigid than the thoracic curve. In the bending radiographs, the flexibility index is 

negative. In King Type 2, an S-shaped curve crosses the midline of the thoracic and the 

lumbar curves, but the thoracic curve is larger than the lumbar curve. In King Type 3, the 

thoracic and lumbar curves do not cross the midline. A long thoracic curve is found in 

King Type 4, in which the L5 is centred over the sacrum but L4 tilts into the long thoracic 

curve. King Type 5 is a double thoracic curve with T1 tilted into the convexity of the 

upper curve, and the upper curve is on the bending side. 

 

Figure 7 Figure 2.7 The King’s Classification System (Wood, 2003) 
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2.2.3.2 Lenke Classification System 

In 2002, Lenke et al. developed the Lenke classification system (Figure 2.8) to classify 

operative idiopathic scoliosis. Lenke divided the spine into three regions for ease of 

understanding, which are: the proximal thoracic (PT), main thoracic (MT) and 

thoracolumbar/lumbar (TL/L). The regions were assessed and then three components 

were evaluated: curve type, and the lumbar spine and sagittal thoracic modifiers. Then the 

three components were used for independent classification, and finally combined to 

constitute the final diagnosis. First, the primary curve or the location where major 

curvature has occurred is labelled by identifying the type, where the largest Cobb’s angle 

which takes place at the MT region is considered to be Type 1; a double thoracic is Type 

2; Type 3 is a double major curve; Type 4 is a triple major curve; Type 5 is TL/L and 

Type 6 TL/L-MT. Then the curve would be assigned a lumbar spine modifier, which 

comprises A, B and C based on the relationship with the center sacral vertical line (CSVL). 

Lumbar spine modifier A is assigned if the CSVL is located between the pedicles of the 

lumbar spine up to the stable vertebra. Therefore, lumbar spine modifier A cases 

demonstrate Types 1-4 curves.  Lumbar spine modifier B is assigned if the CSVL falls on 

the apex of the lumbar spine between the medial border of the lumbar concave pedicle 

and the lateral margin of the apical vertebral body. Therefore, lumbar spine modifier B 

cases demonstrate Types 1-4 curves. Lumbar spine modifier C is assigned if the CSVL is 

completely medial to the concave apical vertebral body. Lumbar spine modifier C cases 

demonstrate all Types 5 and 6 curves. Finally, the curve is assigned a sagittal thoracic 

modifier, which comprise -, N and +. The angle is measured from T5 to T12 based on 

radiographs. It is a – case if the angle is less than 10°, an N case if the angle is between 

11° to 40°, and a + case if the angle is greater than 40°. Then the case can be concluded, 

for example, as Lenke Type 1A-, 1A+, 6CN, etc. 
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Figure 8 Figure 2.8 Lenke Classification System (Phan et al., 2010) 

 

2.2.3.3 Peking Union Medical College Classification System 

In 2003, Qiu et al. (2003) proposed the Peking Union Medical College (PUMC) 

classification system, which is a more comprehensive system compared to the King’s 

classification system in that the former is able to include all types of curves in scoliosis 

patients. The PUMC classification system categorizes curves into three types: PUMC 

Type I with a single curve, PUMC Type II with double curves and PUMC Type III with 

triple curves. Each are further divided into several sub-types with clear instructions 

provided (Figure 2.9). 
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Figure 9 Figure 2.9 PUMC classification system (Qiu et al., 2008) 
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2.2.3.4 Comparison of Classification Systems 

The reliability of the three different classification systems mentioned above is shown to 

be different in the literature. The King’s classification has been criticized for poor inter- 

and intra-observer reliabilities, an incomplete system and failure to include all of the curve 

types (Cummings, 1998). Hannes et al. (2002) supported the criticisms of the King’s 

classification system and indicated that it only has moderate reliability. One of the reasons 

that Lenke et al. (2002) developed the Lenke classification system is because the King’s 

classification system lacked intra-observer reliability (Lenke et al., 1998). 

The Lenke classification system is found to be more reliable than the King’s classification 

system. The system also includes all of the curve types and widely used by surgeons (Puno 

et al., 2003). Phan et al. (2010) indicated that the decision tree in the Lenke classification 

system is able to improve the reliability of the spinal classification. However, it is difficult 

to properly locate the high thoracic and lumbar curves (Ogon et al. 2002).  Also, from the 

viewpoint of execution, a drawback is the requirement for a clear image of the CSVL, 

which is not required in the other two systems. For mild scoliosis cases, the image would 

not be distinct enough.  

The PUMC classification system has been reported in the literature with similar or even 

better reliability than the Lenke classification system, as it requires fewer angle 

measurements and therefore, less chance of human error (Qiu et al., 2008). Sheng et al. 

(2009) found that the PUMC classification system has higher inter and intra-observer 

reliabilities than the Lenke classification system. Besides, the instructions for classifying 

cases in the PUMC classification system are clearer and do not require the skill of reading 

radiographs. 

The three types of classification systems all serve the same purpose of categorizing the 

scoliosis curve type. Doctors or clinicians are able to provide diagnosis and consequently 

suitable treatment for patients. The King’s classification system, which has the longest 

history, has the poorest reliability due to its shortcoming in inability to classify all 

scoliosis curve types. By contrast, recent technological and research developments in the 

past twenty years have led to the facilitation of the Lenke and PUMC classification 
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systems. Both have better inter and intra-observer reliabilities than the King’s 

classification system. The advantages and disadvantages of the three types of 

classification systems are listed in Table 2.2 

Table 2  

Table 2.2 Advantages and disadvantages of classification systems of scoliosis curve 

type. 

Classification system Advantages Disadvantages 

King’s Classification 

System 
 First established 

classification system of 

scoliosis curve type  

 Poor inter and intra-

observer reliabilities. 

(Hannes et al., 2002) 

 Does not include all 

curve types. 

(Cummings, 1998) 

 

 

Lenke Classification 

System 
 More reliable than 

King’s classification 

system (Ogon et al., 

2002) 

 Includes all curve types. 

(Puno et al., 2003) 

 Widely used by 

surgeons. (Puno et al., 

2003) 

 Difficult to locate the 

high thoracic and 

lumbar curves. (Ogon et 

al., 2002) 

 Requires a clear image 

of the CSVL (Phan et 

al., 2010) 

 Not ideal for mild 

scoliosis cases. 

PUMC Classification 

System 
 Has similar or greater 

reliability than Lenks 

classification system. 

(Sheng et al., 2009) 

 Requires fewer 

measurements so that  

human errors are 

reduced (Qiu et al., 

2008) 

 Instructions for 

classifying cases are 

clearer. 

N/A 
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Given that the Lenke and PUMC classification systems have similar reliability, the latter 

excels the former in terms of the skills required. The instructions for classifying cases are 

made clear in the PUMC system and do not require the skill of reading radiographs.  

2.3 Scoliosis Treatment  

2.3.1 Treatment options 

The treatment options suggested to scoliosis patients are based on their spinal situation. 

In general, periodic observations every 6 or 12 months are suggested to scoliosis patients 

with a spinal curvature of 10° to 20°. It is recommended that patients with a spinal 

curvature of 21° to 45° wear a non-invasive brace that would confine the body posture 

and avoid the progression of the spine curvature. For patients with a spinal curvature over 

45°, surgery is recommended by filling the vertebrae with bone through fusion to the 

spinal disc and thus straightening the spine (USC Center for Spinal Surgery, 2005; Dolan 

et al., 2007). However, Morgan and Scott (1956) pointed out that this type of surgery will 

restrict the maturity growth of AIS patients, and in extreme cases, maturity growth is 

absent as the spine with the fused area may not grow together. 

 

2.3.2 Non-invasive Therapy: Rigid Braces 

Conventional braces, also known as rigid braces, are prescribed for scoliosis patients who 

have a spinal curvature of 21° to 45°. Conventional braces are tailor made for the body 

shape of the wearer by using rigid plastic materials. There are internal brace pads added 

to specific points to create points of pressure. The objective of conventional braces is to 

stabilize the spine by exerting pressure onto the affected regions of the thoracic spine and 

the trunk. The trunk motion will also be restricted. The scoliosis patient has to wear the 

brace for 23 hours a day for 3 to 4 years until the skeleton is mature (Dworkin et al., 1985). 

The thoracolumbar sacral orthosis (TLSO) brace (Figure 2.10), which uses a three-point 

pressure system to correct spinal curvature, is one of the most common rigid braces on 

the market. 
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Figure 10 Figure 2.10 TLSO braces (Sunshine Prosthetics and Orthotics, 2015) 

 

2.3.3 Non-invasive Therapy: Flexible Braces 

Flexible braces are made of elastic bands. The most popular flexible brace is the dynamic 

SpineCor brace (Figure 2.11) which was invented in 1993. It is a brace that corrects spinal 

deformity by correcting poor posture with the aid of elastic bands. All of the materials 

used in the SpineCor are less than 1.5-mm in thickness (Hasler, Wietlisbach & Büchler, 

2010). The brace consists of a pelvic base, which is a belt with three pieces of soft thermo-

deformable plastic, stabilized by two thigh bands and two crotch bands, a bolero made of 

cotton and four corrective elastic bands which vary between 0.20–1 m (Weiss & Weiss, 

2005). In line with the principle of “mechanical biofeedback therapy” or “corrective 

movement” (Wong et al., 2008), dynamic harnesses are applied onto the patient to control 

scoliotic deformities by dynamically controlling the shoulders, thorax, and pelvic girdle, 

limiting adverse movements, and modifying the 3D postural geometry while preserving 

body movement and growth (i.e. Corrective Movement© principle) (Wong et al., 2008). 

The flexible brace provides some controlled movement and the elastic bands are 

adjustable to fit any type of curve.  
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Figure 11 Figure 2.11 Dynamic SpineCor Brace. (The Spine Corporation Limited, 2004) 

 

2.3.4 Bracing Therapy Problems  

2.3.4.1 Problems with use of Rigid Braces 

Due to the limitations in trunk motion instigated by wearing a rigid brace, it is possible 

that there will be atrophy of the spinal musculature and the spine will also become less 

flexible in the long-term (Berger et al., 1983). Besides, rigid braces are made of non-

breathable plastic material, and therefore ventilation is greatly reduced which causes 

lower tolerance of the patient, especially during hot and humid weather (Wong et al., 

2008). Rigid braces also limit activities and attracts unwanted attention, all of which are 

significant issues for adolescents (Bazzarelli et al., 2001). It is possible that the issues 

created by wearing a rigid brace have induced poor patient compliance which ultimately 

causes failure of the treatment (Dworkin et al., 1985). 

2.3.4.2 Problems with use of Flexible Braces 

The results of a study conducted by Wong et al. (2008) showed that there are no 

differences between the use of a flexible brace and a rigid brace in terms of skin irritation, 

pressure sores, breathing, sports participation, and effects on walking, sleeping and 

putting on clothing. Some of the wearers of flexible braces find that it is problematic to 

use the bathroom. For instance, the dynamic SpineCor brace has a plastic shell at the 

pelvic level of the wearer. This may cause difficulties when patients attempt to bend down.  
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2.3.4.3 Psychological Concerns 

The most important considerations in brace treatment as described by Bunge et al. (2009) 

are that scoliosis patients and their families should have confidence in the effectiveness 

of the therapy, and understand the potential of reducing the risk of surgery and discomfort 

while wearing the brace. At the same time, brace efficacy, clinical effectiveness and 

compliance of the patient are associated as the key factors for successful treatment of 

idiopathic scoliosis (Lou et al., 2004). 

2.3.4.4 Patient Compliance 

Esthetics is one of the most important factors that determine patient compliance (Wickers, 

Bunch & Barnett, 1977), as the bulkiness of the brace will affect physical appearance, 

which is extremely important to adolescents (Dworkin et al., 1985; Fallstrom, Nachemson 

& Cochran, 1984; Myers, Friedman & Weiner, 1970; Wickers, Bunch & Barnett, 1977, 

cited from Liu, 2015). This may cause psychological issues for the patients. Most 

adolescent patients are concerned about psychosocial issues, such as peer pressure at 

school, social relations and lack of family support rather than suffering from scoliosis. 

These are mostly triggered by individual psychological, negative predictive determinants 

such as lack of energy, low expectations, anxiety about failure, low self-esteem and poor 

body image. Subsequently, compliance in wearing the brace is affected (Lindeman & 

Behm, 1999; Korovessis et al., 2007; Morton et al., 2008; Tones, Moss & Polly, 2006). 

Therefore, there is a very high possibility that the failure of brace treatment may be due 

to the lack of patient compliance (Wong et al., 2001). The psychological factors and 

esthetics concerns of brace therapy could be more decisive factors than the type of brace 

(Hasler, Wietlisbach & Büchler, 2010). 

2.3.4.5 Behavioral Methods for Compliance Enhancement 

The educating of patients and their parents on the background information of scoliosis, its 

natural history and the estimated risk of curve progression is important (Hasler, 

Wietlisbach & Büchler., 2010). A successful treatment could never be accomplished 

without the involvement of the patient (Wong et al., 2001). On top of that, questions on 
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wear time should be asked at each visit and the importance of compliance should be 

emphasized (Hasler, Wietlisbach & Büchler, 2010), as the patients and their parents 

should be educated about all the consequences and possibilities brought on by scoliosis.  

Aside from education, the level of compliance can be reliably quantified by using 

temperature loggers to determine the wearing time of the brace (Helfenstein et al., 2006; 

Nicholson et al., 2002; 2003). This is an essential tool to enhance the treatment efficacy 

of scoliosis , as subjective assessments with the use of questionnaires, diaries and 

interviews reveal that there is often the  overestimation of time spent in the brace (Morton 

et al., 2008; Nicholson et al., 2003) compared to the objective data acquired from 

temperature loggers.  

From the data collected by the temperature loggers, the amount of time that the brace is 

worn and wear pattern each day can be recorded. Therefore, by using the percentage of 

hours worn in relation to the prescribed 23-hour regimen, the level of compliance is 

quantified and calculated (DiRaimondo & Green, 1988) with over 90% as high 

compliance; 50-90% as intermediate compliance, and less than 50% as low compliance.  

2.3.5 Non-invasive types of bracing therapies: A comparison  

Non-invasive types of bracing therapies include the use of rigid and flexible braces, as 

well as treatment by exercise.  

With regard to the acceptance level of patients between the rigid and dynamic SpineCor 

braces, Wong at al. (2008) conducted a questionnaire and found that the group of subjects 

who wore the dynamic SpineCor brace encounter more problems when using the 

bathroom, and subjects who wore a rigid brace face greater difficulties in donning and 

doffing of the brace. Ólafasson et al. (1999) compiled statistics that indicated nearly two-

thirds of the patients encounter similar difficulties in wearing a rigid orthosis. The brace 

caused irritation to the wearer, thus resulting in deterioration in the quality of life 

(Deceuninck & Bernard, 2012). 

Coillard et al. (2010) performed a test to determine the effectiveness of the SpineCor, and 

the results showed that the SpineCor brace is effective in treating juvenile idiopathic 
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scoliosis with capability of correcting, stabilizing and maintaining the Cobb’s angle in the 

long term. However, the spinal curve of most of the adolescent patients who wore the 

SpineCor progressed at least 5° (Weiss & Weiss, 2005). 

Wong et al. (2008) indicated that both the SpineCor and rigid braces can provide a 

significant reduction in the Cobb’s angle as the immediate effect and after the first 3 

months of intervention; however, curve progression took place for those who wore the 

SpineCor after 6 months of therapy.  

Another important factor to consider when choosing the ideal brace is its effectiveness. 

In the same study by Wong et al. (2008), the survival rate or clinical efficacy of those who 

wore the SpineCor brace and the rigid brace is 68% and 95% respectively. The subjects 

who wore a rigid brace were more able to finish the therapy compared to the SpineCor 

brace users.  

There is no literature that compares the effectiveness of treatment with a brace versus 

treatment by exercise. However, studies on treatment by exercise can be summarized by 

referring to the research scale and the methodology applied. Unlike brace treatment, the 

experiment scale of treatment by exercise is relatively small. The number of subjects 

involved is usually less than 10 (Lau, 2011; Monroe, 2012; Mehta, 1978) However, the 

method or the form of exercise used to treat the patients is inconsistent. In Table 2.3, the 

problems that concern treatment with rigid and flexible braces, and treatment by exercise 

are listed. The problems indicate that the various types of non-invasive treatment for 

scoliosis patient can be improved. Table 3  

Table 2.3 Problems of brace treatment. 

Treatment Treatment problems 

Rigid Brace  Atrophy of spinal muscle (Berger et al., 1983) 

 Spine becomes less flexible (Berger et al., 1983) 

 Poor ventilation of brace (Wong et al., 2008) 

 Psychosocial issues due to brace appearance (Bazzarelli et al., 

2001) 

 Poor compliance (Dworkin et al., 1985) 

Flexible Brace  Effectiveness questionable (Weiss & Weiss, 2005) 

 Causes difficulties when using bathroom (Wong et al., 2008)  
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2.4 Importance of “Corrected” Posture 

2.4.1 Definition of Posture 

Posture is defined as the orientation or alignment of body segments while maintaining an 

upright position (Raine & Twomey, 1994). The effects of gravity, muscle tension and 

integrity of the bony structures are factors that affect body alignment (Raine & Twomey, 

1994; Newton & Neal, 1994). Static posture is the state of muscular and skeletal balance 

within the body and creates stability as it is the orientation of the constituent parts of the 

body. Dynamic posture is the state adopted by the segments of the body when undertaking 

movement (Eston & Reilly, 2008). The ideal skeletal alignment in the vertical posture is 

related to the gravity line which is a vertical line that passes through the center of gravity 

of the body (Eston & Reilly, 2008; Penha, Baldini & João, 2005). In addition, good 

posture is the state of muscular and skeletal balance which protects the body structure 

against injury or progressive deformity, and independent of whether the structure is 

working or resting (Penha, Baldini & João, 2005).  Poor posture is defined as any 

prolonged deviation from a “neutral spine” (Wong & Wong, 2008; Dworkin et al., 1985, 

Birbaumer et al. 1994). Spinal deformity modifies the shape of the trunk and changes the 

relations between body segments (Goldberg et al. 2001; Masso & Gorton, 2000; Mubarak 

et al. 1984; Sakka et al., 1995; Sawatzky, Tredwell & Sanderson, 1997; Stokes, 1994). 

Therefore, postural alterations which include those to the orientation of the head, 

shoulders, scapula, and pelvis in all three planes are commonly found in adolescents with 

scoliosis, while the rotation of the body segments in the horizontal plane is especially 

more prevalent (LeBlanc et al., 1997). 

2.4.2 Prevalence of Poor Posture and Possible Reasons 

Juskeliene et al. (1996) conducted an experiment with 791 children and measured the 

distance between the 7th cervical vertebra to the lower angles of the left and right scapulas. 

In all, 46.9% of the children were found to have trunk asymmetry caused by poor posture. 

Oates et al. (1998) observed the sitting position of 95 children (8–12 years). They found 

that none of the observed postures are acceptable. 

Marschall, Harrington & Steele (1995) conducted a research study in the United States, 
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in which 22.8% of the elementary school students reported backaches, and this percentage 

increased to 33.3% among the secondary school population. This is resultant of the poorly 

design school furniture which induced the formation of poor posture habits. Hong, Fong 

& Li (2011) studied school bag designs and load on spinal posture, and discovered that 

the spinal posture is significantly tilted when children use a single-strap athletic bag while 

climbing stairs. Also, when the load of the bag, which either had double straps or a single 

strap, exceeded 15% of the body weight of the wearer, the spinal tilt is also significant. 

2.4.3 Corrected Posture 

2.4.3.1 Correct Standing Posture 

As suggested by McKenzie (1980), the lordosis should be reduced in the lower back by 

standing tall, with the aid of the chest, stomach and buttock muscles. This means that it is 

not only the back of the body which supports the standing position, but the muscles at the 

back and front, which also help to support the body. (Figure 2.12) Goldthwait (1915, cited 

from Zacharkow, 1988) supported this finding, and indicated the importance of 

maintaining a correct standing posture because otherwise, lung expansion during 

breathing will be less and the diaphragm is depressed. 
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Figure 12 Figure 2.12 Alignment for maintaining correct standing posture. (DrPosture, 2013) 

 

2.4.3.2 Correct Sitting Posture 

McKenzie (1980)  also recommended ways to maintain a correct sitting posture. The head 

and ankles should be straight, shoulders and hips are level, kneecaps face the front and 

the chin should be parallel to the floor and aligned with the ears. The lower back should 

be slightly bent forward to support the body with no extra weight distributed onto the 

spine (Figure 2.13). The key factor of sitting correctly is to form a lordosis in the lower 

back. By doing so, the muscles of the lower back can help to support the body while sitting 

and it is very likely that the spine and the head will be straight. 
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Figure 13 Figure 2.13 Alignment for maintaining correct sitting posture. (DrPosture, 2013) 

 

2.4.3.3 Correct Posture Test 

Lau (2011a) suggested two simple tests to determine if a posture is correct. They are the 

wall and the mirror tests. Both tests are simple but effective. For the wall test, the back of 

the head and bottom of the subject are to touch the wall, with six inches left between the 

heels and space between the neck, lower back and the wall. If the subject is in the correct 

position, the gap will be around one to two inches.  

The mirror test is even simpler as individuals can make reference to their posture directly 

in a mirror. There are a number of check points to determine the correct posture. First, the 

head and ankles should be straight. Secondly, the shoulders and hips are level. Thirdly, 

the kneecaps should face the front. Then the side body is turned towards the mirror to 

observe if the head and knees are straight. The chin should parallel the floor and the 

shoulder align with the ears. The lower back should also be slightly bent forward. It is 

important that all of the body parts work together to maintain the correct posture. It is not 

possible to only focus on one part of the body. 
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2.5 Biofeedback Systems 

2.5.1 Introduction 

Biofeedback is “a method of training which enables a person mostly with the help of 

electronic equipment, to learn to control otherwise involuntary bodily functions - 'learning 

to play the internal organs’” (Bray, 1998). By this definition, any instrument can be a 

biofeedback device as long as it allows the user to learn how to control involuntary body 

functions. The first recorded use of a biofeedback system was in 1958 by Lisina, who 

used an electronic device that trained subjects to control their blood vessel contraction 

and expansion (Gatchel and Price 1979). 

Biofeedback has proven to be effective for a number of physical, psychological and 

psychophysical problems (Lehrer, Smetankin & Potapova, 2000; Nestoriuc et al., 2008; 

Ahmed et al., 2001). It is a non-medical process that involves the measuring of specific 

and quantifiable bodily functions of a subject, such as brainwave activity, blood pressure, 

heart rate, skin temperature, sweat gland activity, and muscle tension, thus conveying the 

information to the patient in real-time. The basic aim of biofeedback therapy is to support 

patients in realizing their self-ability to control specific psychophysiological processes 

(Kappes, 2008). 

2.5.2 Surface Electromyography  

The literature has consistently indicated that surface electromyography (sEMG) 

biofeedback is effective for muscle rehabilitation. A review of the sEMG studies on upper 

extremity dysfunctions in the physically disabled (Lyons et al., 2003) concluded that 

sEMG is a valuable method for increasing upper extremity muscle activity and most 

effective when used in conjunction with physiotherapy. In a meta-analysis of sEMG 

biofeedback studies applied to hemiplegic stroke subjects, Schleenbaker and Muinous 

(1993) concluded that the use of sEMG improves functional outcomes in both the upper 

and lower extremities, and that sEMG should be included in therapeutic regimes. 

Therefore, a thorough evaluation of the myoelectric activity in the muscles of those with 

AIS is extremely important for sEMG biofeedback training. 
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2.5.3 Application of sEMG Biofeedback System 

Munro et al. (2008) developed a wearable biofeedback device to prevent anterior cruciate 

ligament (ACL) injuries in athletes. ACL injuries can be treated with ACL reconstructive 

surgery. However, it is not recommended that patients participate in intensive sports after 

the surgery. Therefore, preventative training can help athletes to minimize their chances 

of ACL injuries. This type of training reinforces correct landing movements by using an 

intelligent knee sleeve (IKS) made with a unique textile inserted with a biofeedback 

sensor (Figure 2.14). The sensor is programmed with sEMG muscle contraction data, and 

when the landing movements of the athletes are less than the desired knee flexion angle, 

the IKS will emit an audio alert to warn the users. Therefore, the IKS can teach athletes 

how to land in the correct position during sports activities. Munro et al. (2008) concluded 

that the IKS successfully achieves its purpose and is very reliable.  

 

Figure 14 Figure 2.14 Intelligent knee sleeve embedded with biofeedback sensor. (Munro et 

al., 2008) 
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Samani et al. (2010) examined the spatial distribution of the upper trapezius muscle 

activity by using a high density surface EMG device. A group of sEMG monitors were 

attached to the trapezius muscle of the participants (Figure 2.15). The sEMG data on the 

body posture of the participants during the carrying out of tasks on a computer were 

recorded and shown on a computer screen. The subjects then adjusted their body position 

to reach the optimum level. The study helped the users to re-organize their trapezius 

activity by providing information about the spatial distribution. Thus, the information 

provided ways to address the muscular pain brought about by long periods of computer 

work. 

 

Figure 15 Figure 2.15 Muscular pain addressed by sEMG in Samani et al. (2010) 

 

2.5.4 Application of Biofeedback System on Scoliosis Subjects 

Wong et al. (2001) conducted research on the effectiveness of audio-biofeedback in 

postural training for AIS patients. A postural training device called Micro Straight was 

used in the research. The AIS patients were selectively chosen as participants because 

Micro Straight was a relatively new device at that time. This device uses two loops (Figure 

2.16) made with a nylon fishing line to monitor the length of the torso circumference and 

respiration from the chest circumference. When the posture of the user is poor, the 

circumference of the torso length will change and differ from the correct posture that had 

been set as the standard before the test was carried out. If the user maintains poor posture 

for more than 20 seconds, the device will emit a sound to alert the user to correct the 
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posture. The volume becomes progressively louder if the user continues to ignore the alert. 

In addition, the data stored in the device are logged for a period of 4 months to ensure that 

the progression of the spinal curvature is under control. 

 

Figure 16 Figure 2.16 Setup of Micro Straight  (Wong et al., 2001) 

 

The results of the research in Wong et al. (2001) indicated that the spinal curve in 9 out 

of 16 patients progress less than a Cobb’s angle of 5o. The control rate of the curve is 69% 

which is similar to the use of the Milwaukee brace to control the loading on the concave 

side of the spine (Carr et al., 1980, cited from Wong et al., 2001). More importantly, the 

patients were able to maintain good posture even after the training regime ended.  

Wong et al. (2001) also provided suggestions for the further development of posture 

training for AIS patients. The patients shared their experiences on using the device 

through an interview, and it was noticed that, although the patients felt fatigue during the 

first stage in the use of the device, the fatigue reduced as long as the users continued to 

maintain a correct posture. Other than that, the users were satisfied with the use of the 
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device compared to a corrective brace. Besides, the researchers provided suggestions on 

the audio alert of the device, as the users had to use the device for 23 hours per day, and 

the audible tone may be overly loud or soft for the users, depending on the situation. 

Therefore, Wong et al. (2001) suggested the use of vibration over sound even though the 

former method would require more battery power.  

Wong (2009) also developed a postural training biofeedback device for the correction of 

posture. The results reflected the effectiveness of the device. The subjects underwent wear 

trials of 4 days in length, and within the 4 days, the total time that the subjects had bad 

posture was reduced by about 26%. Although the device is effective in helping patients 

correct their posture, there are areas that still need to be improved. For instance, the device 

requires a relatively large sized battery for monitoring purposes, and the garment that 

holds the device requires extra assistance for alignment with the targeted area to be 

monitored (Figure 2.17). Besides, the experiment only had two AIS subjects with one 

single curve case and one double curve case. The effectiveness of the system on treating 

spinal deformities has yet to be confirmed. Nevertheless, the research shows the 

effectiveness and possibility of posture training with EMG monitoring. 

 

Figure 17 Figure 2.17 Posture training biofeedback device developed by Wong (2009). 
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Different studies have also been carried out on the paraspinal muscle activity of 

adolescents with idiopathic scoliosis by using sEMG. Avikainen, Rezasoltani & 

Kauhanen (1999) recorded the force-time and the sEMG-time curves of the paraspinal 

muscles during maximal isometric trunk extensions. The isometric force-time curves as 

well as the maximal integrated EMG activity that were recorded from both sides of the 

thoracic and lumbar spines did not show any significant differences between the normal 

and scoliotic groups (Avikainen, Rezasoltani & Kauhanen, 1999).  

Chwała et al. (2014) conducted a sEMG assessment of the paraspinal muscles during 

static exercise in those with AIS. It was found that during symmetric and asymmetric 

exercises, the muscle tension patterns significantly differ for both the normal and scoliotic 

groups in comparison with the examination at rest, which in most cases, generated positive 

corrective patterns. 

A summary of the existing biofeedback posture training devices are described in Table 

2.4. It is important to study the advantages and drawbacks of each study since clinical 

trials on such technology are lacking. 
Table 4  

Table 2.4 Summary of existing biofeedback posture training devices 

Study Pros Cons 

Effectiveness of audio-

biofeedback in postural 

training for AIS patients. 

(Wong et al., 2001) 

 Similar control rate of 

spinal curve as 

Milwaukee brace.  

 Subjects maintain good 

posture after training 

ended. 

 Subjects satisfied with 

device compared to 

brace treatment. 

 Subjects felt fatigue 

during the first stage of 

use. 

 Audio alert tone overly 

loud or soft. 

Postural training 

biofeedback device. 

(Wong, 2009) 

 Comprehensive data 

logging system on 

posture. 

 Effective for correcting 

posture of subjects. 

 Large and immobile 

battery size. 

 Extra assistance 

required for positioning 

device. 

 Experiment was only 4 

days and longer 

duration is 

recommended. 
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Knowledge Gap 2: 

There are 2 studies that have used postural monitoring sensors to provide biofeedback 

postural training. One study also recruited scoliosis patients as participants. Both 

studies successfully trained the patients to improve their posture. There are new 

technologies in terms of biofeedback systems and wearable devices now available that 

are the latest further developments in biofeedback posture training.  

2.6 Design Frameworks and Models 

In order to develop a posture monitor sensor that works well on the designed tank-top, the 

design framework and model are studied in order to provide a systematic design process. 

The design process is considered to be a problem-solving process. A suitable design 

framework is helpful when designing a product that solves problems. In the following, 

several design frameworks and models will be discussed. 

2.6.1 Jones’ Model 

In 1970, Jones (1970) developed a design model (Table 2.5) that aimed to solve the 

conflict between logical analysis and creative thought. In the model, he separated the 

process into three stages. In each stage, there are sub-processes for users to follow. The 

three stages are: (1) analysis; (2) synthesis; and (3) evaluation. The first stage of designing 

is to analyze the factors of the design, that is, the problems or factors that have to be 

considered when designing. This is the stage when the existing problems of the users are 

identified. The second stage is synthesis, where the creative thinking of solutions that are 

able to solve the problems identified in the first stage takes place. Finally, the third stage 

is to evaluate the design in terms of operation, manufacture and sales.  
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Table  

Table 5  

Table 2.5 Jones’ Model (Jones, 1970) 

Stages Sub-processes 

1. Analysis 
- Random list of factors 

- Classification of factors 

- Sources of information 

- Interactions between factors 

- Performance specifications 

- Obtaining agreement 

2. Synthesis 
- Creative thinking 

- Partial solutions 

- Limits 

- Combined solutions 

- Solution plotting 

3. Evaluation 
- Methods of evaluation 

- Evaluation for operation, 

manufacture, sales 

 

2.6.2 DeJonge’s Design Process 

DeJonge’s design process was developed based on the Jones’ Model (Watkins, 1995). 

The process is divided into 7 steps; namely, making initial request, exploring design 

direction, defining design goals, developing design research for specifications, 

establishing design criteria, prototype development, and prototype evaluation (Table 2.6). 

The DeJonge’s design process is a more complete design model than the Jones Model as 

the former includes more details of each step by giving clear descriptions. Besides, it is 

more useful for design research as it includes the identification of goals for research and 

in-depth research processes. 
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Table 6  

Table 2.6 DeJonge’s Design Process. (Chan, 2002) 

DeJonge’s design process Descriptions 

1. Initial request Define design problem 

2. Explore design direction Find design directions 

3. Define design goals Define the goals for research 

4. Develop design research for 

specification 

Develop in-depth research to find design 

factors 

5. Establish design criteria  Ranking and weighting design criteria 

6. Prototype development Develop the prototype for the design 

7. Prototype evaluation Evaluate the prototype 
 

 

2.6.3 Functional, Expressive, and Aesthetic Consumer Needs Model 

The Functional, Expressive, and Aesthetic (FEA) Consumer Needs Model from Lamb 

and Kallal (1992) (Figure 2.17) is a model for academic purposes, and can be taken into 

consideration for both functional apparel and fashion designing. The model consists of 

six steps. They are: (1) problem identification; (2) coming up with preliminary ideas; (3) 

design refinement; (4) prototype development; (5) evaluation; and (6) implementation. 

The advantage of this model is that after evaluating the design, the user can go back to the 

previous steps and improve on the design. This is a critical process that enables further 

refinement to improve designs.  



Chapter 2 Literature Review 

_______________________________________________________________________ 
 

41 
 

 

Figure 18 Figure 2.18 FEA Consumer Needs Model. (Lamb & Kallal, 1992) 

 

This model is considered to be more suitable for designing functional garments as the 

model encourages the user to return to previous steps after evaluating the design, and 

improve on the design (Chan, 2002). This is a critical process that can further refine and 

improve on a design. 

2.7 Chapter Summary 

Background information on scoliosis has been provided in this chapter. Scoliosis is a 

condition in which the patient has a lateral curvature that is greater than 10o on the spine. 

This condition affects a vast population and the most affected group should be the focus. 

Therefore, further investigation on scoliosis type and demographic and etiology factors is 

performed. It is found that scoliosis can be classified into three main types, namely, 

idiopathic, congenital and secondary to a neuromuscular disease. Statistics show that the 

most common type of scoliosis is idiopathic, which comprises 65% of the scoliosis cases. 

Among these cases, adolescents tend to be diagnosed with scoliosis more often than 

children. This is because puberty growth is the cause of spinal deformity. Besides, 

scoliosis in girls tends to progress more rapidly than in boys. Therefore, AIS in female 

patients is the focus of this study as they are the most affected group. 

Given the fact that most scoliosis cases are idiopathic and the majority of spinal deformity 

are detectable during adolescence, the critical treatment period for scoliosis is also during 

adolescence. Therefore, early detection of the symptoms of scoliosis is important to AIS 

patients. The symptoms can be identified through uneven shoulders, spinal curvature and 

uneven hips. It is also possible to use techniques that have been reported with dependable 

reliability and validity, including the Walter Reed Visual Assessment Scale, Adam’s 
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forward bending test with measurements carried out by using a scoliometer, Moiré 

topography, thermography and 3D surface imaging. These techniques share similar 

characteristics. They are non-invasive, time-saving and provide a certain degree of 

reliability and validity. None can identify scoliosis itself and only the symptoms.  

In order to diagnose scoliosis for further treatment or medical recommendations, accurate 

identification methods like CT scanning, traditional radiography or the use of the latest 

ultrasonic imaging systems can be considered. The Cobb’s angle can be measured from 

radiographs by drawing perpendicular lines at the most tilted vertebrae above and below 

the apex of the curve and the angle between the intersecting lines is measured. Treatment 

is recommended after applying one of these methods. 

After diagnosis, idiopathic scoliosis can be further classified by using three different 

systems to provide more insight and recommend treatment accordingly. These systems 

are the King’s, Lenke and PUMC classification systems. It is found that in the literature, 

the Lenke and PUMC classification systems have better reliability and address all 

scoliosis curve types, while the latter provides more clear instructions and does not require 

reading radiographs.   

The treatment options of idiopathic scoliosis have also been reviewed in this chapter. 

Periodic observations every 6 or 12 months are suggested for scoliosis patients with a 

spinal curvature of 6° to 20°. Patients with a spinal curvature of 21° to 40° are 

recommended to wear a non-invasive brace to confine body posture and avoid the 

progression of the spinal curvature. For patients with a curvature that is over 41°, surgery 

is recommended in which the vertebrae is filled with bone through fusion to the spinal 

disc and thus straightening the spine. 

For non-invasive brace therapies, there are the options of rigid and flexible braces. The 

former is tailor made to the body shape of the wearer and uses rigid plastic materials. The 

wearer has to wear the brace for 23 hours a day for 3 to 4 years until the skeleton is mature. 

The latter is a brace that corrects spinal deformity by correcting poor posture with the aid 

of elastic bands. Both the rigid and flexible braces cause skin irritation, pressure sores, 

breathing issues, affect sports participation, as well as affect walking, sleeping and putting 
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on clothing.  It is reported that the effectiveness of stopping spinal deformities with the 

use of a rigid brace is better, and other research has shown that the flexible brace may fail 

to reduce the progression of the spinal curvature. The literature review shows that bracing 

is effective in treating scoliosis to some extent, however, there are problems resultant of 

this treatment and there is room for improvement. 

The psychological concerns brought on by bracing therapy is a decisive factor on the 

success of the therapy. The bulkiness of the brace will have a negative effect on the 

appearance of adolescents which is subsequently a form of discomfort among their peers 

or affects social relationships which then affects compliance behavior. Therefore, public 

education on scoliosis, its potential problems, and how families could provide support are 

helpful for increasing compliance. The objective quantification of the condition by using 

loggers, such as temperature loggers, may provide reliable data on the brace wear time. 

The advantages and disadvantages of the non-invasive therapies have been summarized. 

It is important to understand them as the pros and cons of the existing treatment options 

should be taken into consideration when developing new treatment for scoliosis patients. 

Since bracing treatment is a passive way to change the body posture of scoliotic patients 

with a rigid or flexible brace, an active treatment method is proposed in this study. 

Therefore, the importance of posture has been examined to determine the feasibility of 

using posture as part of the treatment. Posture is the orientation or alignment of body 

segments while maintaining an upright position. Poor posture is common in adolescents, 

which may be resultant of poorly designed school furniture or school bag designs. In order 

to maintain the correct posture, the head and ankles need to be straight, shoulders and hips 

level, kneecaps face the front and the chin parallel to the floor and aligned with the ears. 

The lower back should be slightly bent forward to support the body with no extra weight 

distributed onto the spine. There are various tests that can be utilized on a daily basis to 

determine if the posture is correct. 

In addition to the background information on scoliosis, biofeedback has also been 

discussed, which is another focus of this study since it has been proven to be effective in 

addressing a number of physical, psychological and psychophysical problems. The 
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background information, general applications and applications for posture training have 

been reviewed. Biofeedback is “a method of training which enables a person mostly with 

the help of electronic equipment, to learn to control otherwise involuntary bodily 

functions - 'learning to play the internal organs’” (Bray, 1998). sEMG has been used to 

increase upper extremity muscle activities in biofeedback systems, and considered to be 

the most effective when used in conjunction with physiotherapy. Although there are case 

studies found in the literature on the application of biofeedback systems, there is little 

work on their use for posture training, and only two related articles are found. They 

support the application of biofeedback systems for training body posture. The pros and 

cons of these two studies have also been outlined because it is ideal to develop 

biofeedback training for scoliosis when the advantages and disadvantages of devices and 

techniques used in previous studies have been fully taken into consideration.  

Lastly, design frameworks that serve the purpose of helping to solve problems in 

designing products have been outlined. The design framework serves as a critical problem 

solving model when designing the biofeedback tank top. Three design frameworks, 

including the Jones’ Model, DeJonge’s design process and the FEA Consumer Needs 

Model have been reviewed. The latter is considered to be more suitable for designing 

functional garments as the model encourages the user to return to previous steps after 

evaluating the design, and improve on the design. This is a critical process that can further 

refine and improve on a design.
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CHAPTER 3- RESEARCH METHODOLOGY 

3.1 Introduction 

In this chapter, the methods for developing a tank-top equipped with posture monitoring 

sensors for individuals with AIS will be described. These include the design and 

development of a posture correction tank-top, subject selection, tank-top fabrication, 

posture monitoring sensor development, wear trial and evaluation tests which will be 

described in the following sections. 

3.2 Experimental Design 

The experiment was divided into three phases (as shown in Figure 3.1), namely, subject 

recruitment and preliminary examinations, design and development of the posture training 

tank-top for AIS patients, and wear trial and evaluation of the posture training tank-top. 

The subject recruitment and preliminary examinations involved some preparation work 

for the study. The target subjects were recruited through a school screening program and 

underwent a series of preliminary examinations of their spinal deformity situations. Their 

paraspinal muscle activity signals were detected with the use of electromyography. Their 

posture was also examined before the wear trial by using 3D body scanning. 

The second phase of the experiment was the design and development of the posture 

training tank-top for AIS patients. In this phase, a tank-top that emphasized on comfort 

was designed.  Other factors for the tank-top were also taken into consideration, such as 

durability, and the technical requirements for accommodate the posture monitoring 

sensors on the tank-top. The materials and silhouette of the tank-top were chosen based 

on their ability to fulfil these requirements. 

The third phase of the experiment was the wear trial and evaluation of the tank-top. The 

subjects were invited to attend around 30 sessions of posture training. The training 

included 50 minutes of biofeedback training, whereas, the tank-top with posture 

monitoring sensors were also assisted the whole training. The data collected was analysed 

with statistical analysis and the significance of the study will be discussed. 
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Figure 19 Figure 3.1 Experimental design with three phases. 

 

 

Phase 1: Design and 
Development of the 

Posture Training Tank-Top

•Designing of Process Framework

•Body-Mapping for the tank-top design

•Material Selection

•Material Testings

•Body Measurements

•Pattern Making

•Garment Assembling

•Fitting

•Posture Monitoring Sensors

Phase 2: Subject 
Recruitment & 

Preliminary Examinations 

•School Screening

•Use of Scolioscan™(Ultrasonic Imaging)

•3D Body Scanning

•sEMG Paraspinal Muscle Signal Examination

Phase 3: Posture Training 
Wear Trial & Evaluation

•Posture Training Protocol

•Evaluation Tests of Posture Training

•Statistical Analysis
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3.3 Design and Development of Posture Training Tank-top 

3.3.1 Design Process Framework 

In order to design a garment that fulfils the needs of AIS patients, a design framework 

that centres on the end-users is important in the design process. In the previous chapter, 

several design frameworks were studied. It was found that a design framework based on 

the FEA is more suitable when designing a functional garment. (Stokes and Black, 2012) 

Besides, another advantage of the FEA design framework is that it allows designers to 

review previous steps after evaluating the prototype. In Figure 3.2, the application of the 

FEA based design framework to the present study is shown. The application includes the 

FEA based design framework process and incorporates considerations of function, 

expression and aesthetics during problem identification and preliminary steps for ideas. 
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Figure 20 Figure 3.2 Application of FEA based design framework to present study. 
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3.3.2 Material Selection 

3.3.2.1 Body-Mapping for the tank-top design 

Considered the tank-top served two main purposes in this study, 1) a tank-top design that 

could accommodate the posture monitoring sensors with secured sensor positioning; 2) 

provide maximum comfort for the users. The knowledge of body mapping was explored 

to assist the material selection of the tank-top in order to maximize the comfort of the 

garment.  

Smith and Havenith (2011) conducted an experiment on body mapping of sweat 

distribution on male, the study showed higher sweat rate is observed on posterior and 

medial torso. The sweat rate were the greatest at central and lower back regions. They 

further investigated the sweating pattern between sexes (Smith and Havenith, 2012), the 

result indicated that male and female had similar sweating distribution. In addition, the 

highest sweating regions for female were the central upper back and between breasts.  

Based on the Kitteringham (2006) suggestion on textiles with different properties should 

be applied on different position of the garment to improve local wear comfort and thermal 

comfort and the target group for this study is mild AIS female, it was essential to 

understand the highest sweating regions for female in order to strategically locate fabrics 

that provided excellent sweat wicking and breathability in those positions. 

3.3.2.2 Main Criteria for Fabric Selection 

As mentioned in sub-chapter 3.3.2.1, the significant findings of other scholars helped to 

set the main criteria for fabric selection of the tank-top in this study. Among the protein, 

cellulosic and synthetic fibres, textiles made of the latter were selected because synthetic 

fibres allow different shapes to be spun to achieve different properties, for example, 

synthetic fibres can be spun into a round shape to achieve a soft and smooth hand feel. 

Synthetic fibres are also able to be spun into microfibers which provide a very fine fabric. 

The mechanical properties of synthetic fibres also make them ideal for manufacturing 

performance apparel. Textiles made of synthetic fibres tend to dry quickly, are light in 

weight, and have excellent abrasion and pilling resistance. They are also easy to care 

materials due to their good resilience (Elsasser, 1997). 
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There are a number of synthetic fibres available, and nylon and polyester were compared. 

Nylon is a strong and lightweight material. It has a certain amount of stretchability and 

ability to recover back to its original shape (Rastogi, 2009). Nylon fibres are also 

commonly found in underwear, shirts and sports apparel due to their easy-care properties 

(McIntyre, 2005). Besides, nylon fibres have better absorbency than other synthetic fibres, 

which means better wicking ability.  

Polyester fibres have similar properties as nylon fibres. They are strong with good 

abrasion resistance. However, polyester fibres only have a moderate elasticity, and high 

resistance to stretch (Rastogi, 2009), with low absorbency which affects the comfort of 

the users. In addition, polyester also has a pilling problem which degrades the durability 

of garments (Elsasser, 1997). 

Therefore, nylon is chosen as the main fabric to produce the tank-top resultant of its more 

suitable properties in making a stretchable, durable and comfortable piece of apparel.  

Moreover, the fabric type is also an important factor that affects the functionality of a 

garment. Common fabric types are knitted and woven fabrics. Knitted fabric is formed by 

interlocking loops from one or more yarns by using needles. Woven fabrics are made with 

two or more sets of yarns interlaced at the right angles. Kadolph (2011) pointed out that 

the major difference between knitted and woven fabrics is comfort. Knitted fabric has 

elasticity which can easily adapt to body movement. It also provides good wrinkle 

recovery. The air-permeability is better than woven fabrics due to the fabric structure. 

Therefore, knitted fabrics are more suitable for making sports apparel and underwear, and 

chosen as part of the selection criteria.   

Knitted fabrics can also be further categorized into weft knitted and warp knitted fabrics. 

The former is made from a single yarn that interlopes itself in the horizontal direction on 

knitting machines. The latter is made with the interloping of the yarn in the vertical 

direction (Shaikh, 2005). Warp knitted fabrics are considered to be a more stable fabric 

then weft knitted fabrics. Weft knitted fabric has poor durability and it could unravel at 

the top or bottom which would not be the case for warp knitted fabric (Kadolph, 2011). 

Therefore, warp knitted fabric is selected for the tank-top.  
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Two types of warp knitted fabrics were selected for specific parts of the tank-top. For the 

shell fabric of the tank-top, tricot was selected because it has a soft handle, good elasticity, 

smooth surface and good resistance to splitting. Tricot provides comfort and is durable 

(Au, 1979). In addition, there is the pocket lining that holds the foam cup padding. 

Therefore, powernet was selected as powernet is a warp knitted fabric with a one-way 

stretch that provides elasticity when inserting the foam cup padding. Besides, the mesh of 

powernet fabric maximizes air permeability that able to cool down the temperature and 

better wicking between breasts which is one of the highest sweating area of female.  

3.3.3 Material Tests and Testing Conditions 

The selected materials and accessories were evaluated with physical tests to provide 

details on the properties of the materials and the performance of the materials so as to 

choose the optimum fabrics. Aside from common physical tests like those for strength 

and elongation, other physical tests related to comfort were also included. The list of 

testing standards is shown in Table 3.1. 

Table 7  

Table 3.1 Testing standards for material testing. 

  Test 

Mechanical 

Properties 

Strength Test: ASTM: D3787-07 (2011) Standard Test 

Method for Bursting Strength of Textiles – Constant – 

Rate- of- Traverse (CRT) Ball Burst Test 

Stretch and Recovery Test: ASTM: D5035-11 Standard 

Test Method for Breaking Force and Elongation of Textile 

Fabrics (Strip Method) 

Comfort Properties 

Air Permeability Test: ASTM: D737-04(2012) Standard 

Test Method for Air Permeability of Textile Fabric 

Constant Thermal Conductivity Test (KES-F7-THERMO 

LABO II) 

Durability 

Pilling Test: ASTM D3512/D3512M -10 Standard Test 

Method for Pilling Resistance and Other Related Surface 

Changes of Textile Fabric Random Tumble Pilling Tester 

Washing Test: AATCC Test Method 135- Dimensional 

Changes of Fabrics after Home Laundering 
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The testing conditions were controlled to avoid problems resultant of the different 

moisture absorption rates of the different tested fabrics. According to the standard 

conditions for textiles testing in the United States, the room conditions should be as 

follows: 

65 ± 1% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 𝑎𝑛𝑑 21 ± 1℃  

The tested fabrics were placed in the above conditions for at least 24 hours in order to 

reach equilibrium moisture conditions. After conditioning, the fabrics were ready to be 

tested (Collier & Epps, 1999). 

3.3.3.1 Strength Testing 

ASTM: D3787-07 (2011) Standard Test Method for Bursting Strength of Textiles – 

Constant – Rate- of- Traverse (CRT) Ball Burst Test. 

This test is performed to determine the burst strength of the textile. This is an ideal test 

for fabric with high elasticity as the specimens are directly clamped onto the testing 

machine.  

The procedures of the test are as follows. 

1) The specimens were cut into squares of 125 mm. 

2) The specimens were placed without tension into the ring clamp. 

3) The CRT machine was operated at 305 ± 13 𝑚𝑚/𝑚𝑖𝑛 (Figure 3.3). 

4) This speed was used until the specimen burst. 

5) The bursting strength was read and recorded to the nearest 0.5 N. 

The results were shown in SI units. A higher bursting strength required means that the 

fabric has higher durability, as more strength is needed to burst the fabric.  
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Figure 21 Figure 3.3 CRT machine for bursting test. 

 

3.3.3.2 Stretch and Recovery Testing 

ASTM: D5035-11 Standard Test Method for Breaking Force and Elongation of Textile 

Fabrics (Strip Method) 

This test determines the elongation of the fabric. It also provides information on the 

elasticity of the tested fabrics.  

The procedures of this test are as follows. 

1) The specimens were cut into strips with a width of 25 mm and length of 150 mm 

in the warp and weft directions respectively.  
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2) A specimen was mounted onto the clamp of the Instron tensile machine (Figure 

3.4) without stretching it.  

3) The “Start” button on the pre-set computer software was pressed.   

4) After the machine stretched the specimen with a 50% tensile strain, the data were 

read and recorded. 

5) Step Two was repeated for the other specimens. 

The data showed the load in terms of the Newton unit that was required to stretch the 

specimen 10%, 20% and up to 50%. A lower load required to extend the fabric to a 

maximum of 50% represented higher stretchability of the fabric. 

 

Figure 22 Figure 3.4 Instron Tensile Machine 
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3.3.3.3 Air Permeability Testing 

ASTM: D737-04(2012) Standard Test Method for Air Permeability of Textile Fabric.    

This test measures the air permeability of a textile fabric, including woven and knitted 

fabrics. This test measures the air flow that passes through a specimen and the air pressure 

is needed to determine the air permeability of the fabric.  

The procedures of the test are as follows.   

1) The specimens were prepared by cutting them into the 10cm x 10cm.   

2) A specimen was placed onto the metal plate of the air permeability machine 

(Figure 3.5).   

3) Secure the specimen and start the machine   

4) The test results were read and recorded kPa.s/m. 

The results were evaluated by using kPa.s/m, the larger number represented more air 

pressure is needed to penetrate through the fabric. That also means the air permeability of 

the fabric is lower. 

 

Figure 23 Figure 3.5 KES-F8 Air permeability Tester. 
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3.3.3.4 Constant Thermal Conductivity Testing 

Thermal conductivity is one of the elements that indicate the comfort of a fabric (Saville, 

1999). Therefore, measurements of thermal conductivity are needed to determine whether 

the textile has the effect of a cooling feeling. The KES-F7-THERMO LABO II (Figure 

3.6) was used to carry out thermal conductivity testing to evaluate the cooling effect so as 

to provide a cool hand feel to the users (Collier & Epps, 1999). 

The procedures of the test were as follows. 

1) The thickness of the sample was measured by using a digital thickness gauge. 

2) The digital thickness gauge was switched on to measure points on the fabric for 

three times to obtain the average thickness.   

3) The KES-F7 THERMO LABO II was warmed up for 15- 30 minutes. 

4) The heater of the heat plate was turned on and Box B was set as 30±0.2°C.  

5) The specimens were placed into the water box and after the temperature of the 

“BT-Box” and guard reached the pre-set temperature, the “BT-Box” was placed 

onto the sample with complete contact between the BT-Plate and the sample.  

6) After the temperature was close to 30°C, the Qm (Qmax) button was pushed. The 

digital panel meter on the monitor indicates the feeling of coolness while touching 

this textile, thus indicating the maximum loss of heat when recording the data. 

After the data were acquired, the thermal conductivity of the fabrics can be calculated by 

the following formula.  

𝑘 =  
𝑤 × 𝐷

(𝑇𝐻 − 𝑅𝐶) × 𝐴
 

 

Where k = thermal conductivity, w = watts that are transferred from the Btbox to the water 

box through the specimen. D = thickness of the specimen. TH – TC = surface temperature 

difference of the BT-box and water box, and in this case, it is 10°C (30°C – 20°C). A = 

the area of the heat plate of the BT-box, which is 5 cm x 5 cm = 25 cm2. 
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Figure 24 Figure 3.6 Constant thermal conductivity testing machine: KES-F7-THERMO 

LABO II 

3.3.3.5 Pilling Testing 

ASTM D3512/D3512M -10 Standard Test Method for Pilling Resistance and Other 

Related Surface Changes of Textile Fabric Random Tumble Pilling Tester. 

This test is performed to examine resistance to the formation of pills and other related 

surface changes on the main fabric used on a garment. This test is applicable to both 

woven and knitted fabrics. 

The procedures of the test are as follows. 

1) Three specimens were taken from each fabric and cut into squares of 105 mm in 

the bias direction of the fabric.  

2) The specimens were numbered with a marker as 1, 2 and 3 for easy identification.  

3) The edge of the fabric was sealed with adhesive at a width of 3 mm, and 2 hours 

was allowed to lapse to allow the adhesive to set. 

4) The three specimens from the same fabric sample and 25 mg of gray-dyed cotton 

fibre that was 6 mm in size were placed into the test chamber of a SDL ATLAS 

M227 Random Tumble pilling tester (Figure 3.7). 

5) The running time was set to 30 mins. 
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6) The specimens were taken out after the running time was completed and the 

chamber was cleaned. 

7) Step Four was repeated for the rest of the specimens.  

To evaluate the specimens, they were placed into a viewing cabinet. Then, in accordance 

with the appearance of the specimens, they were rated from 1-5. A rating of 5 represents 

no pilling, and 1 represents very severe pilling. 

 

Figure 25 Figure 3.7 SDL ATLAS M227 Random Tumble Pilling Tester. 
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3.3.3.6 Washing Fastness Testing 

AATCC Test Method 135- Dimensional Changes of Fabrics after Home Laundering. 

This test is carried out to investigate the fabric dimensional stability after washing. This 

is an important test to determine the fit of the garment. The garment size is affected if the 

fabric has poor dimensional stability and thus, affects the fit.  

The procedures of the test are as follows. 

1) The specimens were prepared into 50 x 50 cm squares with a 25 cm bench mark 

in the weft direction. 

2) The home laundering machine was set to a normal washing cycle of 41℃ and 

tumble drying.  

3) The temperature for the rinse cycle was set to be less than 29℃ automatically. 

4) AATCC standard detergent 124 (90 g) was added into the washing machine. 

5) The specimens and other dummy pieces were loaded into the washing machine 

with a total weight of 1.8 kg. 

6) The specimens were tumble dried. 

7) The dimensional changes were measured. 

The result is calculated by using following equation: 

% 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝐶ℎ𝑎𝑛𝑔𝑒𝑠 = (𝐵 − 𝐴) ÷ 𝐴 × 100% 

Where A= original dimensions of the bench mark and B = dimensions of bench mark after 

washing. 
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3.3.4 Body Measurements 

In order to produce a well-fitting tank-top for the subjects, precise body measurements 

are needed. Eleven body measurement items, including the length, girth and width, were 

identified and are shown in Table 3.2. The measurements were taken as shown in Figure 

3.8. All of the measurements were carried out manually by using a measuring tape. 

Table 8  

Table 3.2 List of key measurements 

Type No. 

Measurement 

Item Remarks 

Length 

1 Neckline to Chest Measure from center front neckline to chest 

2 Center front length 

Measure from center front high point 

shoulder to hip 

3 Front armhole 

Measure from center front high point 

shoulder to armpit  

4 Center back length 

Measure from center back high point 

shoulder to hip 

5 Back armhole 

Measure from center back high point 

shoulder to armpit  

6 

Back shoulder to 

scapula 

Measure from center back high point 

shoulder to lower scapula 

Girth 
7 Overbust  

Measure the circumference of overbust 

across apex 

8 Waist girth Measure the circumference of waist 

9 Hip girth Measure the circumference of hip 

Width 
10 

Front shoulder to 

shoulder 

Measure high point shoulder to high point 

shoulder 

11 

Back shoulder to 

shoulder 

Measure high point shoulder to high point 

shoulder 
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Figure 26 Figure 3.8 Measurements taken for the tank-top making. 

 

 

3.3.5 Pattern Drafting 

The pattern of the tank-top was separated into six components; namely, the front body, 

back body, front neckline and shoulder straps, back shoulder straps, and padding lining 

of the front and back of the foam cups. The pattern measurements were drafted with a 

10% shrinkage of the actual body measurements of each subjects to achieve a well-fitting 

garment due to the use of elastic fabric (Richardson, 2008). Informative markings, such 

as notches, gridlines and 6 mm of seam allowance, were added to the pattern pieces.  
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3.3.6 Garment Assembling 

The garment was assembled in accordance with the drafted pattern. There were three 

stitch types used in accordance with ISO standard 4915:1991 (Figure 3.9). Stitch Type 

301, a lockstitch, was used to join the pattern pieces together. This stitch type is formed 

by a threaded needle that passes through the fabric and interlocked with a bobbin thread. 

The top and bottom views of this type of stitch are the same. Also, Stitch Type 304 was 

used to join the elastic band together with the foam padding lining. This stitch type is 

commonly applied to intimate apparel and sportswear as it retains the stretchability of the 

fabrics. This stitch type was formed in a similar manner as Stitch Type 301, except in an 

interlocking zig-zag pattern. The third stitch type is 406, a 2 needle bottom coverstitch. 

This stitch is formed by 2 threaded needles that pass through the fabric and interlock with 

a looper thread. This stitch type provides coverage on the bottom side of the seam. 

Therefore, the seams are covered without causing abrasion or irritation to the wearers. 

 

Figure 27 Figure 3.9 Three types of stitches used for garment assembling process. (ISO 

Standard 4915:1991) 
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3.3.7 Fitting  

There were two fitting sessions. The first fitting was carried out to examine the fit of the 

tank-top on the subjects. Markings were used to label the designated positions where 

modifications were required. Therefore, the tank-top was ensured to fit well onto the body 

of the subjects. The second fitting was performed only after the tank-top was ensured to 

be suitable. Posture training sensors were placed along the paraspinal muscle position 

inside a pocket of the tank-top.  

3.3.8 Posture Monitoring Sensors 

3.3.8.1 3-axis Accelerometer  

A 3-axis accelerometer was used to determine immediate posture and orientation. The 

accelerometer measured the acceleration forces. For a still object, the only acceleration 

force captured would be the acceleration of gravity. The 3-axis sensor would provide a 

reading of the gravity based on its built-in coordinate system with three orthogonal 

coordinates (x, y, z), which is essentially a vector that shows the magnitude and direction 

of the gravity force. By using gravity as a measurement, the initial position of the sensor 

and further angle shifts of the sensor could be calculated. In terms of the posture training 

program, three accelerometers were used to capture the standing and sitting postures and 

orientation of the subjects. The position of the sensors were placed at three different 

locations, 1) at T3, aimed to monitor the posture of the thoracic torso (Wong, 2009); 2) at 

T12, it is a position used to measure the lumbar spine position by 3 orthogonal axes and 

in this study it was applied to monitor the lumbar spine position (McGill & Karpowicz, 

2009); 3) at L4-L5, a position for calculating the sum of force of all muscle fascicles along 

the compressive and shear axes (McGill & Karpowicz, 2009). Besides, the sensors were 

put into the tank top, which imposed the least amount of invasiveness to the subjects. 

3.3.8.2 Microcontroller Unit 

Each accelerometer was attached to a microcontroller unit (MCU) which was responsible 

for processing the sensed data. The sensor was designed as an autonomous unit and 

equipped with its own battery, MCU and Bluetooth communication capability. This 

allows the strategic placement of the sensors and embedding of multiple sensor units into 



Chapter 3 Research Methodology 

_______________________________________________________________________ 
 

64 
 

the tank-top to correctly sense and monitor the posture of the subjects. The filtering 

function was programmed directly into the unit and executed by the MCU (Figure 3.10). 

The MCU can provide real time monitoring functions by simultaneously correlating the 

sensed data with the body posture. The data recorded with the 3-axis accelerometer were 

provided to the users through Bluetooth on the MCU with a smartphone application 

written specifically for this purpose. Therefore, alert signals and real-time information on 

the posture of the user could be emitted and monitored through the application. 

 

Figure 28 Figure 3.10 Mechanism of the MCU 

 

 

3.3.8.3 The Mobile Application 

The MCU was a hardware to provide orthogonal coordinates of the users. A smart phone 

mobile application could provide the function of analysing, displaying and logging the 

data. The application was developed base on Android system through an application 

writing software Android Studio version 2.0 (Figure 3.11) by the manufacturer of Google 

Android Developers™. The MCU was connected with the smart phone through Bluetooth 

technology. The connectivity was not interrupted as long as the application was running 

in background. The posture monitoring sensors and the smart phone application compiled 

to provide the posture monitoring for the users.  
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Figure 29 Figure 3.11 The interface of Android Studio 2.0. 

 

3.4 Subject Recruitment and Preliminary Examinations 

3.4.1 Subject Inclusion Criteria 

All of the subjects had to meet the inclusion criteria. The target group is females between 

the ages of 10-13, who have been diagnosed with the early stages of AIS. The primary 

Cobb angle is between 10° to 20°. They were to be both physically and mentally able to 

adhere to the posture training protocols. The subjects had to be literate and speak English 

or Chinese for effective communication purposes. All of the selected subjects consented 

to participate in the study on a voluntary basis. Also, they agreed that their personal data 

(including sEMG, logging function data from the posture sensors and research data, as 

well as all measurements collected) could be used for data analysis and research purposes. 
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3.4.2 Subject Exclusion Criteria 

Any subject with a history of previous surgical or orthotic treatment for AIS, 

contraindications to x-ray exposure or pulmonary tests, recent trauma, mental disorder, 

skin allergy, or fail to comply with sEMG testing and wearing the posture training device 

protocol was excluded from selection as a subject. 

3.4.3 School Screening Program 

The school screening program was carried out at primary and secondary schools. A simple 

spinal examination was provided to females aged 10 to 13 years old who agreed to 

participate in the screening program. During the examination process, the subjects were 

invited to perform the Adam’s forward bending test and a Scoliometer was employed to 

measure the angle of the trunk inclination (ATI) in their spine while lying prone, in order 

to preliminarily assess their spinal conditions (Figure 3.12). The participants were 

assigned to the group with the possibility of scoliosis if they had an ATI ≥3° and invited 

for preliminary examinations to carry out further inspection. 

 

Figure 30 Figure 3.12 Adam’s forward bending test and form for recording posture 
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3.4.4 3D Body Scanning 

The 3D body scanning sessions were performed by using a 3D body scanner (Anthroscan 

System, Human Solutions), see Figure 3.13. The 3D body scanner enables contact-free 

and fully-automated acquisition of more than 140 body dimensions with exact three-

dimensional images of the human body. The scanning time for each person from head to 

foot requires less than 10 seconds (Human Solutions 2014). 

 

Figure 31 Figure 3.13 3D body scanner developed by Human Solutions 

 

The subjects were asked to wear a bra-top and shorts in a plain light color to maximize 

the exposure of skin to the camera. In addition, the subjects were required to tie up their 

hair to avoid obscuring the shoulder or neck in the scanned image. 10 body markers were 

placed on the subjects’ body suggested by International Society on Scoliosis Orthopaedic 

and Rehabilitation Treatment (SOSORT) (Kotwicki et al., 2009) for creating reference 

points for analysis uses and postural changes comparison. (Figure 3.14). Then, the 
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subjects were asked to relax and stand straight. Their feet were placed apart and spaced 

with the shoulder width onto the footprint indication marked on the floor. Their hands 

were to be held slightly away from the body at both sides, and head was to be parallel at 

eye level to the floor. The 3D images of the subjects were generated by processing cloud 

points as shown in Figure 3.15 

 

Figure 32 Figure 3.14 Position of body landmarks suggested SOSORT (Patias et al, 2010) 
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Figure 33 Figure 3.15 Cloud points from 3D scanned image taken by Human Solution 3D 

scanner 

 

 

3.4.5 Infrared Camera 

The experiment was conducted in a conditioned room at 20°C ±2°C and relative humidity 

of 55% (Abate et. al., 2010). The subjects were asked to undress and a physiotherapist 

located the body landmarks on their body as recommended by the Society on Scoliosis 

Orthopedic and Rehabilitation Treatment (SOSORT) (Figure 3.14). The body landmarks 

provided guidelines for locating the target muscle regions. Acclimation was carried out 

by allowing the subjects to rest in a conditioned environment for 20 minutes. 

IR imaging was performed with a FLIR E33 camera (FOL-18 lens; 10,800 pixels).The 

thermal sensitivity is 0.07°C. The camera was set onto a tripod and the distance between 

the camera and subjects was 1.5 m. IR imaging was used to capture the entire temperature 

distribution in the paraspinal muscles. 

The IR images were analyzed by using Thermacam Researcher Professional 2.9 Software 

(FLIR). The regions of interest, which included the left and right trapezius, latissimus 

dorsi and quadratus lumborum (Figure 3.16) (Abate et. al., 2010), were located with the 

aid of the body landmarks. The software computed the average and standard deviations 

of the temperature distribution within each region as indicated in Figure 3.16 with black 

dotted lines. The data were obtained bilaterally for each region of interest. 
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Figure 34 

Figure 3.16 Regions of interest computed with Thermacan Researcher Professional 

2.9 software. 1) is trapezius, 2) is latissimus dorsi, 3) is quadratus lumborum. Average 

and standard deviations of regions obtained bilaterally. 

3.4.6 Ultrasonic Imaging  

The recruited participants were also invited to take 3D lateral images through ultrasound 

by using the ScolioscanTM (Zheng, 2012). The system consisted of a portable ultrasound 

scanner, frame, electromagnetic spatial sensing device, and a PC with a program for data 

acquisition, analysis, and display (Figure 3.17). Four body supporters were mounted onto 

the chest board to adjust the position of the users and ensure that their movements were 

limited before scanning. The spinal information was recorded with the use of B-mode 

ultrasound images (2D). The images collected from the subjects were displayed in 3D 

space. Image processing was applied if the B-mode images failed to clearly show the bony 
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surface. A 3D model of the spine was formed and used to measure the spine deformity 

angle by using manually assigned markers (Figure 3.18). 

 

Figure 35 Figure 3.17 Scolioscan™ Device 

 

 

 

Figure 36 Figure 3.18 Ultrasound images of spine taken by Scolioscan™ 
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3.4.7 sEMG Test 

3.4.7.1 Procedures of Skin Preparation 

In order to minimize unwanted amplitude, the electrode-skin interface should be well 

prepared. It is suggested that skin preparation before sEMG testing should be carried out. 

According to the recommendations for skin preparation in SENIAM (Hermens, 1999), 

the skin of the patient should be shaved before the test and cleaned with alcohol. Then the 

alcohol should be allowed to vaporize so that the skin is dry before the electrodes are 

placed onto the skin. 

3.4.7.2 sEMG Testing Procedures 

The parameters of the sEMG assessment were formulated based on the surface EMG for 

non-invasive assessment of muscles (SENIAM) standards (Hermens, 1999). sEMG 

activity was acquired with the use of a pre-amplified sensor (MyoScan model T9503M), 

and a data acquisition system (Flexcomp model T7555M), both from Thought 

Technology (Montreal, Canada). The sEMG electrodes were placed onto the paraspinal 

muscles; namely, the trapezius, latissimus dorsi, erector spinae at the thoracic region and 

erector spinae at the lumbar region (Figure 3.19) in pairs to determine the muscle activity 

along the whole spine. The electrodes were placed by a physiotherapist based on the 

SENIAM instructions and the sEMG signals were verified by an impedance test carried 

out by using BioGraph Infiniti software (Thought Technology Ltd.). The EMG 

assessment was only performed when the impedance check indicated that the data 

received were under 50 khms/s 
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Figure 37 Figure 3.19 Targeted muscle regions for sEMG testing. 

 

During the collection of the sEMG data for habitual standing, the study participants were 

barefoot with arms relaxed and lightly clasped in front of their body and feet positioned 

20 cm apart. They were instructed to focus straight ahead and look at a designated point 

(O’Sullivan et al., 2002). The habitual postures are the natural postures of the subjects 

performed without any instructions from the physiotherapist. A treatment chair with 

adjustable height was used for all of the habitual sitting positions. The hips and knees 

were flexed to 90°. Under standardized instructions, the participants were positioned by 

the same investigator for all of the trials.  

The requirements of the standing and sitting positions were used per recommendations in 

Lau (2011) and McKenzie (1922) and the subjects were guided to perform the posture 
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accordingly by the physiotherapist who had no conflict of interest with this study (Figure 

3.20). 

1. Suggested standing position: The head and ankles are to be straight, shoulders and 

hip are level, kneecaps face the front, head and knees are straight, and the chin 

should be parallel to the floor and aligned with the ears. The lower back should be 

slightly bent forward with the aid of the chest, stomach and buttock muscles. 

2. Suggested sitting position: The head and ankles are to be straight, shoulders and 

hips are level, kneecaps face the front and the chin should be parallel to the floor 

and aligned with the ears. The lower back should be slightly bent forward to 

support the body with no extra weight distributed onto the spine. 

 

 

Figure 38 Figure 3.20 Suggested postures as guided by physiotherapist. 
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3.4.7.3 Analysis of the sEMG signals 

The measurements of the sEMG activity of the paraspinal muscles of the subjects were 

taken during habitual postures and suggested positions of standing and sitting for a 

duration of 1 minute and repeated twice. A band pass filter that ranged from 10 to 500 Hz 

was applied to eliminate undesired artifacts, such as sudden movement, and a 60 Hz notch 

filter was used to eliminate the main noise. The sEMG signals were sampled at a rate of 

2048 Hz. The root-mean-square (RMS) values of the raw sEMG signals were derived 

from each session. The RMS sEMG ratio of the subjects was calculated based on the 

equation below (Cheung et al., 2005): 

𝑅𝑀𝑆 𝑠𝐸𝑀𝐺 𝑅𝑎𝑡𝑖𝑜 =
𝑅𝑀𝑆 𝑠𝐸𝑀𝐺(𝑐𝑜𝑛𝑣𝑒𝑥)

𝑅𝑀𝑆 𝑠𝐸𝑀𝐺(𝑐𝑜𝑛𝑐𝑎𝑣𝑒)
 

 

The ratio is an index of the symmetric sEMG activity of the tested muscles, which when 

the ratio is 1, the tested muscle pairs have identical sEMG activity from the concave and 

convex sides of a tested muscle. If the ratio is less than 1, the concave side of the muscle 

has a stronger sEMG activity than the convex side. If the ratio is larger than 1, the concave 

side of the muscle has weaker sEMG activity than the convex side. The equation was 

applied to assess the effectiveness of the suggested positions for the scoliosis subjects. 

The suggested positions are effective if the ratio is closer to 1 compared to the ratio 

recorded for the habitual postures. 

 

3.5 Posture Training Wear Trial and Evaluation 

In stage three, the developed garment, posture monitoring sensors and the subjects were 

included to explore the effectiveness of the whole experiment. In this experiment, a six 

months muscle training was conducted. The posture training protocol will be described in 

the following sub-chapter. In addition, the effectiveness of the training were evaluated in 

terms of sEMG signal and 3D ultrasonic imaging of the spinal situation. A series of 

statistical analysis was applied to investigate the significance of the experiment. 
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3.5.1 sEMG Training Software 

The sEMG device was the same as the preliminary examination. The sEMG posture 

training software consisted of custom sEMG channel and display screen for technician 

and subject that developed on the Thought Technology™ BioGraph Infiniti version 5.4. 

The content of the software were separated namely baseline checking, posture training 

and training session summary that fulfilled specific requirements. The baseline checking 

was used to check the muscle condition of the subjects in terms of sEMG signals at the 

beginning of the training. This phase provided a brief information of the muscle condition 

of the participant which related to later muscle training content. (Figure 3.21)  

 

Figure 39 Figure 3.21 The interface of baseline checking. (Top: Display for the subject; 

Bottom: Display for the technician.) 
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The posture training aimed to encourage the subject to balance their muscle activities with 

less effort by narrowing the sEMG signals difference between left and right side of the 

tested muscle regions and reduce the sEMG signal value. The screen for the subjects was 

an animation that triggered from the sEMG signal. The thresholds of the desired sEMG 

signal were allowed to adjust during the training.  The technician on the separate screen 

was able to control and review the biofeedback signal in real time (Figure 3.22).  

 

 

Figure 40 Figure 3.22 The interface of posture training. (Top: Display for the subject: Display 

for the technician.) 
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The training session summary generated a brief record of sEMG signal difference, value 

and standard deviation of the training session (Figure 3.23), while the subject could take 

rest at the time. 

 

Figure 41 Figure 3.23 The interface of training session summary. (Top: Display for the subject; 

Bottom: Display for the technician.) 
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3.5.2 Positioning of Posture Monitoring Sensor 

The developed sensors and mobile application as mentioned in chapter 3.3.8 were also 

included in the experiment. The sensors were placed at three strategic positions along the 

spine, 1) T3 which aimed to monitor the posture of the thoracic torso (Wong, 2009). 2) 

T12 which aimed to monitor the lumbar spine position. It was considered as a location 

that measured the lumbar spine position by three orthogonal axes (McGill & Karpowicz, 

2009). 3) L4-L5, it was a position for calculating the sum of force of all muscle fascicles 

along the compressive and shear axes (McGill, et al., 2009) (Figure 3.24) Despite the 3 

axis accelerators were not measuring the same parameters as mentioned in the previous 

studies of other scholars, the evidences showed that those positions were important in 

monitoring the paraspinal position of the subjects.  

 

Figure 42 Figure 3.24 The placement of the posture monitor sensors. 
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The sensors were connected to the mobile application, the posture training sensor then 

synchronized with the sEMG training under the circumstance that the subjects were 

performing an ideal sitting position that the bilateral sEMG signal difference was minimal 

and the sEMG value was as low as possible. When all the tested muscle regions fulfilled 

the requirement, the posture training sensors that attached to the subjects body, logged the 

coordinates of that position and used as reference for monitoring the posture of the 

subjects. 

3.5.3 sEMG Training Protocol 

The protocol was aimed to provide at least 30 training sessions to the subject. The duration 

of each session was around 50 minutes. The procedure included sEMG preparation, 

baseline checking, resting, posture training and session summary. The consumption of 

time and the process of the training is described in Figure 3.25. 

 

Figure 43 Figure 3.25 The sEMG posture training protocol in sequence. 

 

The sEMG training result of each session was briefly documented on a paper. The subject 

also received a booklet that had the same record for them to track the progress of the 

training. While the raw data and all the data were saved in the sEMG software and the 

smart phone for latter analysis. 
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3.5.3 Evaluation of the training 

After 30 sessions of the posture training session, the sEMG data of each session were 

processed as mentioned in sub chapter 3.4.7.3 and exported to the SPSS for statistical 

analysis. The choice of statistical analysis method will be discussed in next chapter along 

with the result. For the changes of spinal curvature, the subjects were invited to perform 

the Scolioscan™ after 6 months of training. For examination of other postural changes, 

the participants were also invited to take a 3D body scanning image. 

3.6 Chapter Summary 

The research methodology in this study has been discussed in this chapter. The entire 

experimental study can be divided into three phases, namely, 1) Design and development 

of the posture training tank-top; 2) Subject recruitment and preliminary examinations; 3) 

Wear trial and evaluation. 

Firstly, the tank-top is designed according to the design process framework. A tank-top 

that emphasizes on comfort is designed. Other factors considered for the tank-top include 

durability, and technical requirements for the posture monitoring sensors to be put into 

the tank-top. The materials and silhouette of the tank-top are chosen to meet these 

requirements. Besides, a posture monitoring sensor has been used to monitor and record 

the real-time posture information of the users.  

In the second stage, the target subjects are recruited through a school screening program 

and a series of preliminary examinations have been carried out on their spinal deformity 

situations. Paraspinal muscle activity signals are detected with electromyography, and the 

posture of the subjects has been assessed by using 3D body scanning. 

The third phase, a six months posture training wear trial involved 30 sEMG training 

sessions in the laboratory was conducted. The posture training protocol was developed 

using the recommendation, instruments and software provide by Thought Technology 

Ltd.. The training objective was encouraging the subject to balance their muscle activities 

with less effort by the means of sEMG training software and synchronizing the posture 
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monitoring sensors. The effectiveness of the training were evaluated in terms of sEMG 

signal and 3D ultrasonic imaging of the spinal situation.
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CHAPTER 4 – DESIGN AND DEVELOPMENT OF 

BODY MAPPING TANK-TOP 

4.1 Introduction 

In this chapter, the result of research work on a tank-top equipped with posture monitoring 

sensors will be presented. The design sketches, manufactured garment, laboratory test 

results of the material selection and the prototype of the posture monitoring sensors will 

be discussed.  

4.2 Design and development of body mapping tank-top 

4.2.1 Design sketch and description 

A tank-top that fulfils the requirements of the study was designed in accordance with the 

guidelines provided by the FEA design framework. The production drawing of the tank-

top is shown in Figure 4.1a and the 3D illustration in Figure 4.1b. The tank-top serves two 

main purposes in this study. First, it is designed to accommodate the posture monitoring 

sensors and secure their positioning and second, it should be a very comfortable garment 

for the users. In order to achieve these purposes, the techniques of body mapping are 

applied. U-shaped shoulder straps that have a width of 1 inch are placed on the back of 

the tank top, which provide a continuous piece that extends from the front to the back of 

the garment. The shoulder straps provide the functions of 1) exerting a pulling force to 

secure the tank top in place, and 2) maximizing the cooling effect by reducing the fabric 

coverage on the back. The tank-top also has a panel of powernet fabric on the posterior 

and medial parts of the torso along the spine and around the chest area (Smith & Havenith, 

2011; 2012). The excellent air permeability of the powernet fabric allow these high sweat 

rate regions to stay relatively cool.  

The tank top has a lining in the chest area in which a pair of thin foam paddings can be 

inserted for increased support of the breasts. The elasticity of the fabric for the foam cup 

lining is adequate enough to accommodate different foam thickness and size. This design 

feature allows an adolescent girl to wear this tank-top as an undergarment and no further 
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intimate apparel or bra is required. Therefore, the positioning of the sensors is more 

secured and close to the skin. The bottom of the lining is attached with a band elastic for 

more support.  

 

 

Figure 44 Figure 4.1a Production drawing of tank-top. 
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Figure 45 Figure 4.1b 3D illustration of the garment 

   
 

 

4.2.2 Material selection and physical testing results 

4.2.2.1 Basic Specifications of Fabrics 

As mentioned in Chapter 3, warp knitted fabrics were chosen as the shell fabric and lining 

of the tank-top due to their advantages over woven and weft knitted fabrics in terms of 

comfort and dimensional stability. Two lining and four shell fabrics were pre-selected for 

material testing.  

The material composition and structure of the fabrics affect the quality of the resultant 

garment. Comfort is an important criteria when selecting the fabrics for the tank-top. 

According to Collier and Epps (1999), significant factors that affect physical comfort are 

the ability to transfer heat, moisture and air through fabric. These abilities may be affected 

by the structure and the thickness of the fabric as these two factors may inhibit the passage 

of heat, moisture or air.  

In this study, nylon spandex is chosen because of its exceptional properties, including the 

ability to dry quickly, lightness in weight, and excellent abrasion and pilling resistance. 

Besides, the spandex fibres provide extra elasticity for comfort. Table 4.1 shows the fibre 

composition and specification of different fabrics. 



Chapter 4 Design and Development of Body Mapping Tank-top 

_______________________________________________________________________ 
 

86 
 

Table 9  

Table 4.1 Fabric Specifications  

Component Name Composition 

Fabric 

type 

Stitch 

Density 

(Wale 

stitches X 

Course 

stitches)  

Weight 

(gsm) 

Thickness 

(mm) 

 

Photo 
 

Lining 

Fabric L1 

95% Nylon 

5% Spandex Powernet 44X34 80 0.06  

  L2 

95% Nylon 

5% Spandex Satinnet 47X38 200 0.36  

Shell 

Fabric S1 

65% Nylon 

35% 

Spandex Tricot 94X70 180 0.28 

 

  S2 

80% Nylon 

20% 

Spandex Tricot 72X70 210 0.62  

  S3 

65% Nylon 

35% 

Spandex Simplex 67X70 180 0.32  

  S4 

90% Nylon 

10% 

Spandex Tricot 74X90 130 0.2  
 

 

4.2.2.2 Bursting test 

The bursting test is used to determine the mechanical strength of a fabric and was carried 

out in accordance with ASTM: D3787-07 (2011) Standard Test Method for Bursting 

Strength of Textiles- Constant-Rate-of-Traverse (CRT) Ball Burst Test. The test results 

are shown in Table 4.2.  
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Table 10  

Table 4.2 Bursting Test Results 

  
Load (N) 

  

Fabric 
Name Specimen 1 Specimen 2 Specimen 3 Mean SD 

L1 128.1 141.5 168.2 145.9 14.45 

L2 150.3 149.7 149.1 149.7 0.429 

S1 218.0 220.0 207.5 215.2 4.738 

S2 311.3 296.4 307.5 305.1 5.479 

S3 362.0 337.6 334.9 344.8 10.57 

S4 231.0 236.5 222.8 230.1 4.874 
 

 

The load represents the strength required to burst the fabric. A bar chart is derived from 

the results for comparison purposes, see Figure 4.2. From the chart, the lining fabrics, L1 

and L2, are very close in fabric strength. Both fabrics require on average about 150 N to 

burst. Among the three tested specimens acquired from different positions on the fabric, 

L2 shows a more stable fabric strength with a lower standard deviation of 0.429, while L1 

shows more instability and a much higher standard deviation of 14.45.  

 

Figure 46 Figure 4.2 Bar Chart of Bursting Test Results 
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In terms of the samples for the shell fabric, S1 and S4 have less strength than S2 and S3. 

The load required for bursting S1 and S4 is 215.2 N and 230.1 N, respectively. The load 

for bursting S2 and S3 is over 300 N. All of the shell fabrics demonstrate an average 

bursting load with a standard deviation of about 5. In the bursting testing, L2 and S3 have 

better durability in terms of the bursting strength than the other tested fabrics.  

4.2.2.3 Stretch and Recovery Test 

The stretch and recovery test reveals the elongation and recovery ability of fabric. Fabric 

elasticity is also determined with the implementation of this test. The test was carried out 

in accordance with ASTM: D5035-11 Standard Test Method for Breaking Force and 

Elongation of Textile Fabric (Strip Method). The specimens were stretched to a tensile 

strain of 50% and then returned to their original shape. The data were recorded at 10%, 

20% and up to 50% in terms of the Newton unit. A lower load required to extend the 

fabric means higher elasticity of the fabric. The results are shown in Table 4.3 

Table 11  

Table 4.3 Elongation Testing Results 

 Elongation Testing Results in Warp Direction 

  Mean Load (N) (S.D.) 

Fabric Name/Tensile 
Strain (%) 10% 20% 30% 40% 50% 

L1 
0.26 
(0.000) 

0.40 
(0.000) 

0.57 
(0.069) 

0.71 
(0.063) 

0.84 
(0.075) 

L2 
0.32 
(0.067) 

0.59 
(0.075) 

0.80 
(0.000) 

1.02 
(0.081) 

1.20 
(0.000) 

S1 
0.42 
(0.014) 

0.75 
(0.069) 

1.07 
(0.135) 

1.33 
(0.136) 

1.61 
(0.135) 

S2 
0.37 
(0.056) 

0.61 
(0.036) 

0.83 
(0.051) 

1.07 
(0.000) 

1.38 
(0.075) 

S3 
0.59 
(0.040) 

1.08 
(0.125) 

1.56 
(0.081) 

2.09 
(0.070) 

2.64 
(0.075) 

S4 
0.44 
(0.064) 

0.75 
(0.075) 

1.07 
(0.135) 

1.34 
(0.145) 

1.78 
(0.075) 
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 Elongation Testing Results in Weft Direction 

  Mean Load (N) (S.D.) 

Fabric Name/Tensile 
Strain (%) 10% 20% 30% 40% 50% 

L1 
0.21 
(0.086) 

0.36 
(0.088) 

0.57 
(0.087) 

0.76 
(0.075) 

0.98 
(0.081) 

L2 
1.44 
(0.474) 

3.47 
(0.741) 

5.93 
(0.805) 

8.19 
(0.796) 

10.6 
(0.435) 

S1 
0.26 
(0.000) 

0.44 
(0.075) 

0.63 
(0.089) 

0.80 
(0.130) 

1.11 
(0.208) 

S2 
0.48 
(0.070) 

0.85 
(0.090) 

1.24 
(0.206) 

1.69 
(0.389) 

2.28 
(0.462) 

S3 
0.36 
(0.066) 

0.67 
(0.000) 

1.07 
(0.000) 

1.38 
(0.075) 

1.92 
(0.156) 

S4 
0.44 
(0.075) 

0.80 
(0.108) 

1.17 
(0.151) 

1.66 
(0.193) 

2.59 
(0.203) 

 

 

For ease of comparison, a line chart is provided in Figure 4.3. In the warp direction, L1 

has higher elasticity and requires the lowest load to stretch to a tensile strain of 50% 

followed by L2, S2, S1, S4 and S3. This is because L1 has 10% more spandex than L2. 

In the weft direction, L2 requires a very high load to stretch to a tensile strain of 50%. 

This indicates that L2 is a one-way stretch fabric in the warp direction and does not 

provide a similar amount of stretchability in the weft direction. Therefore, L2 may not be 

suitable for use as the foam cup lining, since it may not be possible to insert foam cups of 

a larger size when this fabric is used.  
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Figure 47 Figure 4.3a Elongation Test Results in Warp Direction. 

 

 

 

Figure 48 Figure 4.3b Elongation Test Results in Weft Direction. 
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In terms of the shell fabric, the specimens in the warp and weft directions showed similar 

test results. All of the tested fabrics are four-way stretch fabrics which are ideal for use as 

the shell due to the need for a close fit on the body of the wearer. From the test results, S3 

which has a fibre content of 80% nylon and 20% spandex shows higher elasticity than the 

other shell fabrics which have a higher spandex content. This is probably due to its stitch 

density which is slightly lower than that of the other shell fabrics, and thus allows the 

loops to elongate.  

4.2.2.4 Air Permeability Test 

The air permeability test measures the pressure required to push air through tested fabrics. 

The air permeability of a fabric is higher when a lower pressure is required. The test results 

will provide indication of the breathability of a fabric. With high air permeability, the 

wearer would feel less warm as air can flow in and out of the fabric more easily. The air 

permeability test was carried out in accordance with ASTM: D737-04(2012) Standard 

Test Method for Air Permeability of Textile Fabric. The results are shown in Table 4.4. 

A bar chart of the results is provided for ease of understanding the results, see Figure 4.4. 

Table 12  

Table 4.4 Air Permeability Test Results. 

Fabri

c 

Name 

Air Pressure (kPa.s/m) 

Specimen 

1 Specimen 2 Specimen 3 Mean S.D. 

L1 0.007 0.006 0.006 0.007 0.001 

L2 0.026 0.027 0.0277 0.027 0.001 

S1 0.634 0.806 0.623 0.688 0.084 

S2 0.324 0.280 0.286 0.297 0.019 

S3 0.723 0.845 0.831 0.800 0.055 

S4 0.840 0.790 0.740 0.790 0.041 
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Figure 49 Figure 4.4 Air Permeability Test Results of Tested Samples. 

 

 

It was anticipated that a low amount of pressure would be required to push air through the 

lining fabrics because powernet and satinnet have rectangular holes between the loops in 

terms of their mesh property. Therefore, air should have easily passed through these holes. 

However, L1 has better air permeability than L2 as its stitch density is slightly less than 

that of L2 and the structure of the powernet (L1) means that the holes are a larger 

rectangular shape than those of satinnet (L2). Both of the lining fabrics have better air 

permeability than that of the shell fabrics. This shows that it is ideal to use powernet and 

satinnet fabrics as the foam cup lining. The breathability of the tank-top would be less 

affected even if an extra layer of fabric was added to the lining.  

In terms of the shell fabrics, S2 has a better performance in comparison to the other shell 

fabrics. Less pressure (60%) is required to push the air through S2. Therefore, in terms of 

air permeability, S2 is a better option and provides better breathability and allows air to 

easily pass through. The wearers would be more comfortable when wearing a tank-top 

made with S2 because they would feel less warm. 
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4.2.2.5 Thermal conductivity test 

KES-F7-THERMO LABO II was used to perform a constant thermal conductivity test to 

evaluate the cooling effect so as to provide a cool hand feel to the users. The acquired data 

were calculated by using the formula below where k = thermal conductivity, w = watt 

(heat loss) that is transferred from the BT-box to the water box through the specimen, and 

D = thickness of the specimen. TH – TC = difference in the surface temperature between 

the BT-box and water box, and in this case, 10°C (30°C – 20°C). A = the area of the heat 

plate of the BT-box, which is 5 cm X 5 cm or 25 cm2. The results are shown in Table 4.5. 

  

𝑘 =  
𝑤 × 𝐷

(𝑇𝐻 − 𝑅𝐶) × 𝐴
 

Table 13  

Table 4.5 Thermal Conductivity Test Results. 

Fabric 

Name Thermal Conductivity (k) 

  Test 1 Test 2 Test 3 Mean S.D. 

L1 0.00346 0.00418 0.00359 0.003743333 0.000313298 

L2 0.00548 0.00537 0.00522 0.005356667 0.000106562 

S1 0.00524 0.00498 0.00536 0.005193333 0.000158605 

S2 0.00591 0.0066 0.00588 0.00613 0.000332566 

S3 0.00603 0.00611 0.00798 0.006706667 0.000900975 

S4 0.00524 0.00577 0.00449 0.005166667 0.000525124 
 

 

In terms of the lining fabrics, L2 has a better thermal conductivity than L1, which indicates 

that L2 can transfer heat more efficiently than L1. However, the difference in the thermal 

conductivity between the two fabrics is only about 0.00161 k. In terms of the shell fabrics, 

a similar situation can be observed. There is only a very small difference between each of 

the tested fabrics, see Figure 4.5. 
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Figure 50 Figure 4.5 Bar Chart of Constant Thermal Conductivity Test Results. 

 

 

Thermal conductivity is related to the material properties. All of the specimens are a nylon 

spandex blend, and in this test, it makes sense that all of the fabrics have a similar thermal 

conductivity. However, in order to maximize the comfort of the wearer, fabric with higher 

thermal conductivity should be selected for use in the tank top. 

4.2.2.6 Pilling Test 

The pilling test determines the durability of a fabric. The test was performed in accordance 

with ASTM D3512/D3512M- 10 Standard Test Method for Pilling Resistance and Other 

Related Surface Changes of Textile Fabric Random Tumble Pilling Tester, to examine 

the resistance to the formation of pills and other related surface changes on the primary 

type of fabric used for the tank-top. Three samples of each fabric were tested and the rate 

of accumulation of pills are shown in Figure 4.6. A rating of 5 means that there is no 

pilling, and 1 is severe pilling.  
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Figure 51 Figure 4.6 Accumulated Bar Chart of Pilling Test Results. 

 

For the lining fabrics, L1 was found to have no pilling problems after the testing. All three 

L1 specimens scored a rating of 5 which means that the fabric resists the formation of 

pills when it randomly comes into contact with other surfaces.  

For the shell fabrics, S1 has the lowest resistance to pilling in terms of random surface 

abrasion. This fabric has more severe pilling than the other fabrics. Therefore, S1 is not 

suitable for use as the primary type of fabric for the tank top because the garment is 

required to be worn for a lengthy amount of time and therefore needs to be durable. S2 

and S4 both provide a good result which means good resistance against random surface 

abrasion, with the accumulated rating of 13 for both fabric types.  Therefore, with regard 

to the durability in terms of random tumble pilling resistance, both S2 and S4 are better 

choices for the tank top as the appearance would not be influenced so much by pilling 

caused by surface abrasion. 
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4.2.2.7 Washing Test 

The AATCC Test Method 135- Dimensional Changes of Fabrics after Home Laundering 

was used to investigate the fabric dimensional stability after home laundering. This test is 

an important test for the fit of the tank-top. The test results are shown in Figure 4.7. 

 

 

Figure 52 Figure 4.7 Bar Chart of Washing Test Results. 

The test results indicate that all of the fabrics have a small reduction in their dimensions 

after home laundering. For the lining fabrics, L2 has a better result than L1, with a 

shrinkage of 2.13% after home laundering. The shrinkage is less than that of L1 and thus 

provides a higher fabric dimensional stability.  

For the shell fabrics, S1 and S2 provide better results than the other fabrics. S2 has a very 

good result with an average shrinkage of 0.6% after the testing. This shows that S2 is a 
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Therefore, the pattern of the tank-top does not require adjustments if S2 is used due to its 

dimensional characteristics.  

4.2.2.8 Overall Evaluation Based on Test Results 

In Figure 4.8, a table on the accumulative ranking is shown based on the test results. The 

ranking is simple; if the fabric has a better result, it would receive 5 points and a more 

worse result would be 2 points, which makes it easy for comparison among the overall 

results. The ranking is categorized by the different fabric types used for the lining and 

shell.  

 

Figure 53 Figure 4.8a Accumulated Bar Chart of Overall Test Results of Lining Fabrics 
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Figure 54 Figure 4.8b Accumulated Bar Chart of Overall Test Results of Shell Fabrics. 

Figure 4.8. Accumulative Ranking Charts of Overall Test Results 

In terms of the lining fabrics, L1 is more suitable for this study as it is a four-way stretch 

material and can provide adequate elasticity in all directions to accommodate the different 

sizes of the foam cups, despite that the scores of the both tested fabrics (L1 and L2) are 

the same. 

In terms of the shell fabrics, S2 has the best performance among all of the tested fabrics 

with relatively better elongation, air permeability, pilling resistance and dimensional 

stability after home laundering than the other fabrics. From the overall results, S2 is the 

most durable and comfortable and therefore, should be chosen for use as the shell fabric 

of the tank top. 

Based on the physical textile laboratory test result, the garment was assembled with the 

optimum fabric and shown in Figure 4.9. 
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Figure 55 

Figure 4.9 The prototype of the body mapping tank-top with the optimum fabrics. 

 

4.3 Posture Monitoring Sensor 

The design and material for the tank-top are determined based on body-mapping 

techniques and textile material testing. The tank-top itself does not have the ability to 

monitor the posture of the wearer. It is therefore important to accommodate posture 

monitoring sensors into the tank-top so as to develop a complete instrument to monitor 

the posture of the users.  

4.3.1 Hardware development  

The sensors comprised a 3-axis accelerometer, gyroscope, thermometer and barometer. 

All of the functioning chips were mounted onto a micro controller unit (MCU) that was 

equipped with a Bluetooth connection system. The MCU is circular in shape with a 

diameter of 3 cm. An individual 3v battery was embedded onto the back of the MCU (see 

Figure 4.10). The battery allowed the sensor to function for at least 56 hours, which 

therefore, ensured that no battery changes were needed within a day.  
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Figure 56 Figure 4.10 MCU of posture training sensor. 

 

 

4.3.2 Positioning of Posture Monitoring Sensors 

The positioning of the sensors may be different for each subject. In general, the sensors 

will be placed along the spinal cord at locations T3, T12 and L4-L5 to monitor the posture 

of the wearer (as shown in Figure 4.11). The sensor located at T3 aims to monitor the 

posture of the thoracic torso (Wong, 2009). Patients who tend to move their thoracic spine 

forward, which could potentially result in a hunch back, will be detected and corrected by 

the sensor located at T3. The sensor positioned at T12 is used to monitor the lumbar spine 

position, because in the literature, it has been shown that devices such as an 

electromagnetic tracking instrument are placed at T12 to measure the lumbar spine 

position by using the 3 orthogonal axes and strapped at the pelvis over the sacrum, ribcage 

and T12 (McGill & Karpowicz, 2009). L4-L5 is a position commonly used for measuring 

the anatomic compression force, and a sensor was placed, as this location has been 

calculated as the sum of the force of all the muscle fascicles along the compressive and 

shear axes (McGill et al., 2009).  The sensors will be placed at these three locations to 

monitor the posture of the wearers.  
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As the position of the sensors may vary from subject to subject, a rectangular shaped 

pocket will be fabricated to hold the sensor in place for mass production. The independent 

pocket opening and positions will be marked and attached to the tank top. The pocket size 

would be exactly the same as that of the sensor casing, or 35 mm x 35 mm, even though 

the sensor case is 10 mm in thickness, because the elasticity of the fabric will allow the 

sensor to stay in place.   

 

Figure 57 Figure 4.11 Spinal cord (John Wiley & Sons, Inc., 2011) 
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4.3.3 Interface of Mobile Application 

A mobile application was designed to provide visual information obtained from the 

posture monitoring sensor. The mobile application is compatible with most Android 

devices with Bluetooth 3.0 (Figure 4.12). The application is able to connect and display 

the information of the 3 posture monitoring sensors at the same time (Figure 4.13). The 

application also shows the atmosphere temperature, body posture angle detected from 

each independent sensor, battery level and calibration of the sensor (Figure 4.12). The 

calibration function is a key element for synchronizing the data of the sensors with the 

sEMG training program. As mentioned in Chapter 3, sEMG training is visual sensory 

feedback triggered under sEMG signals. The posture monitoring sensors are synchronized 

through the sEMG signals which calibrate the sensors at that time. Therefore, the user is 

restricted to that position while her sEMG signal remains the same. 

 

Figure 58 Figure 4.12 Interface of mobile application during Bluetooth connection. 
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Figure 59 Figure 4.13 Displayed information by mobile application for users. 

 

4.3.4 Initial Testing Results of Posture Sensor 

The sensors were tested to determine their reliability. Raw data were extracted from the 

mobile application. The raw data of the accelerator, gyroscope and body angle detector 

were extracted to compare the alignment of the three different detectors, as shown in 

Figure 4.14. The gaps indicate that the sensor had lost connection with the Android device 

for a short period of time, and the spikes are caused by the sudden movement of the user. 

In terms of the chart, the readings from the sensors align well, thus indicating that the 

sensors worked quite reliably in each detector.  
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Figure 60 Figure 4.14 Raw data of accelerator (top), gyroscope (middle) and body angle detector 

(bottom) 
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Figure 4.15 shows the data from a temperature detector.  It is considered that this could 

be used to determine the compliance of the users. The temperature was raised to nearly 

body temperature when the user wore the tank-top embedded with the sensors. The 

temperature would never reach the exact body temperature of the user because the sensor 

does not come into direct contact with the body. The data also indicated that the 

temperature detector requires a 1 minute warm-up time.  

 

Figure 61 Figure 4.15 Data from temperature detector. 

 

From the initial test, it was found that the sensors are reliable and functioning most of 

the time. Despite some Bluetooth connection problems, the sensors are able to 

automatically reconnect with the smart phone. The sensors were then placed into the 

tank-top for the posture training program. 

4.4 Chapter Summary 

The results from developing a tank-top and posture monitoring sensors are presented in 

this chapter. First, the design of a posture training tank-top that accommodates posture 

sensors is developed in accordance with the design requirements. The tank-top is tight-

fitting with a Y-back design to minimize unwanted movement that could possibly affect 

the reliability of the sensors. Fabric with better air permeability is used for the posterior 

and medial parts of the torso along the spine and between the breasts to reduce the 

temperature because those are regions of high sweat production. The position of the 
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sensors was also determined in accordance with previous work in the literature. Three 

sensors are therefore placed at T3 and T12 as well as the L4-L5 joints to monitor the 

posture of the user.  

The materials for the tank-top are also selected based on the fabric test results. S2, a tricot, 

is selected for the shell fabric of the tank-top due to its relatively better test results in 

comparison to the other fabrics. This fabric maximizes comfort, durability and fit as 

opposed to the other fabrics. A powernet fabric, L1, is selected as the lining. Although L1 

produces similar test results as L2, a satinnet fabric, the four-way stretch of L1 can 

accommodate different foam cup sizes. Therefore, L1 is selected. All in all, comfort is 

anticipated to be maximized from the fabrics chosen. 

Posture sensors are also developed and their reliability examined with some initial tests. 

The result indicates that different detectors within the sensor work well with each other 

and together provide a reliable function. Also the smart phone application developed can 

detect and record the sensor data in real time. Therefore, it will be included as one of the 

instruments for the posture training. In the following chapter, the result and evaluation of 

the wear trial and sEMG posture training will be discussed. 
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CHAPTER 5- WEAR TRIAL AND EVALUATION 

5.1 Introduction 

In this chapter, the outcomes from the sEMG posture training will be analysed and their 

significance evaluated. The effectiveness of the training is determined by using two 

criteria: 1) the sEMG data, and 2) the spinal curvature changes in the participants after 6 

months training which are evaluated through the Scolioscan™ reports.   

5.2 Subject Recruitment and Preliminary sEMG Examinations 

5.2.1 Subject Recruitment 

A screening program was carried out in Hong Kong in 2014 with 2 schools and the target 

population was 10-13 year-old females. During the examination process, the subjects 

were invited to perform the Adam’s forward bending test and an OSI scoliometer was 

employed to measure the angle of trunk inclination (ATI) in the spine of the subjects while 

lying prone, in order to preliminarily assess their spinal conditions. The participants were 

assigned to the normal subject group if they have an ATI 0-2° and do not have any posture 

problems. They were assigned to the group with the possibility of scoliosis if they have 

an ATI ≥3°. In total, of the 185 participants who were screened, 26 were found to have an 

ATI≥ 3 (14.1%). 

Participants with an ATI ≥3° accepted the invitation to take lateral 3D images through 

ultrasound by using the ScolioscanTM. After the evaluation, a total of 17 participants with 

curve angles above 10 degrees and without any previous surgical or orthotic treatment for 

AIS, were recruited for the study. The study was approved by the Human Ethics 

Committee of the Hong Kong Polytechnic University. All of the subjects signed an 

informed consent form, and along with their parents, were informed about the purpose of 

the study. 

Curve type can be defined on the basis of the guidelines of the Peking Union Medical 

College (PUMC) classification system. The scoliotic subjects were therefore divided into 

3 groups based on this system: PUMC Type Ia with a single curve where the thoracic apex 
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is between the T2 and T11-T12 discs; PUMC Type Ic with a single curve where the 

lumbar apex is between the L1- L2 and L4- L5 discs; and PUMC Type IIc with both a 

thoracic curve and a thoracolumbar/lumbar curve, where the curve difference is less than 

10°. The concave and convex sides of the paraspinal muscle region were identified based 

on ultrasound images obtained from the Scolioscan™. The demographic data of the 

subjects are shown in Table 5.1. 

Table 14  

Table 5.1 Demographic data of subjects with spinal curve angle above 10°. 

PUMC 

Type 

Convex Side N Curve angle (°) 

 

Mean  (S.D.) 

Ia Right (Thoracic) 5 Height (cm) 155.4 (4.454) 
 

Weight (kg) 48.16 (4.192) 
 

Thoracic Curve Angle (°) 16.30 (6.697) 
 

Lumbar Curve Angle (°) N/A 

Ic Left 2 Height (cm) 155.5 (0.500) 

(Lumbar) Weight (kg) 39.15 (2.050) 
 

Thoracic Curve Angle (°) N/A 
 

Lumbar Curve Angle (°) 17.30 (4.300) 

IIc Right (Thoracic) 10 Height (cm) 150.9 (4.989) 

Left (Lumbar) Weight (kg) 42.10 (7.234) 
 

Thoracic Curve Angle (°) 16.14 (5.830) 
 

Lumbar Curve Angle (°) 16.13 (3.233) 
 

 

5.2.2 sEMG assessment before training session 

The parameters of the sEMG assessment were formulated based on the methods provided 

in Chapter 3. During the collection of the sEMG data for habitual standing, the study 

participants were barefoot with arms relaxed and lightly clasped in front of their body and 

feet positioned 20 cm apart. They were instructed to focus straight ahead and look at a 

designated point. The habitual posture is the natural posture performed without any 

instructions from the physiotherapist. A treatment chair with adjustable height was used 

for all of the habitual sitting positions. The hips and knees were flexed to 90°. Under 

standardized instructions, the participants were positioned by the same investigator for all 

of the trials. The requirements of the standing and sitting positions were used per the 

recommendations in Chapter 3, and the subjects were guided to perform the posture 

accordingly by the physiotherapist. 
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Table 5.2 shows the mean of the RMS sEMG ratio values (±s) of the the paraspinal 

muscles of the subjects during habitual standing and sitting, and suggested standing and 

sitting positions.  The highlighted parts indicate posture improvement under the guidance 

of the physiotherapist, in which the RMS sEMG ratio of the suggested positions is closer 

to 1 as opposed to that obtained by the same habitual posture.  

Table 15  

Table 5.2 The mean RMS sEMG Ratio at habitual and suggesting posture. 
Table 16  

    Mean RMS sEMG Ratio (S.D) 

PUMC 

Curve 

Type 

Convex 

Side N Muscle Region 

Habitual 

Standing 

Suggested 

Standing 

Habitual 

Sitting 

Suggested 

Sitting 

Ia 
Right 

(thoracic) 
2 

Trapezius 1.15 (0.09) 0.65 (0.37) 1.01 (0.17) 0.69 (0.27) 

Latissimus Dorsi 0.99 (1.09) 1.55 (1.45) 0.58 (0.54) 0.96 (0.56) 

Erector Spinae 

Thoracic 0.60 (0.70) 0.60 (0.71) 0.37 (0.40) 0.47 (0.40) 

Erector Spinae 

Lumbar 0.90 (0.59) 1.21 (0.14) 0.40 (0.21) 0.67 (0.40) 

  

IIc  

Right 

(thoracic) 

Left 

(Lumbar) 

6 

Trapezius 2.45 (1.96) 1.67 (0.89) 1.94 (1.90) 1.46 (0.85) 

Latissimus Dorsi 0.71 (0.43) 0.88 (0.50) 0.74 (0.40) 1.10 (0.64) 

Erector Spinae 

Thoracic 1.14 (1.20) 0.65 (0.39) 1.18 (1.35) 0.72 (0.47) 

Erector Spinae 

Lumbar 1.12 (0.84) 0.89 (0.76) 1.56 (1.25) 0.81 (0.43) 

  

Ic 
Left 

(Lumbar) 
2 

Trapezius 1.07 (0.87) 0.59 (0.62) 0.81 (0.52) 1.18 (0.74) 

Latissimus Dorsi 1.13 (0.21) 0.87 (0.23) 1.03 (0.08) 0.72 (0.32) 

Erector Spinae 

Thoracic 1.29 (0.74) 0.72 (0.29) 2.21 (0.96) 0.95 (0.12) 

Erector Spinae 

Lumbar 0.64 (0.77) 0.73 (0.18) 0.85 (0.88) 0.78 (0.62) 
a. A more balanced mean RMS sEMG Ratios were written in red color 

b. Statistical significance (p < 0.05) is highlighted in yellow  

 

The subjects were asked to perform the suggested standing and sitting postures. The 

suggested positions as guided by the physiotherapist aimed to retain their postural balance 

during standing and sitting, which are considered to be common daily positions. By 
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restricting the scoliotic adolescents to maintaining a balanced posture, the paraspinal 

muscles of the two sides are able to achieve a more balanced state.  

The results in Table 5.2 show that the PUMC type Ia subjects, with a single curve at the 

thoracic region, benefit relatively more from the suggested sitting positions. During the 

suggested sitting position, they are able to achieve a more balanced RMS sEMG ratio 

(closer to 1) at the, latissimus dorsi ,erector spinae thoracic regions and erector spinae 

lumbar regions as opposed to when they are in their habitual sitting posture. A paired 

student t-test was conducted, a statistical significant different between habitual and 

suggested sitting for PUMC type Ia subject was found. The p-value at latissimus dorsi and 

erector spinae thoracic regions was p= 0.032 and p= 0.004 respectively (highlighted in 

yellow). The results suggest similar findings as those in Chwała et al. (2014) in that single 

curve patients with idiopathic scoliosis benefit most during static exercise. During the 

suggested sitting position, the RMS sEMG ratio is closer to 1 at some tested muscle 

regions versus the habitual sitting posture for other curve type participants.  

It is important to note that the convex side where the spinal deformity has taken place 

does not necessarily incur stronger sEMG values as opposed to the concave side. 

(Farahpour et al., 2015) An influencing factor to take into consideration could be the 

degree of the spinal curvature. Nevertheless, the preliminary sEMG examination helps 

to provide insight on the effectiveness of using a biofeedback system in postural 

training. Periodic training with the aid of posture monitoring sensors in a sEMG 

program that is custom-made for AIS patients could very well help users in maintaining 

a relatively more balanced posture. 

5.2.3 The Infrared Thermography Result 

The infrared (IR) thermography was also included for examining the temperature 

distribution difference between scoliotic and normal subjects. Fourteen normal subjects 

voluntarily joined this examination. The normal subjects did not have history of scoliosis 

nor resulted an ATI> 3° from the forward bending test. Table 5.3 shows the results of the 

paired student t-test.  There is no significant difference found for left and right side of the 

same muscle region in the group of normal subjects. However, the temperature 



Chapter 5 Wear Trial and Evaluation 

_______________________________________________________________________ 
 

111 
 

distribution is significantly different at all the tested muscle region in the scoliotic group. 

The level of significance is p=0.048; 0.000 and 0.012 at the trapezius, latissimus dorsi and 

quadratus lumborum respectively.  

Table 17  

Table 5.3 Results of paired student t-test for normal and scoliotic groups 

  

The temperature distribution of the tested subjects are shown in a bar chart, see Figure 

5.1. The numerical data are provided in Table 5.4.  
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Figure 62 Figure 5.1 Temperature distribution of normal and scoliotic subjects. 

 
Table 18  

Table 5.4 Temperature distribution of normal and scoliotic subjects. 

 

 

It was found that the paraspinal muscle temperature has no significant difference in all of 

the tested regions for the normal group, while the scoliotic group shows a significant 
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difference at all the tested muscle regions. This can be explained as per the work of Cooke 

et. al. (1980), who found that the convex side of the observed area has higher IR emission 

and therefore a higher surface temperature. The concave side therefore has lower IR 

emission and thus, a lower surface temperature is recorded. The difference between the 

convex and concave sides may be a reason for the significant differences found. 

Based on the IR images, an imbalanced temperature distribution was also found between 

the normal and scoliotic subjects. In Figure 5.2, the IR image of a normal subject is an 

example of a symmetric temperature distribution along the paraspinal muscles. In 

comparison, a scoliotic subject (Subject 16013; see Figure 5.3) who has an S-curve of 

19.5° at the lumbar region at L3 and a minor curve at the thoracic region at T9 which is 

less than 10°, shows in her IR image that there is an asymmetric pattern along the 

paraspinal muscles. In this case, the spinal profile of the subject is a left convex at the 

thoracic region, while there is a right convex at the thoracolumbar and lumbar regions. 

The IR image recorded the temperature at the convex side to be approximately 0.16°C, 

0.27°C and 0.15°C higher than that at the concave side respectively (Table 5.5). This 

finding correlates with the result of our previous study, in which we discovered that 

scoliotic patients asymmetrical muscle activity (Kwok et al., 2015) Although whether 

asymmetric paraspinal muscle activity is a characteristic of scoliotic patients remains 

debatable, as there is literature that indicates that the imbalanced muscle activity may not 

necessarily characterize the profile of scoliotic patients (Avikainen et al., 1999; Farahpour 

et al., 2015). However, the result of this study and the IR imaging also demonstrate 

similarities to the X-ray images of Subject 16013. Therefore, it is believed that IR 

thermography could reflect an asymmetrical temperature distribution for subjects that 

have posture defects or symptom of scoliosis.  
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Figure 63 Figure 5.2 IR image of normal subject - symmetric temperature distribution along paraspinal 

muscles 
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Figure 64 Figure 5.3 Comparison of IR image of scoliotic subject with X-ray -  

19.5° S-curve at L3 and minor curve at T9. 

 
Table 19  

Table 5.5 Temperature distribution of scoliotic subject (Subject 16013). 

Cobb’s 

angle Convex side Muscle Region 

Mean 

Temperature 

(°C) S.D 

T9 < 10° 

L3 = 19.5° 

Thoracic = Left 

Thoracolumbar = Right 

Lumbar = Right 

Left Trapezius 33.39 0.141 

Right Trapezius 33.22 0.289 

Left Latissimus Dorsi 33.04 0.255 

Right Latissimus Dorsi 33.31 0.295 

Left Quadratus Lumborum 32.52 0.191 

Right Quadratus Lumborum 32.67 0.257 
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5.3 Posture Training and Evaluation 

5.3.1 sEMG Posture Training Demographic Data 

Twelve subjects recruited from the preliminary examination agreed to participate in the 

sEMG posture training program. There is a six-month interval between the preliminary 

examination and the sEMG posture training due to the school schedule of the subjects. 

The demographic data of the 12 participants are presented in Table 5.6. 

Table 20 

Table 5.6 Demographic data of sEMG posture training participants. 

Subject 

No. 

PUMC 

Curve 

Type Convex Side 

Height 

(cm) 

Weight 

(kg) BMI 

Thoracic 

Angle(°) 

Lumbar 

Angle(°) 

A 
IIc  

Right (Thoracic) 

Left (Lumbar) 156 44.6 18.3 10.6 12.8 

B 
IIc  

Right (Thoracic) 

Left (Lumbar) 142 39 19.3 7.9 12.1 

C 
IIc  

Right (Thoracic) 

Left (Lumbar) 152 38.5 16.7 8.3 17.4 

D 
IIc  

Right (Thoracic) 

Left (Lumbar) 154 49.1 20.7 10.2 17.2 

E Ia Right (Thoracic) 163 45.1 17 21.4 N/A 

F Ib Left (Lumbar) 154 46.3 19.5 N/A 9.6 

G Ib Left (Thoracic) 151 53.6 23.5 17.6 N/A 

H 
IIc  

Right (Thoracic) 

Left (Lumbar) 153 49.5 21.2 9.9 14.5 

I 
Ib 

Left (Thoracic) 

Right (Lumbar) 147 35.6 16.5 3 12.3 

J Ia Right (Thoracic) 146 37.2 17.5 15.1 N/A 

K Ic Left (Lumbar) 156 37.1 15.2 N/A 17.9 

L 
IIc  

Right (Thoracic) 

Left (Lumbar) 155 40 16.5 27.6 15.4 

 

The attendance records of the participants are shown in Table 5.7. The training schedule 

was created to accommodate the availability of the subjects. The recommended number 

of training sessions was about 30 for approximately 6 months. According to Table 5.7, 8 

of the 12 subjects had been able to attend at least 30 sessions. However, 4 only attended 

less than 30 sessions. It had been recommended that the subjects attend the training at 

least once a week. During the summer when they were not in school, they were asked to 
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attend the training more frequently at 3 sessions per week. However, the attendance varied 

because of the availability of the subjects. 

Table 21  

Table 5.7 Attendance records of sEMG posture training program participants. 

Subject No. 
Attendance (# 

of sessions) Start Date End Date 

A 29 15th Jul, 2015 31st Oct, 2015 

    

B 29 1st Jul, 2015 18th Dec, 2015 

    

C 32 1st Jul, 2015 18th Dec, 2015 

    
D 38 2nd Jul, 2015 12th Dec, 2015 

    
E 34 26th Jun, 2015 28th Nov, 2015 

    
F 27 1st Jul, 2015 9th Dec, 2015 

    
G 34 1st Jul, 2015 12th Dec, 2015 

    
H 25 15th Jul, 2015 7th Dec, 2015 

    
I 34 1st Jul, 2015 19th Dec, 2015 

    

J 31 2nd Jul, 2015 15th Dec, 2015 

    

K 34 1st Jul, 2015 19th Dec, 2015 

    

L 32 29th Jun, 2015 19th Dec, 2015 

    
 

5.3.2 sEMG Posture Training Result 

5.3.2.1 Comparison of mean RMS sEMG values before and after training 

The effectiveness of the sEMG posture training program can be reflected from the training 

session summary. The customized sEMG posture training with the use of posture 

monitoring sensors served two purposes for the users. First, it was to encourage the 

subjects to maintain balance in their muscle activity with less effort by reducing the 

difference between the sEMG signals on the left and right sides of the tested muscle 

regions. Second, it was to reduce the sEMG signal value. In order to train the users to 
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achieve the mentioned objectives, visual feedback was provided if the user fulfilled the 

requirements.  

The sEMG signals processed from each training session of each participant were 

combined, and a comparison of the data before and after the sEMG posture training was 

carried out. The result of the posture training is shown in Table 5.8. The table presents the 

mean of the RMS sEMG value (mV) before and after the posture training program. For 

ease of comparison, a bar chart of the results has been generated and shown as Figure 5.4.  

Table 5.8 Result of mean RMS sEMG values (S.D.) of paraspinal muscles of subjects 

before and after posture training program. 
Table 22  
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Figure 65 Figure 5.4 Comparison of mean RMS sEMG values before and after posture training 

program. 

 

 

Two observations can be made based on the result derived from the sEMG posture 

training data. The first observation is that the participants have a relatively lower sEMG 

activity in their sitting posture after the training. Before the training, none of the mean 

RMS sEMG values are less than 5 mV among all of the tested muscle regions. The highest 

value is on the right side of the erector spinae at the lumbar region which recorded an 

average of 15.09 mV. This indicates that the participants have higher muscle activity in 

the sitting posture. After around 30 sessions of posture training, the mean RMS sEMG 

value significantly dropped with none of the tested muscle regions recording a value that 

was higher than 4 mV. The highest value is the right side of the latissimus dorsi which 

recorded 3.881 mV. This result fulfils one of the objectives of the sEMG posture training 

which is to train the participants to complete the same motion of sitting with less muscle 

activity. Kippers and Parker (1985) suggested that fatigue is caused by constant static 

muscular work. It is recommended that during the sitting posture, the level of muscle 

activity should be minimized at all possible levels. The result indicates that biofeedback 

training can help the user to relax the target muscle regions through self-regulation.  
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The second observation is that the standard deviation is lower after the training. This 

means that the data distribution across the 12 subjects is comparatively more evenly 

distributed than before the training. The training successfully trained the users to maintain 

a certain level of muscle activity throughout the training sessions.  

It should be noted that the mean RMS sEMG value is not meant to be used for direct 

comparison among the different individuals as the data were not normalized, and the 

maximum voluntary contraction of each muscle region of each subject may differ. 

Therefore, the sEMG value is calculated as a sEMG ratio to normalize the data for analysis. 

In Table 5.9, the result of the mean RMS sEMG ratio is shown and a bar chart for ease of 

comparison is provided in Figure 5.5. 
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Table 23  

Table 5.9 Result of mean RMS sEMG Ratio (S.D.) of paraspinal muscles of subjects 

before and after sEMG posture training program. 

 

  Mean RMS sEMG Sitting Ratio (S.D.) 

N Muscle Regions Before Training After Training 

8 

Trapezius 2.30 (1.75) 0.95 (0.13) 

Latissimus Dorsi 1.14 (0.50) 1.12 (0.24) 

Erector Spinae Thoracic 2.17 (2.29) 0.97 (0.20) 

Erector Spinae Lumbar 1.00 (0.44) 0.97 (0.13) 

 

The sEMG training also served another purpose, which is to train the users to sit with a 

more balanced posture as denoted by a sEMG signal. The mean RMS sEMG ratio (Chwała 

et al., 2014) is one of the determinants to indicate the level of symmetrical muscle activity 

during the sitting posture. The users should ideally obtain a ratio of 1 in which the left and 

right sides of the same muscle region have perfectly symmetrical muscle activity. From 

the data obtained before and after the training program, The mean ratios at all tested 

muscle regions except erector spinae at lumbar regions had an improvement in terms of 

sEMG sitting ratio after 30 sessions of training. Therefore, the subjects have a relatively 

more balanced posture after the training.  
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Figure 66 Figure 5.5 Comparison of mean RMS sEMG ratio before and after posture training 

program. 

 

Statistical analysis was performed to examine the significance of the data, and repeated 

measure ANOVA with the factor of time (before and after training) and four muscle 

regions was conducted. This was carried out to determine whether the ratio before and 

after the posture training is statistically significantly different.  

From the repeated measure ANOVA, there was a trend of significant different between 

before and after posture training, Wilks’ Lambda= 0.574, F(1, 7)= 5.20, p= 0.057. This 

indicates that the training had a time effect when compare the data before and after the 

posture training. Numerically, the subjects are able to achieve a relatively more balanced 

sitting posture as demonstrated by the sEMG signals. The purpose of the training is 

therefore realized. Even though the suggested therapy for mild idiopathic scoliosis is 

carrying out periodical observations rather than the prescription of any type of treatment 

or exercise during the early stages unless a rapid change takes place in the curvature angle 
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or there is spine rotation, however, there is the possibility of treatment with the use of 

exercise, as indicated in the literature (Lau, 2011; Mehta, 1978; Monroe, 2012). In 2003, 

Hawes provided a critical review on the use of exercise for the treatment of scoliosis and 

provided examples of successful cases in which scoliosis was treated with exercise such 

as work by Dickson and Bradford (1984). By adding loads to recover the postural balance 

of the patients: “the spinal deformity can be completely eliminated” (Hawes, 2003). 

Chwała et al. (2014) also performed a sEMG assessment of adolescents with idiopathic 

scoliosis which suggested that asymmetric load-free and symmetric exercises are 

beneficial corrective endeavors. This study provides a similar finding in that behavioral 

training is effective for training muscle activity towards an optimum level of activity. 

Through motor learning, those with AIS can permanently maintain postural balance by 

practicing the suggested positions on a regular basis as a new motor task (Chen et al., 

2014; Dickson and Bradford, 1984). 

5.3.3 Evaluation of Posture Before and After Training with 3D Body Scanning 

The 3D body scanner and assessment method have been discussed in Chapter. 3. For the 

evaluation of the effects of the sEMG posture training on the posture of the subjects, the 

indices suggested by Duong et al. (2009) were applied in the evaluation. The shoulder 

orientation (Transverse plane), hump orientation (Transverse plane), balance (Coronal 

plane) and balance (Sagittal plane) were measured on the 3D body scanned images with 

the aid of anatomic landmarks for the back surface as recommended by SOSORT (Patias 

et al., 2010) (Figure 5.6). The angles measured are presented in Table 5.10. 
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Figure 67 Figure 5.6 Measurement of posture indices with anatomic landmarks. 

 

 

Table 5.10 Measured angles of posture before and after training. 
Table 24  

 

 

One of the subjects is not included in the result due to technical issues during 3D body 

scanning before the training. From the result of the posture evaluation, it is observed that 

there is a general improvement in their posture in terms of the posture angles except for 

balance (Coronal plane). However, the posture before training is not visually detectable. 

Therefore, the posture changes are not significant. A repeated measure ANOVA was 
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conducted to investigate the statistical significance of the data and there is no significant 

difference before and after the training for all measured items. (Wilks’ Lambda= 0.94, 

F(3, 8)= 0.162, p= 0.919) 

5.3.4 Changes in Spinal Curvature from Scolioscan™ Result 

For this study, sEMG posture training is one of the tools used to train the participants to 

maintain a “better” sitting posture with sEMG signals. The changes in spinal curvature 

before and after the training show the effectiveness of the sEMG training in controlling 

the spinal deformity of AIS patients. Scolioscan™ was used for every subject before the 

training started and 6 months after the training was completed to compare the changes in 

the spinal curvature. The results are shown in Table 5.11. 
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Table 25  

Table 5.11 Changes in spinal curvature before and after the posture training based on 

Scolioscan™. 

  0 Month 6 Month Difference 

Subject 

No. 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

A 10.6 12.8 12 14.5 1.4 1.7 

B 7.9 12.1 8.2 9.8 0.3 -2.3 

C 8.3 17.4 10.2 15.1 1.9 -2.3 

D 10.2 17.2 9.6 15.8 -0.6 -1.4 

E 21.4 N/A 25.3 N/A 3.9 N/A 

F N/A 9.6 N/A 10.3 N/A 0.7 

G 17.6 N/A 11.9 N/A -5.7 N/A 

H 9.9 14.5 16.1 21.3 6.2 6.8 

I 3 12.3 7.9 10.9 4.9 -1.4 

J 15.1 N/A 16.5 N/A 1.4 N/A 

K N/A 17.9 N/A 16.2 N/A -1.7 

L 27.6 15.4 22 15.4 -5.6 0 
 

 

From Table 5.11, it can be observed that 11 of the 12 subjects show no progression after 

the training. Their change of angle is less than 5°. One subject had a more than 5° spinal 

deformity. Based on the definition of the effectiveness of scoliosis treatment, more than 

a 5° increase in the Cobb’s angle is considered as curve progression, 5° or less or no 

change in the Cobb’s angle is defined as no progression or a reduction in the Cobb’s angle 

respectively, which are both considered improvement of the spinal curve (Wong, 2009). 

Despite that the spinal curvature measured into this study is not comparable to the Cobb’s 

angle, the result is still discussed by using the parameters of the Cobb’s angle.  

In total, 1 subject had a progression for more than 5°; 9 subjects had no progression and 

2 subjects had improvement of spinal curve, it is clear that Subjects G (spinal curvature 

reduction of 5.7°) and L (spinal curvature reduction of 5.6°) have a relatively more 

straighter spine. The Scolioscan™ images before and after the posture training are shown 

in Figures 5.7 and 5.8.  
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Figure 68 Figure 5.7 Scolioscan™ results before (left) and after (right) posture training: 

Subject G 

 

 

Apart from the subjects who recorded a spinal progression under control or improvement 

in their spinal curve angle, Subject H progressed 6.2° and 6.8° for both the thoracic and 

lumbar regions compared to her spinal situation before training. The reason for the 

progression may be due to her lack of attendance. She had only attended 25 sessions of 

the training, which is the lowest attendance among all of the subjects.  

The majority of the participants were able to demonstrate an improvement in their spinal 

deformity or progressed within control. In this study, the control rate is 91.67%, however, 

due to the limited number of subjects, the variation of the changes in the spinal curvature 

angle is non-significant. It is still debatable whether posture training is effective for 
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controlling the spinal deformity of AIS patients. Further studies that carry out follow-up 

investigations and increase the sample size are recommended. 

 

Figure 69 Figure 5.8 Scolioscan™ results before (left) and after (right) posture training: 

Subject L 

 

5.4 Follow-up Inspection 

A follow-up inspection for the participants were provided after another six months of 

the posture training. The inspection included sEMG examination and Scolioscan™. This 

inspection was aimed to observe the carry-over effect after an extra six months. In figure 

5.9, the result of sEMG examination was shown.   
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Figure 70

 

Figure 5.9 The Mean of RMS sEMG Ratio Comparison after 6 months of training. 

 

The result showed that the ratio of RMS sEMG data are not as balanced as the record 

after 30 sessions of training. However, the status of the muscle balance in terms of 

sEMG signal did not change back to the imbalanced situation as before the training. The 

proposed method of biofeedback training seemingly able to train the participants to 

maintain a better posture. The motor learning process also helped them memorized the 

posture.  

More importantly, the spinal situation under the measurement of Scolioscan™ is a 

valuable parameter to see the effect of the training. The result of the inspection were 

shown in Table 5.12. 
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Table 26  

Table 27 Table 5.12 Changes in spinal curvature based on Scolioscan™.  

    0 Month 6 Months 12 Months Difference (0 vs. 6 

M) 

Difference (0 vs. 12 

M) 

Subject 

code 

Attendance 

(sessions) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

Thoracic 

Angle (°) 

Lumbar 

Angle (°) 

A 29 10.6 12.8 12 14.5 14.3 16.5 +1.4 +1.7 +3.7 +3.7 

B 29 7.9 12.1 8.2 9.8 N/A N/A +0.3 -2.3 N/A N/A 

C 32 8.3 17.4 10.2 15.1 17.3 11.1 +1.9 -2.3 +9 -6.3 

D 38 10.2 17.2 9.6 15.8 12.4 16.1 -0.6 -1.4 +2.2 -1.1 

E 34 21.4 N/A 25.3 N/A N/A N/A +3.9 N/A N/A N/A 

F 27 N/A 9.6 N/A 10.3 N/A 9 N/A +0.7 N/A -0.6 

G 34 17.6 N/A 11.9 N/A 15.2 N/A -5.7 N/A -2.4 N/A 

H 26 9.9 14.5 16.1 21.3 18.3 17.1 +6.2 +6.8 +8.4 +2.6 

I 34 3 12.3 7.9 10.9 5.5 11.9 +4.9 -1.4 +2.5 -0.4 

J 31 15.1 N/A 16.5 N/A 17.6 N/A 1.4 N/A +2.5 N/A 

K 34 N/A 17.9 N/A 16.2 N/A 14.4 N/A -1.7 N/A -3.5 

L 32 27.6 15.4 22 15.4 22 16.9 -5.6 0 -5.6 +1.5 
 

After six months of the training, 10 subjects joined this ultrasound inspection. When the 

result was compared at before the training. 7 out of 10 subjects had a controlled spinal 

progression. 1 subject had an improvement over 5° of spinal changes and 2 subjects had 

a progressed result over 5°. 

5.5 Chapter Summary 

The results and analysis of the experimental stage of this study has been presented. A 

school pre-screening program has been conducted, and 17 subjects who fulfilled the 

criteria of the study are recruited. Preliminary examinations on their background and 

scoliotic situations are carried out. From the results of the sEMG testing, asymmetrical 

paraspinal muscle activity is observed. However, suggested posture guided by the 

physiotherapist may allow those with AIS to maintain postural balance by practicing the 

suggested positions on a regular basis as a new motor task. In addition, the IR 

thermography also suggested statistical and visual thermal pattern asymmetry on scoliotic 

subjects. This may lead to a further study on IR thermography identifying postural defects. 
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The developed tank-top, sensors and preliminary data of sEMG are included in the sEMG 

posture training program, which is used as a tool to measure the body angle and also a 

guideline for the sEMG program. The program is customized for the purpose of this study. 

Twelve of the seventeen subjects agreed to further participate in 30 sessions of sEMG 

posture training. It is found that the subjects are able to retain a relatively more balanced 

sitting posture with less muscle activity as shown by the sEMG signals. There is a trend 

of statistical significance between before and after training.  

After discussing the results of the sEMG posture training, it is also important to evaluate 

the changes in spinal curvature after the training. Based on the definition of the 

effectiveness of scoliosis treatment, 11 of the 12 subjects showed no progression (changes 

<5°), and 1 progressed over 5°. Despite the encouraging results in this study, it is still 

debatable on whether the developed posture training program is effective in controlling 

spinal deformity due to the small sample size and insignificant variations in spinal 

curvature. The data are not representative enough. Therefore, further studies are 

recommended, which should acquire more data and increase the sample size. Besides, a 

follow-up inspection also conducted to evaluate the effect of the training after 6 months. 

The sEMG result indicated that even the muscle situation is not as ideal as the status after 

30 sessions of the training. However, the result is still satisfying as the participants did 

not recover to the original muscle imbalance situation. 
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CHAPTER 6- CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

The problem statements of this study are summarized as the lack of options in passive 

treatment for mild scoliosis patients other than regular checkups, and that therapy with 

either rigid or flexible braces affects the quality of life of scoliosis patients. There are also 

few options in biofeedback training that have been specifically developed for AIS patients. 

However, it is considered that the use of a biofeedback system which can monitor and 

alert scoliosis patients means that they can have better control over their own body, 

including maintaining the correct body posture and controlling their spinal deformity. 

Improving the quality of life of a patient while under brace treatment should be considered 

as worthy of study. This project therefore aims to combine clinical experience with textile 

and materials sciences, and examine a monitoring process that uses biofeedback- 

electromyography (sEMG) to train muscles. Based on such, a posture training tank-top 

for adolescents with early scoliosis has been developed. The resultant posture training 

tank-top has significant potential, and not only the ability to provide posture monitoring 

through sEMG muscle training for adolescents on a regular basis, but also accommodates 

sensors that can monitor the posture coordinates on a real time basis and track the progress 

of the posture training. As a result, the future likelihood of brace wear or surgery will be 

greatly reduced. 

Background information on scoliosis has been provided through a comprehensive 

literature review. Based on the statistical results, AIS in females should be the focus as 

they are the most at risk. In addition, a knowledge gap is found in that the treatment 

options for mild scoliotic patients (spinal curvature of 10- 20 degrees) are passive. Only 

periodic observation is recommended. In terms of the those with spinal curvature of 21 to 

45 degrees, the  effectiveness of bracing treatment is fair and very much depends on the 

compliance of the users, as the quality of life of the patients may be affected. Therefore, 

treatment that focuses on the well-being of patients should be given priority. In order to 

determine how a reliable sEMG training program could be developed, which would also 

take into consideration the well-being of the patients, a review on the application of sEMG 
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has been carried out. It is found that 2 studies have used biofeedback postural training for 

scoliotic subjects. However, since the two studies were conducted over 5 years ago, the 

technology is relatively more advanced now. Nevertheless, the strength and weakness of 

the two studies are compared and taken into consideration for the posture training tank-

top in this study. 

The methods used for this study have also been discussed. The entire experimental study 

has three phases, namely 1) design and development of a posture training tank-top; 2) 

subject recruitment and preliminary examinations; and 3) posture training tank-top wear 

trial and evaluation. 

In the first phase, a tank-top that emphasizes on comfort is designed, along with other 

factors such as durability and technical logistics for the posture monitoring sensors to be 

inserted into the tank-top. Therefore, appropriate materials and silhouette of the tank-top 

are chosen to realize these properties. Besides, posture monitoring sensors have been 

developed to monitor and record the real-time posture information of the users. The aim 

of the sensors is to provide alerts when the users have poor posture. In the second phase 

of the study, the target subjects are recruited through a pre-screening program at schools 

and a series of preliminary tests have been carried out to inspect their spinal deformity 

situations. These tests include: detecting the paraspinal muscle activity signals with sEMG; 

assessing the posture of the subjects by using 3D body scanning; comparing the infrared 

emission of the paraspinal muscle by using infrared thermography; and measuring the 

spinal curvature angle by using an ultrasound imaging device- Scolioscan™. In the third 

phase of the study, the preliminary test results of the subjects are used to developing a 

posture training program. There are 12 subjects who participated the program. During a 

period of 6 months, 30 training sessions are provided for the subjects. The effectiveness 

of the posture training is mainly evaluated with the sEMG data and Scolioscan™ results. 

The experimental design of this study has been successfully implemented. In the first 

phase of the study, a posture training tank-top design that can accommodate posture 

monitoring sensors has been developed according to the design requirements. The tank-

top is tight-fitting with two shoulder straps designed to minimize unwanted movement 
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that could possibly affect the reliability of the posture monitoring sensors. The materials 

for the tank-top are also selected based on various fabric test results. For the shell fabric 

of the tank-top, a tricot fabric is selected as it produced relatively better test results than 

the other fabrics. This fabric is able to maximize comfort, durability and fit among others. 

For the lining fabric, a powernet fabric is selected. Although this powernet fabric 

produced similar test results as the satinnet fabric, its four-way stretch property can 

accommodate different foam cup sizes. Therefore, the powernet fabric (L1) is selected. 

The position of the posture monitoring sensors is also determined in accordance with 

previous work of other researchers. Three sensors are placed at T3, T12 and the L4-L5 

joints to monitor the posture of the user. The reliability of the posture sensors is examined 

with various initial tests. The result indicates that different detectors within the sensor are 

able to interact well with each other and provide reliable functioning. Even though the 

sensors at times lost connection with the Android device, they are still reliable for training 

purposes as the sensors are able to automatically reconnect with the smart phone.  

For the preliminary examinations conducted in the second phase of the study, the result 

of the sEMG tests shows that asymmetrical paraspinal muscle activity is found on the 

scoliotic subjects and the data reflect a relative symmetrical improvement with the sEMG 

signal during the suggested sitting posture. The infrared thermography also shows a 

statistical significant difference in terms of the temperature distribution of the paraspinal 

muscle between the normal and scoliotic subjects. The preliminary tests thus provide an 

understanding of the sEMG profile of the subjects and requirements for the posture 

training program.  

Twelve subjects have participated the posture training program which comprises the third 

phase of the study. After 30 sessions of training, the subjects are able to retain a relatively 

more balanced sEMG signal along their paraspinal muscles. It is discovered that, before 

the training, the sEMG ratio at the trapezius region recorded a statistically significant 

difference (p=0.038) with a test value of 1 and after the training, none of the tested regions 

show this trend. More importantly, 11 of the 12 subjects are within control although 1 had 

progressed over 5°. Through motor learning, those with AIS can permanently maintain 

postural balance by practicing the suggested positions on a regular basis as a new motor 
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task. Unfortunately, the data of the changes in spinal curvature angle do not yield a 

meaningful difference statistically. It is therefore still debatable whether the developed 

posture training program is effective enough to control spinal deformity due to the small 

sample size and insignificant variations in spinal curvature. The data are not representative 

enough. Yet, this study has taken the first steps in exploring the possibility of introducing 

non-invasive postural training for mild scoliotic patients that improve their well-being as 

well as a possible early intervention for idiopathic scoliosis.  

6.2 Limitations and recommendations 

The duration of this study is about two years. There is still room for improvement in terms 

of the experimental design and analysis methods. The posture monitoring sensors in this 

study are not the best devices for monitoring the posture of users. Although they are able 

to record and display the posture information in real time, the gyroscope coordinates may 

vary depending on the location. Therefore, the sensors are only used in the same 

laboratory to avoid the deviation of the posture coordinates.  

In addition, the sEMG posture training program is developed on software with restrictions. 

The animation that is used as a visual sensory trigger is outdated and the subjects did not 

like it during the training. Different videos are imported into the software to create more 

interesting animations that encourage better performance during the training. However, 

due to the software restriction, the resolution of the newly imported video is lacking. 

Updated software could therefore be purchased for better video quality.  

In terms of the limitations of the analysis methods, the sample size of the study is small, 

therefore, most of the data are not representative enough. A conclusion was made based 

on observations in this study, which is not comprehensive enough. A larger sample size 

is recommended for more meaningful data. Based on the result found in this study, in 

order to achieve an effect size of 0.4, an alpha level of 0.05 and study power of 0.8, a 

sample size of 24 adolescents are required. Including an anticipated attribution rate of 

20%. It required 30 subjects to provide more convincing data to determine the 

effectiveness of this developed posture training system. Besides, a longer period of 

follow-up of the cases is suggested. In the study, there is only a 6 month interval before, 
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after the posture training and extra six months after the training. The changes in sEMG 

pattern and spinal curvature may be more conclusive if there is a longer period of follow-

up until the participants were complete mature. 
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Appendix E 

Subject 
No. Sessions Date 

  A 1 15/7/15 

2 20/7/15 

3 21/7/15 

4 22/7/15 

5 23/7/15 

6 25/7/15 

7 27/7/15 

8 29/7/15 

9 30/7/15 

10 4/8/15 

11 5/8/15 

12 6/8/15 

13 10/8/15 

14 11/8/15 

15 12/8/15 

16 17/8/15 

17 18/8/15 

18 19/8/15 

19 20/8/15 

20 24/8/15 

21 25/8/15 

22 26/8/15 

23 5/9/15 

24 12/9/15 

25 3/10/15 

26 10/10/15 

27 17/10/15 

28 24/10/15 

29 31/10/15 
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Subject 
No. Sessions Date 

B 1 1/7/15 

2 11/7/15 

3 16/7/15 

4 18/7/15 

5 20/7/15 

6 22/7/15 

7 27/10/15 

8 4/8/15 

9 5/8/15 

10 7/8/15 

11 10/8/15 

12 12/8/15 

13 14/8/15 

14 18/8/15 

15 20/8/15 

16 22/8/15 

17 25/8/15 

18 27/8/15 

19 29/8/15 

20 4/9/15 

21 11/9/15 

22 15/9/15 

23 23/9/15 

24 30/9/15 

25 6/10/15 

26 20/10/15 

27 8/12/15 

28 10/12/15 

29 18/12/15 
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Subject 
No. Sessions Date 

C 1 1/7/15 

2 2/7/15 

3 7/7/15 

4 10/7/15 

5 13/7/15 

6 14/7/15 

7 15/7/15 

8 17/7/15 

9 20/7/15 

10 21/7/15 

11 23/7/15 

12 24/7/15 

13 27/7/15 

14 29/7/15 

15 30/7/15 

16 31/7/15 

17 3/8/15 

18 5/8/15 

19 6/8/15 

20 1/9/15 

21 18/9/15 

22 22/9/15 

23 29/9/15 

24 6/10/15 

25 13/10/15 

26 20/10/15 

27 5/11/15 

28 12/11/15 

29 17/11/15 

30 24/11/15 

31 3/12/15 

32 18/12/15 
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Subject 
No. Sessions Date 

D 1 2/7/15 

2 4/7/15 

3 7/7/15 

4 9/7/15 

5 14/7/15 

6 16/7/15 

7 18/7/15 

8 21/7/15 

9 24/7/15 

10 28/7/15 

11 30/7/15 

12 31/7/15 

13 3/8/15 

14 5/8/15 

15 6/8/15 

16 8/8/15 

17 10/8/15 

18 13/8/15 

19 15/8/15 

20 18/8/15 

21 20/8/15 

22 22/8/15 

23 25/8/15 

24 29/8/15 

25 1/9/15 

26 5/9/15 

27 12/9/15 

28 19/9/15 

29 26/9/15 

30 3/10/15 

31 10/10/15 

32 17/10/15 

33 24/10/15 

34 31/10/15 

35 14/11/15 

36 21/11/15 

37 28/11/15 

38 5/12/15 

39 12/12/15 
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Subject 
No. Sessions Date 

E 1 26/6/15 

2 1/7/15 

3 7/7/15 

4 9/7/15 

5 17/7/15 

6 20/7/15 

7 22/7/15 

8 25/7/15 

9 27/7/15 

10 29/7/15 

11 31/7/15 

12 3/8/15 

13 7/8/15 

14 10/8/15 

15 12/8/15 

16 14/8/15 

17 18/8/15 

18 20/8/15 

19 24/8/15 

20 26/8/15 

21 28/8/15 

22 5/9/15 

23 12/9/15 

24 19/9/15 

25 22/9/15 

26 29/9/15 

27 30/9/15 

28 17/10/15 

29 24/10/15 

30 31/10/15 

31 3/11/15 

32 7/11/15 

33 14/11/15 

34 28/11/15 
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Subject 
No. Sessions Date 

F 1 1/7/15 

2 6/7/15 

3 8/7/15 

4 13/7/15 

5 17/7/15 

6 27/7/15 

7 29/7/15 

8 31/7/15 

9 3/8/15 

10 5/8/15 

11 7/8/15 

12 17/8/15 

13 19/8/15 

14 21/8/15 

15 28/8/15 

16 31/8/15 

17 1/9/15 

18 10/9/15 

19 23/9/15 

20 30/9/15 

21 10/10/15 

22 27/10/15 

23 3/11/15 

24 18/11/15 

25 25/11/15 

26 2/12/15 

27 9/12/15 
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Subject 
No. Sessions Date 

G 1 1/7/15 

2 4/7/15 

3 6/7/15 

4 8/7/15 

5 10/7/15 

6 13/7/15 

7 15/7/15 

8 17/7/15 

9 27/7/15 

10 29/7/15 

11 31/7/15 

12 3/8/15 

13 6/8/15 

14 10/8/15 

15 12/8/15 

16 14/8/15 

17 17/8/15 

18 19/8/15 

19 21/8/15 

20 24/8/15 

21 26/8/15 

22 28/8/15 

23 31/8/15 

24 5/9/15 

25 12/9/15 

26 19/9/15 

27 3/10/15 

28 10/10/15 

29 17/10/15 

30 24/10/15 

31 31/10/15 

32 21/11/15 

33 28/11/15 

34 12/12/15 
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Subject 
No. Sessions Date 

H 1 15/7/15 

2 16/7/15 

3 20/7/15 

4 22/7/15 

5 6/8/15 

6 7/8/15 

7 10/8/15 

8 11/8/15 

9 12/8/15 

10 13/8/15 

11 14/8/15 

12 15/8/15 

13 22/8/15 

14 28/8/15 

15 29/8/15 

16 4/9/15 

17 9/9/15 

18 3/10/15 

19 10/10/15 

20 24/10/15 

21 7/11/15 

22 14/11/15 

23 18/11/15 

24 21/11/15 

25 7/12/15 
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Subject 
No. Sessions Date 

I 1 1/7/15 

2 3/7/15 

3 6/7/15 

4 8/7/15 

5 10/7/15 

6 13/7/15 

7 15/7/15 

8 17/7/15 

9 20/7/15 

10 22/7/15 

11 27/7/15 

12 29/7/15 

13 31/7/15 

14 3/8/15 

15 5/8/15 

16 7/8/15 

17 10/8/15 

18 11/8/15 

19 19/8/15 

20 21/8/15 

21 24/8/15 

22 26/8/15 

23 5/9/15 

24 12/9/15 

25 19/9/15 

26 26/9/15 

27 10/10/15 

28 17/10/15 

29 24/10/15 

30 31/10/15 

31 7/11/15 

32 21/11/15 

33 12/12/15 

34 19/12/15 
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Subject 
No. Sessions Date 

J 1 2/7/15 

2 4/7/15 

3 6/7/15 

4 8/7/15 

5 11/7/15 

6 16/7/15 

7 18/7/15 

8 22/7/15 

9 24/7/15 

10 4/8/15 

11 6/8/15 

12 8/8/15 

13 11/8/15 

14 13/8/15 

15 15/8/15 

16 19/8/15 

17 21/8/15 

18 25/8/15 

19 27/8/15 

20 1/9/15 

21 5/9/15 

22 10/9/15 

23 17/9/15 

24 24/9/15 

25 2/10/15 

26 8/10/15 

27 27/10/15 

28 3/11/15 

29 10/11/15 

30 24/11/15 

31 15/12/15 
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Subject 
No. Sessions Date 

K 1 1/7/15 

2 4/7/15 

3 11/7/15 

4 16/7/15 

5 18/7/15 

6 23/7/15 

7 25/7/15 

8 27/7/15 

9 29/7/15 

10 30/7/15 

11 8/8/15 

12 10/8/15 

13 12/8/15 

14 13/8/15 

15 24/8/15 

16 26/8/15 

17 28/8/15 

18 29/8/15 

19 2/9/15 

20 5/9/15 

21 12/9/15 

22 19/9/15 

23 3/10/15 

24 10/10/15 

25 17/10/15 

26 24/10/15 

27 31/10/15 

28 7/11/15 

29 14/11/15 

30 21/11/15 

31 28/11/15 

32 5/12/15 

33 12/12/15 

34 19/12/15 
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Subject 
No. Sessions Date 

L 1 26/6/15 

2 4/7/15 

3 9/7/15 

4 11/7/15 

5 13/7/15 

6 15/7/15 

7 18/7/15 

8 20/7/15 

9 22/7/15 

10 24/7/15 

11 3/8/15 

12 5/8/15 

13 11/8/15 

14 13/8/15 

15 15/8/15 

16 17/8/15 

17 19/8/15 

18 22/8/15 

19 24/8/15 

20 26/8/15 

21 28/8/15 

22 31/8/15 

23 4/9/15 

24 12/9/15 

25 26/9/15 

26 31/10/15 

27 7/11/15 

28 12/11/15 

29 19/11/15 

30 25/11/15 

31 1/12/15 

32 19/12/15 
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