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ABSTRACT 

Adolescent idiopathic scoliosis (AIS) is a three-dimensional (3D) spinal abnormality affecting 

1 – 4% of adolescents with unknown causes, defined as the Cobb angle greater than 10°. 

Orthotic treatment is generally prescribed to manage moderate AIS (Cobb angle 25 – 40°), with 

which, various factors can influence the effectiveness, such as biomechanical design and 

patient’s compliance. To date, far little attention has been paid to avoid any possible deviations 

from the original orthosis design custom-made by orthotist during fabrication procedures, as 

well as to ensure patient’s compliance in a scientific way. This study aimed to apply two state-

of-the-art technologies in spinal orthotic treatment for patients with AIS in aspects of orthotic 

design, fabrication, and patients’ compliance. 

With the advancements of 3D printing technology, the accumulated error can be reduced during 

manual fabrication procedures and facilitate a more versatile design of spinal orthoses such as 

reduced weight and thickness. These may enhance the patient’s compliance and subsequent 

treatment outcomes. However, the application of 3D printing in spinal orthosis is still at its 

embryonic stage. There are no rigorous investigations on the feasibility of 3D printing 

technology in the fabrication of spinal orthoses nor its clinical effectiveness for the 

management of AIS.  

Thus, this study conducted a feasibility test to apply 3D printing in spinal orthosis and to 

provide laboratory evidence. A prospective, randomised controlled trial was then carried to 

evaluate the treatment effectiveness of 3D-printed orthosis to the conventional one. Cost-

effectiveness of using 3D printing to design and fabricate spinal orthosis for AIS was 

investigated. 
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The findings of technological investigations in the current study suggested that spinal orthoses 

could be fabricated using fused deposition modelling (FDM) technique and Nylon-12 material. 

After a mimicked test for 3-year usage, the 3D-printed spinal orthosis was as durable as the 

conventional polyethene (PE) spinal orthosis. A total 30 females with AIS who met the criteria 

(age 10-14 years, Cobb angle 20-45°, and Risser sign 0-2) of SRS (Scoliosis Research Society) 

and SOSORT (Society on Scoliosis Orthopaedic and Rehabilitation Treatment). Patients were 

randomly allocated into the 3D-printed orthosis (3O, n=15, age 12.4 years, Cobb angle 23.9°) 

group and the conventional orthosis (CO3, n=15, age 12.5 years, Cobb angle 23.8°) group. The 

3O was significantly lighter in weight (p<0.01) by 0.3kg. Comparable immediate in-orthosis 

correction was observed in the 3O group (12.3°, 37.0%, p<0.001) and the CO3 group (13.2°, 

44.7%, p<0.001). There was no significant curvature change between the immediate and 3-

month in-orthosis Cobb angle within the 3O group (1.7°, p=1.000) while the CO3 group had a 

significant increase in Cobb angle (4.8°, p<0.05). However, due to the high cost and long 

fabrication time, 3D printing technology may not be able to fulfil the clinical demands at the 

current stage.  

Although extensive researches have suggested the importance of patients’ compliance, most of 

the approaches were subjective and difficult to control the real situation, such as oral instruction 

and reminders. An automated PO (pressure-adjustable orthosis) has been developed aiming to 

provide a more consistent biomechanical environment for optimisation of treatment 

effectiveness. Clinical evaluation was proposed to study the effectiveness of this innovative 

orthosis.  

This study conducted a prospective bi-centre, randomised controlled trial. Patients with AIS 

who met the criteria conformed with the criteria (age 10-14 years, Cobb angle 20-40°, and 

Risser sign 0-2) of SRS and SOSORT were recruited. Compliance sensors were embedded in 

both groups while the PO was set to adjust the interfacial pressure as prescribed automatically. 
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The clinical evaluation enrolled twenty-four patients and randomly assigned them to the PO 

(n=11, age 12.4 years, Cobb angle 26.2°) and COP groups, with one drop-out (n=12, age 12.6 

years, Cobb angle 27.4°). Both the PO (11.0°, 42.0%, p<0.001) and COP (10.3±5.3°, 37.6%, 

p<0.001) groups showed significant in-orthosis correction. After a 1-year intervention, no 

patient with PO progressed while two patients with COP had progression >5° of Cobb angle. 

The mean daily wearing duration was 1.1 hours longer in the PO group as compared with the 

COP group (15.4 vs 14.3 hours, p>0.05). Nevertheless, the wearing quality with the targeted 

pressure was 33.9% higher in the PO group (56.5% vs 23.1%, p<0.001). There was no 

significant difference in the QoL results between or within the two groups during the study 

period.  

This study applied two innovative methods in orthotic management for patients with AIS and 

suggested that they could provide effective in-orthosis correction. This study is the first attempt 

to undertake a fundamental study bridging both the technological and clinical aspects of 3D 

printing technology to the design and fabrication of spinal orthosis for AIS. Besides, it provided 

new insights in offsetting patient’s inappropriate orthosis wearing quality more scientifically 

and objectively. Nonetheless, it deserves a long-term prospective study until bone maturity 

with a larger sample size before the relevant treatment outcome with these technologies can be 

established. Continuous efforts in technology developments are needed to make the 3D printing 

technology and pressure-adjustable system more user-friendly and practical in orthotic design 

and fabrication, and management of the patients with AIS.  
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CHAPTER 1 INTRODUCTION 

1.1 ADOLESCENT IDIOPATHIC SCOLIOSIS (AIS) 

Scoliosis is commonly known as a spinal abnormality with lateral curvatures, which has been 

recognised for more than four centuries (Negrini et al., 2018). It is a complex three-dimensional 

(3D) deformity of the spine and trunk including deformities in the frontal plane, the sagittal 

plane and the transverse plane (Stokes, 1994, Mac-Thiong et al., 2003, Mangone et al., 2013). 

In clinical practice, scoliosis is usually diagnosed by a threshold of  Cobb angle larger than 10° 

according to the posterior-anterior (PA) radiograph taken in a standing position (Cobb, 1948). 

Scoliosis mostly occurs on adolescents with unknown causes, called adolescent idiopathic 

scoliosis (AIS) (Kleinberg, 1922, Asher et al., 2006), and it is affecting approximately 1 – 4% 

of adolescents (Minghelli et al., 2014, Zhang et al., 2015, Zheng et al., 2017). 

Unexpected prognosis may come upon patients with AIS, such as negative body appearance, 

affecting quality of life, back pain, cardiopulmonary compromises and influencing other organs 

(Bunnell, 1986, Asher et al., 2006, Danielsson et al., 2007, Lusini et al., 2014). Interventions 

of AIS are commonly prescribed according to the severity level defined by Cobb angle: 

observation (mild AIS, 10 – 20°), conservative management (moderate AIS, 20 – 45°); and 

surgery (severe AIS, >45°) (Negrini et al., 2015b). Although surgery can alleviate and stabilise 

server curvatures, it is invasive management mainly aiming at body fusion of the deformed 

segments with instrumentation. This approach may result in permanent loss of movement of 

the operating segments and may lead to a high risk of complications of massive blood loss and 

even mortality. It is mandatory to control the progression of scoliotic deformities from a 

moderate to severe level. 
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1.2 ORTHOTIC TREATMENT 

In this regard, spinal orthotic management is most commonly prescribed for AIS as one of the 

conservative modalities which have been reported to be sufficient (De Giorgi et al., 2013, 

Weinstein et al., 2013, Mahaudens et al., 2014). Orthotic treatment aims to prevent progression 

of curvature by providing external passive corrective force to the trunk of patients with AIS by 

three-point support systems (Mac-Thiong et al., 2004, Grivas et al., 2008a, Clin et al., 2010b, 

Sattout et al., 2016). However, the treatment effectiveness of orthotic management for patients 

with AIS can be influenced by many factors, such as the orthosis design and compliance of the 

patients. Studies have suggested the importance of effective orthotic design to provide 

sufficient in-orthosis correction that a high correlation between in-orthosis correction and the 

treatment outcome had been found (Upadhyay et al., 1995, Clin et al., 2010b). 

In most of the countries, patients with AIS are mostly prescribed with full-time orthotic 

treatment (20 – 23 hours per day) lasting 2 – 4 years until maturity when the bone growth 

ends(Richards et al., 2005, Negrini et al., 2012, Negrini et al., 2015b). Plenty of studies 

suggested the importance of adequate wearing duration to prevent progression of the curve and 

prevent surgeries (Rahman et al., 2005, Brox et al., 2012, Aulisa et al., 2014). Patients’ 

acceptance of the orthoses, as well as their self-perceptions, may influence their wearing 

behaviour (Rivett et al., 2009, Chan et al., 2014, Karol et al., 2016b). 

However, there are some studies suggested part-time orthotic treatment were as effective as 

full-time treatment (D'amato et al., 2001, Yrjonen et al., 2006, Bohl et al., 2014, Davis et al., 

2019). Various kinds of orthotic design with difference in-orthosis biomechanical corrective 

effect (Howard et al., 1998, Clin et al., 2010a, Guo et al., 2014) may contribute to the 
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controversial results about the daily orthosis wearing hours. Thus, to maintain consistent 

interfacial pressure to ensure effective in-orthosis biomechanical correction may be an essential 

factor for treatment effectiveness. Thus, it is essential to enhance patients’ compliance for 

effective treatment outcome for the patients with AIS, which refers to how the patients follow 

the treatment protocol in terms of the wearing quantity and wearing quality (Lou et al., 2016).  

 

1.3 DRAWBACKS OF THE CURRENT ORTHOTIC TREATMENTS 

Though the application of computer-aided design and computer-aided manufacture 

(CAD/CAM) in orthotics has been contributing to higher productivity, digitised documentation 

and more flexibility of design. These improvements were achieved by replacing the negative 

casting and manual rectification procedures (Wong 2011). However, in the current clinical 

practice, the spinal orthosis is mainly fabricated by moulding the polyethene (PE) plastic sheet 

on a polyurethane (PU) positive cast manually, which is largely relied on the orthotists’ 

experience. These may cause accumulated error deviating from the original design which is by 

the orthotists. More accurate fabrication should be considered to provide an appropriate 

biomechanical correction. 

Besides, the insurance of appropriate compliance is mainly relied on the instructions by the 

orthopaedic surgeon and orthotist, as well as the monitoring from the patients’ parents. 

However, studies suggested the patients seldom adhered to the treatment protocol in terms of 

orthosis wearing quantity (Diraimondo et al., 1988, Korovessis et al., 2007). The patient's 

acceptance towards the orthoses can be influenced by the bulky appearance of the orthosis and 

reduced comfort level, and the affected self-perception among the adolescents (Lindman, 1999, 

Matsunaga et al., 2005, Korovessis et al., 2007). Counselling and clinical education may 
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improve patients’ compliance. Though the adaption of the computer-aided design and 

computer-aided manufacture (CAD/CAM) have significantly reduced the consumption of time 

for fabrication (Wong et al., 2005b), more clinical education for the patients and their parents 

by the orthotists is demanding. 

The maintenance of orthosis wearing quality for the patients with AIS usually relies on the 

instructions by the orthotists and the support by the parents. Orthotists usually highlight the 

level of straps tightness and the parents assist the patients to tighten the straps. The solutions 

in the current clinical practice are subjective and difficult to provide consistent in-orthosis 

corrective effect. Furthermore, a study has suggested that the interfacial pressure gradually 

decreased during the orthotic treatment period (Lou et al., 2002). 

 

1.4 POTENTIAL SOLUTIONS 

To improve the issues above, this study applied 3D printing technology and an intelligent 

pressure-adjustable technique in the design and fabrication of orthoses for patients with AIS. 

The adaption of the CAD/CAM system in the scoliosis clinics allows the spinal orthosis model 

to be obtained and rectified in digital 3D documents. Some recently published studies 

suggested the feasibility and benefits of 3D printing technology in prostheses (Telfer et al., 

2012), ankle-foot orthoses (Faustini et al., 2008, Cook et al., 2010) and hand orthoses (Kim et 

al., 2015). These suggested the possibility of applying 3D printing in spinal orthosis as part of 

the CAD/CAM procedures and be one of the solutions. Compared to the manual fabrication 

that is currently using, advancements of 3D printing technology can allow direct and automatic 

fabrication to avoid the accumulated errors. Besides, more versatile orthotic designs may be 

able to achieve better acceptance from the patients and better comfort level by the reduced 
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thickness and weight. The application expects human resources are saving of 3D printing 

because of its computed controlled base. The orthotists may save more time for clinical 

education for the patients and their parents. In these regards, it may enhance the patient’s 

wearing quantity and benefit subsequent treatment effectiveness. 

Furthermore, an intelligent automated pressure-adjustable device has been developed by our 

team (Lou et al., 2004b, Chalmers et al., 2012). This device was designed to be embedded in 

the spinal orthosis to monitor the patients’ compliance and automatically adjust the interfacial 

pressure at the corresponding apical corrective area. It aimed to maintain the patients’ wearing 

quality more scientifically. Pilot studies have been conducted and suggested it could improve 

the patients’ wearing quality (Lou et al., 2012).  

 

1.5 RESEARCH GAP 

Though 3D printing technology has been introduced for more than 20 years, its application in 

orthotic filed is still at the embryonic stage (Jin et al., 2015). Applying 3D printing in the design 

and fabrication of orthoses for patients with AIS was facing both technological and clinical 

challenges. Most of the applications for AIS are for surgical guidance and planning (Chen et 

al., 2015, Yang et al., 2015). To the best of the knowledge, there was no existing published 

evidence providing technical details of the 3D-printed orthosis or clinical evidence.  

Moreover, a pilot study suggested the pressure-adjustable orthosis tended to have better 

performance in preventing curvature progression when compared with the conventional 

orthosis (Lou et al., 2012). However, carried over effects might influence the results and the 

influence on compliance or quality of life (QoL) were not provided. In addition to that, the 
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pressure-adjustable device was later upgraded to a smaller dimension with less power 

consumption whose clinical effect needs to be evaluated.  

 

1.6 OBJECTIVES  

Based on these premises, the current study aimed to apply two state-of-the-art technologies in 

orthotic treatment for the patients with AIS, including 1) 3D printing technology during the 

design and fabrication procedures and 2) the automatic pressure-adjustable function in the 

patient’s daily wearing.  Besides, this study aimed to investigate the clinical effectiveness as 

well as the patient’s compliance and QoL after applying these innovative approaches. 

 

1.7 THESIS OUTLINES 

After the introduction in this chapter, a literature review about the natural history and 

treatments of AIS, as well as the technologically related literature, will be provided in Chapter 

2.  

Chapter 3 elaborates one of the approaches - application of 3D printing technology. Detailed 

background information is provided firstly. Feasibility test and results of laboratory tests of the 

application of 3D printing technology in design and fabrication for spinal orthosis are provided. 

Clinical evaluations, as well as the cost efficiency, are discussed.  

Chapter 4 discusses the patient’s compliance and clinical evaluation of the pressure-adjustable 

orthoses for patients with AIS. Clinical effectiveness, patient’s compliance and QoL are then 

discussed. 
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Chapter 5 provides an overall discussion for this thesis including these two innovative 

approaches in orthotic treatment for AIS.  

Chapter 6 concluded this thesis, including the findings from both Chapter 3 and Chapter 4 

generally. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 CHAPTER SUMMARY 

In this chapter, brief review of the spine anatomy and natural history of scoliosis are provided. 

This project mainly focused on reviewing the orthotic treatment for patients with AIS. Thus, 

the assessments and treatment for AIS were described followed by the crucial factors 

influencing the treatment outcome. That is the patients’ compliance, including wearing quantity 

and wearing quality. Besides, the fabrication methods from manual to computer-aided design 

and computer-aided manufacture (CAD/CAM) were introduced.  

 

2.2 THE SPINE 

2.2.1 Spine Anatomy 

The spine, which can also be called spinal column or backbone, is a strong structure with 

flexibility which can achieve multiple purposes during daily living (White et al., 1978). It 

supports weight of the head and the trunk of a human being and allows various directions of 

movements, such as standing straight, forward bending, and lateral bending (Monheit et al., 

1991, Kiefer et al., 1997, Panjabi et al., 1998). Technically speaking, the spine can be divided 

into three main segments and two fused bone regions, which are called according to the specific 

region and position: cervical spine (C1-C7 including 7 vertebras), thoracic spine (T1-T12 

including 12 vertebras), lumbar spine (L1-L5 including 5 vertebras), sacrum (S1-S5 including 

5 fused bones), and coccyx (including 4 fused bones) (Bakkum, 2014).  
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The spine is a three-dimensional (3D) structure, which can be generally viewed in three planes 

defined as coronal plane (or can be called as frontal plane), the posterior-anterior view; sagittal 

plane, the lateral view; and transverse plane, the upper-bottom view. Though one of the main 

differences between human beings and other animals are the standing upright posture, human 

spine is not an absolutely straight structure. A normal spine in the anterior and posterior views 

or in the coronal plane was aligning straight. And in the lateral view or in the sagittal plane of 

the spine has three normal curvatures, including the cervical convex forward curve, thoracic 

Anterior Lateral Posterior 

Cervical 

Thoracic 

Lumbar 

Figure 1 The anterior, posterior and lateral view of the human body and spine 
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backward curve and the lumbar forward curve (Figure 1), like an “S” shape. The first curve 

locates at the cervical region defined as cervical lordosis. Normal thoracic kyphosis is a forward 

curve range from 20 to 40°. And the lumbar lordosis is a backward curve located in the lumbar 

region. These curves allow the weight of the head and torso distribute evenly on the spine. 

They help the spine maintain balance and absorb stress. The natural curves in the lateral view 

are assisting in the spinal stability and balance (Monheit et al., 1991, Panjabi et al., 1998). 

There are twenty-four bones in the three spinal segments, called spinal vertebrae, constituting 

a spine with intervertebral discs in between of each two vertebras (Darby, 2014). Each vertebra 

is different, but typically, a vertebra is consisting of the vertebra body in anterior part and the 

vertebral arch in posterior part (Figure 2). The spinal cord is a bundle of nerves going through 

starting from the brain and ends in the lumbar region. A pair of pedicles, a pair of laminae and 

the spinous process forms the vertebral arch, which contains the spinal cord, ligaments, blood 

vessels going through the spinal cannel. Under the pedicles of each vertebra, there is a pair of 

nerves passing through the intervertebral foramen and branching out to the correlated level of 

the body. Ligament is strong fibrous band, that along with the muscle, they can hold the connect 

the spinal vertebras together and form the whole spine (Cramer, 2014, Darby, 2014).  

The spine is formed by vertebras stacking on the top of another from the sacrum, connecting 

by joint facet and holding by ligaments and muscles. In the frontal plane, it is straight with the 

centre of the vertebral body on the same vertical line through pelvis (Panjabi et al., 1993).  

 



Chapter 2 Literature Review 

11 

 

 

2.2.2 Growth of the Spine 

From birth till maturity, the development of the normal longitudinal growth does not appear to 

be uniform linear. Typically, there are two growth spurts (Figure 3). The first rapid growth 

period starts from birth to three years old. After a steady growth of intervening period, the 

adolescent growth spurt comes. Children tend to begin to proceed longitudinal growth rapidly 

after solidly fused years, thus, during this pubertal growth spurt may suddenly occur to develop 

either lengthening of the curve or bending of the fusion (Tanner, 1979). Girls begin the rapid 

growth slightly earlier or coincides with the growth of breast and pubic hair around 11 years 

old. After one year, it comes to the growing velocity peak. The menarche occurs about 13 years 

old and the growth spurt ends one year later. Usually, boys have the velocity peak of growth 

Vertebral arch 

Figure 2 Top view of a vertebra (left) and lateral view of spine segment (right) 

(http://www.gridgit.com/postpic/2013/08/vertebrae-thoracic-spine-anatomy_414438.jpg; 
 obtained in Oct 2018) 

 

http://www.gridgit.com/postpic/2013/08/vertebrae-thoracic-spine-anatomy_414438.jpg
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two years later than girls. And averagely boys’ growth end at 17 years old, one year after the 

growth spurt (Zivicnjak et al., 2003). 

 

 

 

Most of the spinal deformities have most rapid progression during the growth accelerant period. 

The spinal growth pattern during the adolescent growth spurt suggests a high risk of curve 

progression for a child with idiopathic scoliosis. On the other hand, it also implies the 

possibility to control the curve and prevent progression till maturity, when the bone growth 

ends. 

 

Figure 3 The height from birth till maturity (left); the height growing velocity (right) (Tanner, 1979) 
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2.3 ADOLESCENT IDIOPATHIC SCOLIOSIS (AIS) 

2.3.1 Natural History of AIS 

Scoliosis is a classic type of orthopaedic disorder among adolescents. The introduction of 

diagnosis and management for scoliosis was mainly contributed by two clinical physicians, 

Hippocrates and Galen, that the name scoliosis was derived from the word “skolios” from 

ancient Greece (Vasiliadis et al., 2009). Generally, scoliosis is diagnosed by a threshold of 

Cobb angle larger than 10° in the coronal plane measured from radiography in standing posture 

(Cobb, 1948). Clinically speaking, scoliosis is a complex three-dimensional spinal deformity 

(Stokes, 1994). It deforms not only in the coronal plane, but also includes spinal deformities in 

the sagittal plane and vertebral rotation in the transverse plane (Figure 4). Usually, scoliosis 

happens along with reduced kyphosis in thoracic curves, trunk listing and vertebral rotation. 

 

 
Figure 4 A spine with scoliosis. (Designed by Physio Works) 
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CLASSIFICATIONS 

According to the onset age, curve patterns, aetiology, and the severe level, scoliosis can be 

classified in different types. According to the aetiology, scoliosis can be categorised as 

idiopathic scoliosis and non-idiopathic scoliosis (Kleinberg, 1922). Non-idiopathic scoliosis 

can be classified as congenital scoliosis, neuromuscular scoliosis and mesenchymal scoliosis 

(Konieczny et al., 2013). 

According to the age of onset, idiopathic scoliosis can be classified as infantile scoliosis, 

juvenile scoliosis, adolescent scoliosis and adult scoliosis. Infantile scoliosis refers to those 

patients who develop scoliosis at the age from 0 to 3 years. Studies showed 1% of prevalence 

of infantile scoliosis (Mau, 1981). Besides, the rib-vertebral angle beyond 20° of infantile 

scoliosis can result in poor prognosis and rapid progression (Mehta, 1972).  Juvenile scoliosis 

refers to scoliosis happens on the children between 4 to 10 years of age. About 10% to 15% 

happens during the juvenile age (Coillard et al., 2010). These patients have a Cobb angle over 

30° tend to progress to operational level (Coillard et al., 2010). For scoliosis happens at 10 to 

18 years old called adolescent scoliosis. Approximately 90% of scoliosis happens during the 

adolescent age (Konieczny et al., 2013). It has a risk of progression due to the rapid growth 

spurt of spine and height. More than 8% of adults have scoliosis, and about 68% of prevalence 

can be found among the elderlies over 60 years old. Usually, the adult scoliosis happens by 

degenerative spine during the ageing period (Carter et al., 1987). Among which, adolescent 

idiopathic scoliosis (AIS) is the most common type of scoliosis (James, 1954). 

Curve types can be classified according to the segment location of the apical vertebra, and thus, 

it can be classified as thoracic curve (T1-T11), thoracolumbar curve (T12/L1) and lumbar curve 

(L2-L4). Curve patterns can be variable in “C” shaped with one single curvature on the coronal 

plane. Other types of curve patterns like “S” shaped with double curves and even triple curves. 
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Classifications method including Lenke classification and King’s classification, are commonly 

used (Ovadia, 2013). 

PREVALENCE 

Scoliosis approximately occurs on 3% of adolescents with unknown reasons (Rolton et al. 2014; 

Hresko 2013). In general population, A meta-analyses suggested a 1.02% of prevalence of 

scoliosis among students of primary and middle school in Mainland China using a cut-off point 

of 10° or more Cobb angle according to standing radiographs (Zhang et al. 2015). Furthermore, 

an updated study suggested 2.6% of prevalence of the AIS with a mean Cobb angle as 13.2° 

(Zheng et al., 2016). This study also suggested the prevalence was the highest among 

adolescents at the age of 12 to 13 years old.  

Studies suggested the prevalence is correlated to gender that most of the patients with AIS are 

females (Minghelli et al., 2014, Zhang et al., 2015, Zheng et al., 2016). The ratio of female 

versus males ranged from 1.5 to 3:1 from the previous studies (Daruwalla et al., 1985, 

Kamtsiuris et al., 2007, Zhang et al., 2015). Besides, several studies reported that the severity 

level of AIS was associated with gender. They reported higher Cobb angle happened in more 

females and the progression rate was higher as compared with males (Rogala et al., 1978, 

Lonstein et al., 1982, Daruwalla et al., 1985).  

Most of the curve happens in the thoracic region as 48%, followed by the curves happen in 

thoracolumbar or lumbar regions as 40%. Double curves thoracic curves were suggested not as 

common as the thoracic, thoracolumbar and lumbar curvatures (Suh et al., 2011). Curve types 

were also suggested correlated to the gender issue, that males tended to have a higher 

proportion of thoracolumbar and lumbar curvature types while females tended to have a higher 

prevalence in single thoracic and double curvature types (Suh et al., 2011).  

Usually, scoliosis is consisting of a primary curve and a secondary curve, with a convex and a 
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concave side of each curve. More stiffness of the primary curve is usually higher. Non-

structural can be reduced by treating the primary cause, such as limb length discrepancy.  

PROGNOSIS 

Poor prognosis comes up if left untreated (Weinstein et al., 2015). Negative body appearance 

was suggested in many of the scoliosis cases (Weinstein et al. 2003). Psychosocial impacts 

happen on many of the patients with scoliosis, with less confidence, lower quality of life and 

less satisfaction (J V Fowles et al. 1978). Back pain usually happens in adults. The adults with 

scoliosis tend to have back pain compared with healthy people (Stuart L. Weinstein et al. 1981; 

J V Fowles et al. 1978; Weinstein et al. 2003). One of the possible reasons is the muscular 

disorder because of the scoliotic deformity. The limited pulmonary function was also suggested 

in some previous studies in some severe scoliosis cases (K Pehrsson et al. 1992; Stuart L. 

Weinstein et al. 1981) as well as cardiopulmonary compromises (Stuart L. Weinstein et al. 

1981). The spinal deformity can compress the lung and heart which can limit the space for the 

organs to function normally. Furthermore, thus, death was also reported a possible prognosis 

is leave scoliosis to progress to a severe level which could damage the organ (K Pehrsson et al. 

1992; Stuart L. Weinstein et al. 1981). 

2.3.2 Assessments 

2.3.2.1 Spinal Deformities 

RADIOLOGICAL EXAMINATION 

The measurement method which called Cobb is a golden standard to quantify the deformity of 

spinal curvature for scoliosis (Morrissy et al., 1990, Negrini et al., 2018). The Cobb angle is 

measured in the coronal plane with an anterior-posterior (AP) or posterior-anterior (PA) view 
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from radiograph taken in standing posture. Considering the radiation hazard, PA view of 

radiological exams are commonly suggested to prevent accumulated radiation on the organs 

and especially reduce the risk of breast cancer for female patients with scoliosis (Hoffman et 

al., 1989, Doody et al., 2000, Ronckers et al., 2010).  

The measurement developed by Cobb utilised two lines and extended to generate an angle, 

which has been called the Cobb angle for decades (Cobb, 1948). The first line was located 

above the upper-end vertebra and parallel to the edge of this vertebra. Similarly, another line 

was drawn parallel to the edge of the lower end vertebra (Figure 5). The commonly known 

error of the Cobb angle is 5°, and thus the change of deformity more significant than 5° of 

Cobb angle can be considered progression or decreasing. In the current clinical practice, 

measurement of Cobb angle is still the primary method used for diagnosis, epidemiological 

analysis, disease monitoring and reference for intervention decision making.  

The spinal vertebra which deviates the most from the central vertical line of the trunk is usually 

considered an apical vertebra. Usually, there is a primary curve happen in patients with 

scoliosis. The region of the curve is usually defined as the location of the apex. 

However, studies suggested that 15% of patients with scoliosis had undergone more than 50 

radiographic examinations, and 17% among whom had received an estimated cumulative 

radiation dose of more than 20 cGy (Doody et al., 2000).  

New technology suggested a new assessment in bi-planer radiological exams could limit the 

radiation less than the radiation from the sun and the reflation of the ground in one day, which 

is called EOS. With this system, a 3D model can be reconstrued from two radiographic images 

in the coronal plane and the sagittal plane together with its building model of the spine (Illes et 

al., 2012, Luo et al., 2015). 
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APICAL VERTEBRAL ROTATION 

The spine with scoliosis is a 3D deformity. Some previous studies suggested that the vertebral 

rotation and the lateral curvature could provide more indicative characteristics of the spine with 

scoliosis (Cole et al., 1997). The measurement method by Cobb could only provide 

approximate information about the vertebral rotation (Cobb, 1948). The measure the vertebral 

rotation by the Cobb method, the vertebra is divided into six sections; the level of rotation is 

defined as the region of the spinous process locates. Nevertheless, it provides simple 

procedures for measurement and can reduce the radiation hazard for another radiological exam.  

Cobb angle 

Figure 5 The radiographic spine image (left) and the Cobb angle measurement (right) 
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The method by Nash and Moe could provide an approximate level of the vertebral rotation by 

a five-grading scheme, which can be a need for diagnosis of scoliosis with quantified data 

(Nash et al., 1969). It can avoid the influence of the intervertebral rotation. However, another 

study suggested that the measurement of vertebral rotation taking reference from the spinous 

process could overestimate the actual rotation level because of the appearance (Stokes et al., 

1986).  

Perdriolle method measured the length of the nomogram on the vertebral margin. Another 

measurement of the length between the pedicle of the convex to the vertebral margin in the 

convex side (Pinheiro et al., 2010). A specific ruler for vertebral rotation can provide the 

quantified angle. It is not invasive, and it requires the radiographic image in the PA view. The 

estimated error was about 5°. 

2.3.2.2 Patients’ Characteristics 

BONE MATURITY LEVEL 

The treatment protocol is usually made taking the bone maturity level as one of the most 

essential factors as reference. Studies suggested that the patients with lower maturity level 

tended to have a higher risk of curvature progression and the more mature patients tended to 

be more stable (Weinstein et al., 1981, Nilsonne et al., 2009). And it is commonly suggested 

that to start the conservative treatment as early as possible to achieve better treatment outcome 

(Karol et al., 2016a). 

Risser Sign 

The method of iliac apophysis has been introduced to measure the bone maturity level (Risser, 

1958). This method utilises the percentage of the ossification of radiologic iliac apophysis to 

grade the level, called Risser sign (Figure 6). The development of the iliac apophysis can 
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usually be seen as the iliac crest on the top of a pelvis. It was suggested that the vertebral growth 

usually completed in a short period with the short excursion of the apophysis.  

Though the accuracy of the Risser method has been controversial (Little et al., 1994, Izumi, 

1995), it is still widely used in all over the world because of its simple grading and the 

avoidance of taking another radiological exam (Negrini et al., 2018). Another study has 

suggested that ultrasound can be an alternative method to access Risser grade (Thaler et al., 

2008). Besides, the bi-planer radiological exam can also reduce the radiation exposure to the 

patients for Risser grade assessments as compared with conventional radiological exams. 

 

 

 

Figure 6 The Risser signs from 1 to 4 based on the ossification of the iliac apophysis 

(http://www.scielo.org.za/img/revistas/saoj/v9n4/a04fig01.jpg; obtained in Nov 2019) 

Risser 0 – no ossification centre of the iliac crest apophysis 

Risser 1 – 25% apophysis of the iliac crest 

Risser 2 –  25-50% apophysis of the iliac crest 

Risser 3 –  50-75% apophysis of the iliac crest 

Risser 4 –  75% apophysis of the iliac crest 

Risser 5 – complete ossification and fusion of the iliac crest apophysis 

http://www.scielo.org.za/img/revistas/saoj/v9n4/a04fig01.jpg
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Hand-wrist Bone Analysis 

The method of bone maturity level measured by hand-wrist bone analysis was performed from 

radiographic images (Figure 7). The validity of this analysis has been proved by various 

researches (Flory, 1936, Garn, 1959). The hand-wrist is easy to take radiological exams, and it 

can also include a wide range of bones for analysis or researches.  

Generally, the first ossification centre to appear in the radiographic hand and wrist is the 

capitate, and the last one is the sesamoid. The epiphysis of the metacarpals usually occurs 

together with the growth of the epiphysis of the distal phalanx of the thumb. Moreover, the 

epiphysis of the middle phalanx of the fifth finger commonly ossifies at last. The progression 

of bone growth, the epiphyses were growing larger and even more significant than the 

metaphysis. The assessments are also taking more attention on the epiphyseal shape which will 

overlap the metaphysis. According to the characteristics of bone growth, surgeons usually 

analyse the bone age according to radiographic images of the wrist that to rate the distal end of 

radius as well as the distal end of the ulna. And to assess according to the of the epiphysis of 

the metacarpals and the ossification of the thumb, a third finger and the firth finger (Acheson, 

1954).  
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FLEXIBILITY 

The flexibility of the spine can be one of the most critical factors for the treatment outcome of 

both conservative and surgical treatments (Clamp et al., 2008, Liu et al., 2010, He et al., 2017). 

The spinal flexibility refers to the ratio between the deviation of the spine and the force vector 

which is applying on the spine to generate the motion (Buchler et al., 2014). Some studies 

suggested that the spinal flexibility was correlated to the initial in-orthosis correction, which 

might be able to predict the treatment outcome (He et al., 2017, Cheung et al., 2018). 

Figure 7 Radiographic hand and wrist 

Sesamoid 

Capitate 

Distal phalangeal  

Middle phalangeal  

Ulna Radius 
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Assessments including supine (Klepps et al., 2001), prone (He et al., 2017), lateral bending, 

traction (Liu et al., 2010), manual correction and fulcrum were the methods commonly used 

for surgery planning. Supine is one of the most commonly used methods to access the spinal 

flexibility. 

Among which, the flexibility is commonly assessed in a supine position. The scoliotic 

curvature could be reduced due to eliminating the longitudinal gravity loading on the spine 

from the head and trunk. It is more applicable compared to other assessment methods and easy 

to operate. The assessments can be conducted with a radiological exam, ultrasound imaging, 

magnetic resonance imaging, computed tomography. There was a study suggested that the 

Cobb angle taken in the supine position showed no significant difference with the in-orthosis 

Cobb angle with the Providence orthosis. The mean difference of the horizontal Cobb angle 

and the in-orthosis Cobb angle was 0.28˚. 

2.3.2.3 Quality of Life 

As the development of the society as well as medical service, the concern of the patients, 

clinicians and researchers are not limited to life or death issues, but also the psychological 

health. Researches have been contributed to quantify the measurements for the psychological 

parameters, which used to be subjective and not consistent for analysis. Validated and reliable 

instruments or methods have been widely adopted in medical service and researches to assess 

the quality of life (QoL) for AIS, such as short-form (SF)-36, and visual analog scale (VAS). 

SCOLIOSIS RESEARCH SOCIETY (SRS)-22R 

Some studies contributed to the assessment of specifically for patients with AIS. The SRS-22r 

is one of the valid and reliable questionnaires specifically for AIS patients to assess their QoL 

(Cheung et al., 2007a, Diarbakerli et al., 2017). The primary purpose of this questionnaire was 

for patients who went through surgery. One of the essential advantages of the SRS-22r 
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questionnaire are the availabilities of various valid versions in different languages (Cheung et 

al., 2007a, Zhao et al., 2007, Monticone et al., 2010, Wei et al., 2012, Haidar et al., 2015, Guo 

et al., 2016). Besides, it can be easily accessed from the SRS website for any published version 

of SRS-22r (https://www.srs.org/professionals/online-education-and-resources/patient-

outcome-questionnaires). It is commonly used as a standard in the validation test for other new 

instruments (Aulisa et al., 2013, Carreon et al., 2013). 

The SRS-22r is a questionnaire with 22 items of questions with five liker options in each item. 

The result can be calculated in 5 domains including SRS-22r total score, pain, appearance, 

activity, mental health and satisfaction. The score in each domain ranges from 1 to 5 with the 

higher score indicates the better-accessed result of QoL. The established minimum clinically 

significant difference of the SRS-22r is 0.4 as the threshold for each domain (Crawford et al., 

2015).  

 SCOLIOSIS APPEARANCE QUESTIONNAIRE (SAQ) 

The SAQ has been developed by Sanders’s team to assess the patient’s self-perception or their 

parents’ perception of the cosmetic issues of the scoliotic trunk (Sanders et al., 2007). 

Validation and reliability were also been proofed by other studies (Carreon et al., 2011, Simony 

et al., 2016). Translations and cross-cultural adaptation for the SAQ have also been conducted 

in many other languages in including both traditional Chinese and simplified Chinese (Guo et 

al., 2016, Simony et al., 2016). 

There are two main sections in the SAQ instrument, including graphic selection and single-

choice selection according to the wording questions. It was initially developed with 33 

questions and updated to 20 items for the patients and 21 for their parents. In each item, there 

is 5 level of liker options. The higher the score indicates the worse perception. There are mainly 

9 domains included in the updated SAQ, including general (items 9, 10 and 19); curve (item 

https://www.srs.org/professionals/online-education-and-resources/patient-outcome-questionnaires
https://www.srs.org/professionals/online-education-and-resources/patient-outcome-questionnaires
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1); prominence (items 2 and 3); trunk shift (items 4 and 5); waist (items 11, 12 and 13); 

shoulders (items 6 and 16); kyphosis (item 7); chest (items 14 and 15) and finally the surgical 

scar (item 17). Besides, there is an open question to assess the patient's prior concern about the 

trunk appearance. 

TRUNK APPEARANCE PERCEPTION SCALE (TAPS) 

TAPS was developed based on the strengths of the Walter-Reed Visual Assessment Scale in 

simplified version (Bago et al., 2010). It was designed to be easier to be completed and scored. 

TAPS only contains with three figures including the image looking towards the back, the image 

looking towards the head with the patient bending forward (in the posture of Adam’s test) and 

finally the image looking towards the front. This instrument was developed with two sets of 

figures specifically for men and women, respectively. Five liker options were included in each 

figure. The later the option indicates the worse perception. 

BRACE QUESTIONNAIRE (BRQ) 

BrQ is a reliable, responsive and valid instrument to assess the QoL and perception for the 

patients with AIS specifically for those who are under orthotic treatment (Vasiliadis et al., 

2006). Different from the other instruments, BrQ is designed explicitly for orthoses users, 

which can be more specific for medical care and research purpose as compared with SRS-22r 

(Rivett et al., 2009).  

BrQ was firstly developed in Greek. Currently, some valid and reliable versions in other 

languages were published (Aulisa et al., 2013). Preliminary results suggested it is also valid 

and reliable in the traditional Chinese version translated directly from the Greek version (Chan 

et al., 2012).  

There are 34 items in the BrQ instrument with 5 likert options in each item. The results can be 

calculated in 9 domains including the total score of BrQ, general health perception, physical 
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functioning, emotional functioning, self-esteem and aesthetics, vitality, school activity, bodily 

pain and social functioning. The higher the score indicates the better the perception of QoL of 

the patient. 

2.3.3 Interventions for the Patients with AIS 

The interventions for the patients with AIS are usually prescribed according to the severity 

level defined by Cobb angle, including observation (Cobb angle <20°), conservative treatment 

(Cobb angle 25 - 40°), and surgery (Cobb angle >50°) (Richards et al., 2005, Negrini et al., 

2015b).  

2.3.3.1 Observation 

Observation usually considered as the first step of intervention to AIS actively. The interval of 

follow-up usually ranges from 2 to 36 months based on the real situation and needs. It is still 

controversial about the timing to start conservative treatment or remain observation because of 

the risk of unexpected prognosis without treatments (Danielsson et al., 2007). If the risk of 

progression can be predicted, patients may be able to avoid the orthotic treatment for 2 to 3 

years. However, due to ethical issues, prospective study is difficult to be conducted on large 

scale and long-term. 

2.3.3.2 Conservative Treatment 

PHYSIOTHERAPEUTIC SCOLIOSIS-SPECIFIC EXERCISE (PSSE) 

Some exercises specifically designed for patients with AIS have been developed (Boer, 1999, 

Borysov et al., 2016, Negrini et al., 2018, Thompson et al., 2019), such as the scientific exercise 

approach to scoliosis (SEAS), the Schroth method, the Dobomed method, side-shift, functional 

individual therapy of scoliosis (FITS). There has been a need for the patients with AIS and 
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their parents to have a solution for prevention of progression beyond waiting and orthotic 

treatment. Studies suggested that PSSE can be an alternative approach for those with mild to 

moderate AIS. 

The SEAS was introduced from Italy. It is one of the most common types of physiotherapeutic 

approaches specifically designed for patients with mild to moderate AIS. For the moderate to 

severe cases, SEAS can be applied together with orthotic treatment to prevent curvature 

progression by both active and passive correction (Negrini et al., 2019). By the application of 

SEAS exercise, the neuromotor system can be trained to activate an automatic self-correction. 

Usually, the patients need to perform the SEAS exercise 2 to 3 times per week with 45 minutes 

of duration or a daily 20 minutes exercise at home. Studies have reported it effective for curve 

control, but the effectiveness is not better than the orthotic treatment. However, the QoL 

showed a better result for those patients who conducted SEAS exercise as compared with 

orthotic treatment (Zheng et al., 2018).  

The Schroth method is a specific therapeutic approach developed in Germany. It has been 

studied for decades and widely used approach in the current stage (Weiss, 1991, Christalehnert-

Schroth, 1992). A positive outcome has been reported in various studies (Kuru et al., 2016). 

ORTHOTIC TREATMENT 

It is mandatory to control the scoliotic curves from progression to surgical levels, and in this 

regard, spinal orthotic treatment is majority used as one of the non-operative modality shown 

to be effective (Negrini et al., 2015; Rolton et al., 2014; Weinstein et al., 2014). It utilises a 

three-point support system to provide a passive biomechanical force on the trunk. The aim of 

the orthotic treatment is mainly an attempt to prevent progression until bone mature. Details of 

the orthotic treatment are discussed in section 2.4 “orthotic treatment for AIS” in this chapter. 
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2.3.3.3 Surgery 

Apart from the cosmetic issues according to the deformity of the spine, psychological distress, 

a limited function of the cardiopulmonary system and even death may happen to the patients 

with severe AIS (Andersen et al., 2006, Asher et al., 2006). The surgical approach was 

suggested effective to improve self-perception about cosmetic issues and satisfaction, as well 

as back pain (Smucny et al., 2011, Zhang et al., 2011). Surgical treatment for patients with AIS 

aims to improve the cosmesis and the spinal function to reduce the long-term complications. 

Usually, the surgery was conducted by fusing the segments with scoliotic curvatures with 

screws and rods (Tambe et al., 2018). However, this application may result in the loss of 

flexibility of the fused segments of the spine. 

 

2.4 ORTHOTIC TREATMENT FOR AIS 

2.4.1 Fabrication of Orthosis for AIS 

2.4.1.1 Manual Fabrication Method 

At first, the fabrication of a spinal orthosis was conducted included five operational procedures 

(Wong, 2011). Firstly, the orthotist takes a negative cast from the patient by moulding plaster 

on the patient’s trunk until it becomes stable. A positive cast is then fabricated by filling plaster 

into the negative cast to shape the contour of the patient’s trunk. Afterwards, the orthotist 

rectifies the positive cast model by adding and removing parts of the area according to the 

spinal deformities by radiologic images and the patient’s flexibility. The orthosis is then 

moulded by forming a polyethene (PE) thermoplastic sheet on the rectified positive cast. Some 
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post-fabrication steps are then conducted, including trimming, straps fixing and polishing. 

Finally, the orthotist fits the orthosis on the patients. 

In the previous manual fabrication method, as five steps are performed manually, which may 

contribute to the deviations from the original design by the orthotist. The final orthoses may be 

variable if fabricated by different orthotists because it mostly relies on the experience of the 

orthotist.  

2.4.1.2 Computer-Aided Design and Computer-Aided Manufacture (CAD/CAM) 

The design and fabrication using CAD/CAM method have been introduced and applied since 

the 1970s (Zeid, 1991) for different kinds of industrial products. Compared to the manual 

method, using CAD/CAM system in field of prosthetics and orthotics can be beneficial in 

different aspects, such as to achieve better uniform quality, less producing time, to process in 

digital file and store in digital documents as well as automatically shaping (Wong et al., 2005a, 

Desbiens-Blais et al., 2012). As the rapid developments of technologies, some purpose-design 

CAD/CAM systems have been commercially available specifically for the design and 

fabrication in prosthetics and orthotics, such as the Vorum (British Columbia, Canada), 

Rodin4D (Merignac, France), Biosculptor (Florida, United States).  

A CAD/CAM system for prosthetics and orthotics generally includes three components: a 

feature capturing system or a 3D scanner, a computer with software for design, and a 

fabricating machine. The feature capturing system or 3D scanner is usually costumed paired 

with its design software or what is called a front-end system, which are two necessary 

components for the CAD the prosthetics and orthotics. There are two kinds of 3D scanner, 

including non-contact and contact feature capturing. The non-contact feature capturing utilises 

laser video scanning or Silhouetting while contact feature scanning usually uses a probe 

directly contact to the trunk (Zheng et al. 2001). The CAD/CAM system could assist in the 
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design and fabrication of spinal orthosis, prostheses, orthoses of the upper limb and lower limb 

as well as orthoses of the head.  

PROCEDURES 

The conventional CAD/CAM method to design and fabricate a spinal orthosis that is currently 

using in many scoliosis clinics is performed with five procedures (Wong, 2011). Firstly, the 

orthotist obtains 3D information of the contour of the patients’ trunk using a 3D scanner or 

feature capturing system. The patient is usually asked to sit stably or stay in supine position 

wearing a tight stockinet. A real-time scanning 3D image is shown on the monitor during 

scanning, and it usually takes 3 to 5 minutes to finish the scanning depends on the orthotist’ 

experience and the patient’s situation. Afterwards, the 3D information of the trunk is then 

stored in the computer.  

The orthotist rectified the negative cast model in a computer the adoption of CAD/CAM 

method instead of manually rectified on the negative cast made by plaster. Rectifications of the 

positive cast model are conducted taking the curve types, magnitude, located segments of the 

curvature from the radiographic spine as reference. The principle aim of the rectifications is to 

provide effective three-point pressure system according to the corresponding apical area in 

order to against curve progression. The direction of the build-in pressure area and the 

magnitude of the build-in padding are mainly depending on the decision from the orthotist and 

the patient’s acceptance. Rectification tools including sanding, bending, rotation of the orthosis 

can be performed in the purpose-design software. The rectified digital 3D image is then 

exported for the carving purpose. 

A positive cast is then milled in a carving machine. The positive cast is usually carved from a 

polyurethane (PU) foam or plaster block under the control of a computer. Some extra 
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rectifications may be needed on the positive cast by adding plaster or removing parts decided 

by the orthotist.  

The orthosis is then moulded using polyethylene (PE) thermoplastic sheet with 5mm or 6mm 

thickness. The PE thermoplastic sheet is firstly heated in an oven with temperature up to 180 

degrees centigrade for 13 minutes till soften and stretchable. The heating temperature and the 

duration can be variable according to the specificity of the material. Generally, the orthotists 

and artisans consider the heated PE plastic sheet is ready for moulding when it turns transparent.  

Afterwards, the PE plastic sheet is warped on the positive cast and conformed to the positive 

manual by manual or vacuum method till cools down and becomes rigid (Figure 8). Trimming 

and polishing of the edges are then performed. Adjustments are conducted by adding pads or 

shifting some regions during the fitting period on patients.  

 

Afterwards, the orthosis is then fitted to the patients by the orthotist same as the procedures in 

the manual method. However, the current applied CAD/CAM method is a semi-CAD/CAM 

method which includes manual procedures during the fabrication. Accumulated error deviating 

from the original 3D image of the orthotists’ design can happen during the manual moulding 

procedure. The fabrication procedures are summarised in Table 1. 

Figure 8 Moulding a heated PE plastic sheet on a positive cast 
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Table 1 Procedures of manual method and CAD/CAM method 

 Manual method CAD/CAM method 

 

Negative casting  

(Wong, 2011) 

 

3D scanning 

 

 

Positive casting 

  

http://couturestories.blogspot.hk/p/dressform.h

tml 

 

Rectification 

 

 

Rectification  

 

 

Positive 

casting 

 

 

Moulding the 

orthosis 

 

Fitting the 

orthosis on 

patient 

  
http://www.opcareers.org/assets/images/orthotics_3.jpg 

http://www.sosort.mobi/BCSG/ 

http://vorum.com/wp-content/uploads/ 

2015/05/Spectra-blue-light-3D-scanner-

620.jpg 
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CLINICAL APPLICATION OF CAD/CAM METHOD 

Studies have shown benefits in both technological and clinical aspects of using CAD/CAM 

method in orthosis for the patients with AIS. Some researches indicated that using a CAD/CAM 

system could shorten the producing time of spinal orthosis. Wong et al. found an average 108.3 

minutes (63.5%) less producing time from feature model capturing, rectification to fabrication 

comparing using CAD/CAM method and conventional method (Wong et al., 2005a). Wong’s 

team also suggested the producing ability is 2.75 times higher comparing using the CAD/CAM 

method to the conventional method (Wong et al., 2006). Another study conducted by Sankar’s 

team suggested fabricating using CAD/CAM took 1-2 hours which is much shorter than 

standard manual method (8-10 hours) in the manufacturing laboratory (Sankar et al., 2007). By 

utilizing the CAD/CAM system in producing a spinal orthosis could not only be an advantage 

in saving time but also in improving accuracy, digitised orthotic information which could be 

documented and quickly chased (Wong et al., 2005a, Sankar et al., 2007). 

The introduction of CAD/CAM system in producing spinal orthosis for AIS allows more 

flexibility of design. A new design called Los Angeles Brace fabricated using CAD/CAM 

system was suggested useful that 51% in-orthosis Cobb angle correction was found among 40 

patients (37 females and 3 males) with AIS (Kessler, 2008). After an average of 2 years of 

discontinuation of orthotic treatment, 80% of patients were observed with no curve progression 

(Cobb angle progression ≤6°). Weiss’s team suggested Gensingen Brace™, and Chêneau light 

Brace made by CAD/CAM system could achieve sufficient in-orthosis correction and better 

comfort (Weiss et al., 2006, Weiss, 2010). In 2012, an attempt of using a finite element model 

(FEM) along with CAD/CAM system in producing spinal orthosis for AIS was conducted 

(Desbiens-Blais et al., 2012). Desbiens-Blais’s team tried to capture the feature of the body, 

and rectify the positive cast model using the FEM model for reference. Among six female 
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patients aged 11-13 years, the results suggested similar correction between simulation and the 

new brace, also similar correction between the new brace and standard brace according to 

immediate in-brace correction measure from bio-planar radiographs (Desbiens-Blais et al., 

2012).  

Compared to the manual method in orthosis for AIS, using CAD/CAM system could benefit 

both clinicians and patients. It is simplified and time-saving at contour information obtaining 

capturing by 3D scanner instead of making negative plaster casts (Sankar et al., 2007; Wong 

et al., 2005). Digital data of patients’ information could be documented and quickly chased, 

which could provide a more efficient health service. Also, it could save more time and human 

resources in case the spinal orthosis was fatigue. It was also suggested that using CAM/CAM 

method cost similar to the manual method, which was approximately ranging from $1,800 to 

$2,500 (Sankar et al. 2007). More flexibility of design could be achieved by using a CAD/CAM 

system (Desbiens-Blais et al. 2012; Kessler 2008; Weiss et al. 2007; Weiss 2010).  

Apart from the technical benefits from the CAD/CAM system to spinal orthosis for the patients 

with AIS, the clinical treatment effectiveness of the spinal orthosis is the primary consideration 

of researchers, clinicians and patients. It is suggested that the spinal orthoses fabricated by 

CAD/CAM system are effective for AIS (Man Sang Wong et al. 2005; Weiss 2010; Weiss et 

al. 2007; Kessler 2008; D’Amato et al. 2001; Desbiens-Blais et al. 2012; Sankar et al. 2007).  

2.4.1.3 Application of 3D Printing Technology 

Despite the advantages achieving from CAD/CAM method for a spinal orthosis, some 

drawbacks need to be solved, such as the positive cast made by PU foam may cause burden to 

environment after fabrication; dust pollution during milling the positive cast; higher uniform 

quality is needed during moulding the plastic sheet on the positive cast. The conventional 
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CAD/CAM method, which is currently using in many scoliosis clinics, is a semi-CAD/CAM 

method. 

Additive manufacture, which is commonly known as 3D printing, has been studied and applied 

in different fields over 20 years since it was firstly developed by Sachs and his fellows in early 

1990s at Massachusetts Institute of Technology (Sachs et al. 1993). Using 3D printing may be 

able to achieve direct fabrication, relative better uniform quality, controlled density and 

thickness, which could be rectified and saved in digital documents. In the prosthetic and 

orthotic field, some previous studies suggested 3D printing was beneficial for the fabrication 

of ankle-foot orthosis (Teng et al. 2013; Telfer et al. 2012; Jin et al. 2015), demonstrating the 

feasibility to use this approach in spinal orthosis as well.  

By the application of 3D printing, the conventional CAD of positive cast carving and PE plastic 

moulding can of the spinal orthosis be replaced. The technology of 3D printing is a direct 

fabrication method as an alternative computer-aided manufacture. Despite the fact that 3D 

printing may achieve a more flexible design for orthosis (Giannatsis and Dedoussis 2009), it 

could avoid a large amount of un-degradable positive casts, which is environmentally friendly 

and could protect prosthetist and orthotist from inhaling dust during fabrication. 

To fabricate using 3D printing, a .STL (stereolithography) formatted file with the rectified 

spinal orthosis model is needed. Nowadays, rectification could be achieved in the software of 

the relative CAD/CAM system and export the model in .STL format. Another option is to 

export the file from the software of the relative CAD/CAM system and do further modifications 

in the additive manufacturing-purpose software. 

CLINICAL APPLICATIONS OF 3D PRINTING TECHNOLOGY 

Studies about applications of 3D printing in other devices of prosthetics and orthotics, such as 

foot orthosis (FO), ankle-foot orthosis (AFO) and prosthetic socket.  
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Pallari’s team have fabricated FO using selective laser sintering (SLS) with Nylon-12 and 

conducted clinical evaluation among seven patients with rheumatoid arthritis using analyses 

on gait, pressure distribution, pain level, and comfort level (Pallari et al. 2010). Researches of 

additive manufacture of FO carried out by Pallari et al. suggested the FO fabricated by additive 

manufacture was effective similar to the manual fabricated one (Pallari et al. 2010). Telfer and 

his colleagues suggested the benefits of more flexibility of design by using SLS with Nylon-

12 on FO and AFO (Telfer et al. 2012). Creylman’s team found the additive-manufactured 

AFO using SLS with Nylon-12 could achieve equivalent performance as conventional hand-

made polypropylene AFO, according to the clinical result of gait analysis among eight patients 

with unilateral drop foot gait (Creylman et al. 2013). Freeman and Wontorcik used selective 

laser Stereolithography (SLA) to fabricate two prostheses and concluded there are potential 

benefits such as eliminating both negative and positive casts, shorter producing time (Freeman 

and Wontorcik 1998). A study was also conducted to improve the durability of prosthesis 

fabricated by fused deposit modelling (FDM) coated with resin (Hsu et al. 2010). 

3D PRINTING IN ORTHOSIS FOR AIS 

These studies suggested that using 3D printing could achieve biomechanical effectiveness 

similar to conventional fabricated prosthesis or orthosis. It could eliminate the labour-intensive 

plaster moulding procedure by applying additive manufacture, which was suggested could 

achieve potential benefits such as better uniform quality, shorter producing time was also 

achieved. 

Currently, some 3D-printed spinal orthoses have been fabricated, such as the BespokeTM brace 

by 3D Systems (3D Systems, California, United States) (Hill, 2014), the Andiamo Team 

(http://andiamo.io) in London and Nanxiaofeng Spinal Orthopaedic Studio in XiAn, China 

(http://www.3ddayin.net/news/guonadongtai/21733.html). The Bespoke Brace use SLS 

http://andiamo.io/
http://www.3ddayin.net/news/guonadongtai/21733.html
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technology with Nylon, and the spinal orthosis made by Nanxiaofeng Spinal Orthopaedic 

Studio used FDM as well as SLS, while materials are unknown. 

Both the 3D Systems and Nanxiaofeng Spinal Orthopaedic Studio claimed the 3D-printed 

brace aimed to improve the appearance and ventilation, while the Andiamo Team were aiming 

to shorten the fabricating time to 48 hours by using additive manufacture. In June 2014, 

According to the press release, the BespokeTM Brace was reported to have a high level of 

compliance among 22 patients in a pilot clinical study conducted in the Children’s Hospital of 

Oakland (Hill, 2014). However, these spinal orthoses are commercial products which lack 

clinical evidence nor detail of design that materials, biomechanical effect, evidence of clinical 

evaluation nor price were limited to be known. Only a few photos could be found on the internet, 

two of the spinal orthoses only support the lumbar region which suggests lack of orthotic 

management for a thoracic curve. 

3D PRINTING TECHNIQUES 

As the technology improved rapidly, various choices are available for 3D printing technology 

users to select the 3D printing technique to fulfil different kinds of purposes and properties. 

Metal, paper, biomedical tissues and even building can be 3D printed. However, the properties 

of different kinds of techniques varied from each other. Thus, the selection of 3D printing 

technique shall be the first step to apply it in the orthotic management of AIS.  

There are many types of 3D printing techniques available for different purposes. The 

commonly used techniques are: 1) vat polymerization, such as stereolithography (SLA) and 

digital light processing (DLP); 2) powder bed fusion such as selective laser sintering (SLS) 

selective laser melting (SLM), and electron beam melting (EBM); 3) material extrusion such 

as fused depositing modelling (FDM) or sometimes called fused filament fabrication (FFF); 4) 

material jetting (MJ); 5) binder jetting (BJ); and 6) laminated object manufacturing (LOM). 
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The common types of 3D printing techniques are summarised in Table 2 (Cheah et al., 2004, 

Ngo et al., 2018).  

 

Table 2 Summary of common types of 3D printing techniques 

Technique Applicable 

materials 

Common 

applications 

Advantages Disadvantages 

SLA, DLP Photopolymer 

resin 

Biomedical, 

jewellery, dental 

products 

Smooth surface, 

high accuracy, 

fine feature 

Brittle, high cost, 

not applicable for 

mechanical parts 

SLS Metal powder, 

Thermoplastic 

powder 

Functional parts, 

Complex 

designed products  

Functional parts, 

complex 

geometries 

High cost, long 

fabrication time 

FDM Thermoplastic 

polymers 

Demonstrations, 

toys 

Multiple available 

materials, low 

cost, fast 

fabrication 

Brittle, not 

sustainable for 

mechanical parts 

MJ Ceramic, soil, 

resin, limited 

thermoplastic 

polymers 

Colour products, 

medical models 

Fine surface, 

multiple colour 

and material 

available 

brittle, not suitable 

for mechanical 

parts, high cost 

BJ Sand powder, 

metal powder, 

plaster powder 

Functional metal 

parts, colour 

models 

Low cost, large 

size fabrication 

Not good 

mechanical 

function 

SLM, 

EBM (for 

metal) 

Metal powder Functional metal 

parts 

Strongest, 

Complex 

geometries 

Small size, high 

cost 

LOM Polymer, 

ceramics 

paper, 

metal roll 

Fabricate paper, 

electronics, 

foundry industries 

Various available 

materials, lost 

cost, large size 

Inferior accuracy 

and surface, not 

applicable for 

complex design 

 

Metal for spinal orthosis may not be applicable for patients with AIS because of its weight, and 

it should be allergic free. The surface of the spinal orthosis shall not be rough, but it does not 

necessarily have to be well finished. Because of the spinal orthosis is the relatively large size 
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and the most crucial part is not to cause un-comfort nor skin damage. The potential 3D printing 

technique for large dimensional printing shall be FDM, MJ or SLS. 

3D PRINTING MATERIALS 

Thermoplastics are the most common types of 3D printing materials. Most of them can be used 

in FDM printing machines by extruding the heated filament's layer by layer until it cools down 

and binds the layers together.  

Acrylonitrile butadiene styrene (ABS) is the most commonly used thermoplastic polymer in 

3D printing. ABS has multiple choices of colour, and thus it has been used in various kinds of 

applications such as toys, prototype demonstration, mobile phone cases. ABS is a thermoplastic 

polymer with elastomers based on polybutadiene which results in its flexibility, and resistance 

to shocks. To print ABS, the nozzle is heated to 230 to 260ºC. ABS is rigid and reusable that 

can be welded with the chemical process. Besides, ABS can also be used in MJ 3D printing 

technique (Torrado et al., 2015, Wojtyla et al., 2017).  

Polylactic acid (PLA) is fabricated using renewable raw materials, and it is low-cost and the 

most commonly used material for 3D printing. The printing temperature is around 190 to 230ºC 

a little bit lower than ABS (Ngo et al., 2018). Various colours are available for PLA material 

(Wojtyla et al., 2017).  

Polycarbonate (PC) is a strong material which is applicable for engineering applications. PC 

has high-temperature resistance up to 150 ºC compare to ABS and PLA. However, it is easily 

affected by the humidity level in the environment which can decrease its printing resistance 

and other performance (Ngo et al., 2018). 

Nylon is one kind of polyamide, which is relatively stronger and flexible semi-crystalline 

polymer. FDM, SLS and MJ can print it. Nylon has high-temperature resistance and durability; 
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thus, it is usually used to fabricate functional parts. However, it is also easily affected by the 

moisture level in the environment same as the PC. Special care for the raw material is needed 

to keep the materials dry before fabrication (Das et al., 2013, Wojtyla et al., 2017).  

Reviewing the material specification of the Tazawa low density polyethylene with 6mm 

thickness (616T19=6-0 ThermoLyn PE 200 skin colour, Ottobock, Texas, United States) which 

was used to fabricate the thoracic-lumbar-sacrum orthosis in the clinic, the characteristics of 

this material are hard PE, low molecular weight, smooth welding and sanding low shrinkage 

(Table 3). 

 

Table 3 Specification of the Polyethylene sheet used in clinic 

Testing item Testing method Value 

Tensile strength, MPa JIS K 7113 10 

Elongation ratio, % JIS K 7113 >500 

Flexural strength, MPa JIS K 7113 10 

Flexural modulus, MPa JIS K 6911 220 

Izod impact notched, KJ/m2 JIS K 7110 58 

 

The reported specifications of the polymers are summarised in Table 4. Polylactic acid (PLA), 

is a thermoplastic material made from renewable resources. This material can produce quick 

and economical design concepts with variable design of colours, as well as transparent. It could 

be printed in high speed with high stiffness ratio as well as good strength, which is commonly 

used to fabricate the low value products, such as toys (Wittbrodt et al., 2015). However, the 
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heat deflection is relatively low, which may happen during summer or because of the high skin 

temperature. Thus, PLA was excluded in this study for spinal orthosis. 

Polymers such as the Nylon, polycarbonate (PC), and acrylonitrile butadiene styrene (ABS) 

were screened as potential 3D printing materials facilitating these properties. Thus, these 

materials were printed using the compatible 3D printing techniques for the mechanical tests 

comparing with the compressed PE.  

 

Table 4 Specification summaries of the 3D printing materials 

Testing item PLA Nylon-12 Nylon-6 PC ABS 

Axis XZ ZX XZ ZX XZ ZX XZ ZX XZ ZX 

Tensile strength, MPa 45 26 32 28 49.3 28.9 40 30 31 26 

Elongation ratio, % 1.5 1.0 2.4 2.7 2.3 1.7 4.8 2.5 2 1 

Flexural strength, MPa 84 45 67 61 97 82 89 68 60 48 

Flexural modulus, MPa 2930 2470 1276 1180 2196 1879 2006 1880 2060 1760 

Izod impact notched, KJ/m2 27 N/A 135 53 106 43 73 28 128  

Heat deflection, °C 51  82  93  127  82  

 

CHALLENGES OF APPLYING 3D PRINTING IN ORTHOSIS FOR AIS 

Reasons, why 3D printing is not well ready for spinal orthosis as compared with other products 

in prosthetics and orthotics, may be the challenges from both clinical and technological aspects. 

A spinal orthosis which could provide effective biomechanical management, appropriate 

flexibility, durability and could avoid allergy is considered an effective orthosis. The additive-
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manufactured spinal orthosis should meet these characteristics before adopting for clinical 

service system. 

To the best of the knowledge, whether additive manufacture technology could achieve an 

effective spinal orthosis for AIS is not well studied. Besides, whether these materials of 

additive manufacture could cause allergy during full-time wearing (20-24 hours per day) is still 

lack of knowledge. If the spinal orthosis is suggested useful, the considerable prize may not be 

affordable to families, that an orthosis made by nylon using SLS could cost 50,00-10,000 HK 

dollars.  

Technical challenges, including the selection of the appropriate technology and material, and 

the feasibility of fabricating a spinal orthosis need to be solved. The size for a spinal orthosis 

could be larger than 280mm × 300mm × 480mm which can be beyond the maximum capacity 

for a regular 3D printer (300 × 350mm × 400mm).  

Different kinds of material including nylon, plaster, polylactic acid (PLA) are commonly used 

in 3D printing. In addition, 3D printing technology includes variable techniques which could 

fabricate products with different properties, such as SLS, SLA, and FDM. More studies are 

needed to test the feasibility of applying 3D printing technology in orthosis for AIS. Besides, 

scientific evidence is needed for the selection of appropriate 3D printing techniques and 3D 

printing materials are warranted before providing 3D-printed orthosis to the patients with AIS. 

Besides, the cost efficiency is still unknown that a conventional spinal orthosis cost around 

2,000 $ HKD, but the cost of a 3D-printed orthosis might be much higher. Though using 3D 

printing does save the fabrication time of the orthotist, productivity is still unknown.  
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2.4.2 Effectiveness 

Effectiveness of orthotic treatment has been a controversial topic for a decade among clinicians’ 

researchers and patients’ families until a recent randomised controlled trial with large sample 

size and long-term follow-up (Weinstein et al., 2013). This study reported that 78% of 

successful rate could be obtained with the orthotic treatment while only 48% of successful rate 

was obtained in the observation group. 

Studies have suggested orthotic treatment can effectively prevent curve progression (D'amato 

et al., 2001, Wong et al., 2005a, Wong et al., 2006, Bulthuis et al., 2008, Grivas et al., 2008b, 

Weinstein et al., 2013). A randomized controlled trial conducted among 40 female patients 

with AIS showed the immediate in-orthosis correction had no significant difference between 

group1 (n=20) spinal orthosis fabricated by CAD/CAM system of 12.88° (41.9%) reduction 

and group2 (n=20) spinal orthosis fabricated by conventional manual method of 9.88 (32.1%) 

reduction (Wong et al., 2005a). Significant decrease of Cobb’s angle (p<0.05) was observed 

among 104 patients with AIS after 11-month bracing (Wong et al. 2006). A night-time spinal 

orthosis was introduced to 102 female patients with AIS to wear at least 8 hours at night every 

day (D’Amato et al. 2001). After at least 2-year bracing after cessation of bracing, 75 patients 

(74%) were considered to have successful treatment outcome with progression ≤5° (D’Amato 

et al. 2001). The sample size of this study was relatively more abundant, and D’Amato et al. 

have considered the compliance of the patients. However, they have not put compliance with 

statistical analysis. What is more, the Cobb angle was calculated from supine radiographic 

examinations, which may reduce the curve by eliminating the weight effect of the trunk (Torell 

et al. 1985).  

However, some of the studies suggested that orthotic treatment shared similar surgical rates or 

failure rate. Dolan’s team suggested the patients who were treated with orthoses and who were 
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under observation shared similar pooled surgical rate as 22% and 23% (Dolan et al., 2007). A 

study reported there was 10% of patients in the observation group while none of the patients 

treated with orthosis went through surgery (Danielsson et al., 2007).  

Orthotic treatment may influence the QoL or self-perception of the patients with AIS. With the 

uncertainty of risk of progression and the controversial successful rate, patients and their 

parents may doubt the effectiveness of the orthosis and may prefer other kinds of conservative 

treatments. There are various studies suggested that the treatment effectiveness of orthosis for 

patients with AIS can be influenced by many factors (Lonstein et al., 1984). 

2.4.2.1 Initial Characteristics 

Studies have been reporting that the initial curve magnitude and curve pattern could influence 

the treatment outcome of orthosis for patients with AIS (Lonstein et al., 1984, Katz et al., 2001). 

The larger the initial curve magnitude, the higher the risk of progression. Besides, the thoracic 

curve, double curves and the right lumbar curve are suggested with a higher risk of progression. 

Besides, the studies also suggested that the orthotic treatment should have been started as early 

as possible. On the one hand, the progression risk for the more mature patients is unlikely to 

progress as compared with immature patients. Thus, the lower the mature bone level, the higher 

the risk of progression (Vijvermans et al., 2004).  

Spinal flexibility has been an interest for the orthopaedic surgeons and researchers. Studies 

have reported a high correlation with the in-orthosis correction and the spinal flexibility (He et 

al., 2017, Cheung et al., 2018). Besides, the prone and supine position was suggested a potential 

method for spinal flexibility assessment to predict the in-orthosis correction. Thus, this 

assessment can be a reference for orthotic design.  
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2.4.2.2 Initial In-orthosis Correction 

In-orthosis correction has been suggested to be an essential factor or indicator for the long-term 

treatment outcome (Upadhyay et al., 1995, Clin et al., 2010b). One of the possible reasons are 

the in-orthosis correction can represent whether the orthotic design can provide effective 

biomechanical correction. Besides, the interfacial pressure was suggested correlated to the in-

orthosis correction; and the tension of the straps was also correlated to the in-orthosis correction 

(Wong et al., 2000). Thus, to maintain an effective in-orthosis corrective effect can be essential 

to achieve successful long-term orthotic treatment.  

2.4.2.3 Orthosis Wearing Quantity 

Patient’s compliance used to refer to the orthosis wearing quantity (duration). More and more 

studies reported the importance of the orthosis wearing quantity (Landauer et al., 2003, Weiss 

et al., 2011, Karol et al., 2016b). Generally, orthotic treatment is prescribed with full-time 

wearing (20 – 23 hours daily).  

A study reported that the success rate of orthotic treatment for patients with AIS was 

significantly higher in the group who wore more than 50% of the prescribed duration than those 

wore less than 50% (Kuroki et al., 2015). Studies have reported a positive correlation of the 

wearing orthosis wearing quantity and the treatment outcome for patients with AIS (Rahman 

et al., 2005, Aulisa, 2014).  

Conventionally, measurement of the patient’s wearing quantity was based on self-reports or 

the patients’ reports. Some studies suggested that patients commonly overclaimed the wearing 

duration. Logbooks and questionnaires were then provided to the patients to assess their 

compliance with the wearing duration. Objective measurement tools such as thermo-sensor and 

pressure sensor were developed to measure the orthosis wearing quantity of the patients with 

AIS. 



Chapter 2 Literature Review 

46 

 

Patients doubt the effectiveness of orthotic treatment, they care about fashion, orthotic 

treatment decreases the self-confidence, and they care about the appearance in orthoses, are the 

suggested reasons of the inadequate orthosis wearing quantity (Konieczny et al., 2017). 

Attempts have been conducted to improve compliance by counselling (Karol et al., 2016b) and 

monitoring the orthosis wearing quantity.  

QUESTIONNAIRE 

A questionnaire is a convenient and cost-efficient way of collecting compliance information. 

Usually, researchers will have three kinds of estimation, assessed by clinicians, rated by parents 

and self-estimating by the patients. 

For the estimation of clinicians, usually, an in-person interview is conducted, estimating the 

wearing time of the patient by a clinician. There were 389 patients among 495 observed 

compliant, 106 in-compliant in the study about the correlation between compliance and 

effectiveness of spinal orthotic treatment (Brox et al. 2012). The results show that 24% of 

patients have progressed and 3.5% surgery rate in patients group with proper compliance while 

in the non-compliant patients' group, 65% of them progressed, and 24% of them need surgeries 

(Brox et al. 2012). 

A questionnaire could be distributed to the patients or their patients to fill in either during their 

daily orthotic treatment or in the follow-up appointments. Aulisa and his colleagues (2014) 

estimated the compliance level in the in-person clinical examination. Their parents rated the 

responses of the patients. This study suggested that using the spinal orthosis as prescribed might 

alter the natural history of AIS curve progression and reduce the referring rate to surgery 

(Aulisa et al. 2014). 

It is an excellent attempt to involve compliance in studies about the effectiveness of spinal 

orthosis. Though the questionnaire is a direct and convenient way of estimating the wearing 
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time, it is a subjective assessment that largely depends on the patients themselves. There is a 

great need for an objective measurement for wearing time. 

TEMPERATURE SENSOR 

Though subjective measuring method has been applied in studies and been emphasised 

previously, the subjective reported time was suggested less than the direct measuring the 

duration of orthotic wearing time. There was a great need for a direct assessment for 

compliance, it appears that temperature sensor could be an alternative method. A temperature 

sensor is a method to detect interfacial temperature using an electronic sensor comparing with 

the climate temperature as to define if the patient is wearing or not at the data collection time. 

One of the sensors is iButtonTM (Figure 9); it is a small device as a 5 cents coin. It can be set 

up, read, and data download using the adapter. Another commercialised available sensor is 

called OrthoTimer. 

In a study among ten patients with AIS, 89% of the prescribed duration of spinal orthosis was 

reported by the patients’ estimation, which was 200% higher than the value measured by 

electronic temperatures sensor, and it was lonely 65% of the prescribed amount (Nicholson et 

al. 2003). Rahman and his colleagues used temperatures sensor (Onset Computer Corporation, 

Bourne, MA) to measure and reported more than 5° of progression appeared in patients 

followed 62% of the prescribed duration, while in the group of patients wear 85% of time 

progressed less than 5° with a sample size of 34 patients with AIS (Rahman et al. 2005). In 

other words, these studies observed 11% of progression in a relatively higher compliant group 

while 56% progressed in the relatively in-compliant group (Rahman et al. 2005). Brian et al. 

(2012) used three temperature-sensors among seven patients for a month orthotic treatment and 

found the total wear time accuracy was 98.5% (the mean absolute error was 0.37 hours/day), 

while the precise timing of donning/doffing was 92% accurate. Another article generated by 
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Katz (2010) found a significant positive correlation between compliance and lower progression 

rate, that 82% of patients who wear more than 12 hours a day have successfully progressed less 

than 6°, compared with those 31% patients who wear less than 7 hours every day progressed 

(Katz 2010). 

 

         

Figure 9. The iButton® device (left) and the 1-wire adapter (right)         

 

From the previous studies, it seems that the temperature sensor is promising for compliance 

measurement, which is also convenient, smooth operating, light weighing and cost-efficient. 

The accuracy could be 0.1 degrees centigrade with a 0.1s sampling rate. 

However, utilising temperature sensor needs to deal with some technical and clinical problems. 

Most of the studies using temperature sensors are in western countries with a cooler 

temperature. The temperature of human skin ranges from 27-degree centigrade to 32-degree 

centigrade. However, in Hong Kong, the temperature is usually higher than the western 

countries, especially in summer. In other words, the temperature sensor might not be suitable 

or accurate to be used in summer that the climate temperature may be similar or even higher 

than the human skin temperature. In this case, it could be difficult for researchers to determine 
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the threshold of temperature data collection point. What is more, it is not easy to distinguish 

within 2 degrees centigrade. 

PRESSURE SENSOR 

As temperature sensor has some disadvantages when being applied for compliance 

measurement, using pressure sensors are also suggested could be an alternative method to meet 

the purpose.  

Vandal et al. (1999) attempted to use strap tension for assessment of wearing time using a 

threshold of 7.8 N verifying the wearing time of the spinal orthosis (Vandal et al. 1999).  

Another research conducted by Havey and his colleagues has placed four pressure switches in 

the interfacial of the spinal orthosis. It was considered that the patient is wearing the spinal 

orthosis when the two pressure switches are activated (Havey et al. 2002). A pressure monitor 

was designed by Lou’s team detecting the interfacial force between patients’ body and the 

spinal orthosis (Lou et al., 2004a). A loading monitor was developed and used in Boston Brace 

by Mak’s team, learning the correlation between efficacy and compliance by detecting the force 

patterns (Mak et al. 2008).  

A study was conducted among 68 patients to assess the compliance for over five months using 

an electronic sensor and find 91.7% of compliance. However, patients tend to have better 

compliance using full-time spinal orthotic treatment than those who have part-time 

management, in the contract as hypophysis (Donzelli et al. 2012). 

Using pressure sensors could eliminate the effect by the environment, such as using 

temperature sensor could be affected by climate temperature. However, using tension or force 

monitors might be limited by relying on other factors such as the tension of straps or fluctuation 

of the weight, in other hands, the body position will also affect the outcome. Thus, the 
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utilisation of pressure sensor systems could cause some error while measuring the wearing time 

of spinal orthosis.  

What is more, a dummy is necessary for the location of the electronic sensor, which may 

increase more concerns from the patients and even decrease the compliance. Moreover, it needs 

the patients and parents to be cautious about the electronic sensors during cleaning or the sweat. 

CALCULATION OF COMPLIANCE LEVEL 

Usually the compliance level will be presented as percentage according to the prescribed 

duration by clinicians or doctors. The orthosis wearing time in each day can be determined by 

the percentage of number of the data points of temperature which are higher than the maximum 

climate temperature every day. 

Taking the temperature sensor as example, the temperature data points higher than the 

maximum climate temperature were considered the increased temperature is because of the 

body heat, which suggests the participant was wearing the knee brace during the corresponding 

time. If the temperature information is collected every 900 seconds, thus there will be 96 data 

points in one day. Assume the maximum climate temperature in Hong Kong in summer from 

is less than 33°C, and in autumn it is less than 30°C. Thus, the cut-off point of the temperature 

from June to September can be set at 32.99°C and from October to December can be set at 

30.49°C, taking the maximum climate temperature as a reference. Thus, the wearing time each 

day could be estimated as below: 

𝑊𝑒𝑎𝑟𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 = (
Points number of the temperature > 𝑀𝐶𝑇

96
) × 24hrs × 100% 

Some studies also calculated the total wearing days for analysis. A threshold should be set for 

the definition of “have wear” and “have not wear”, as to define the positive wearing days. A 
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threshold of wearing time to define “compliant” or “non-compliant” should be set for each day, 

as to calculate the total compliant wearing days. 

CATEGORIES OF COMPLIANCE LEVELS 

Some studies categorised compliance into different levels to indicate the degree of adherence 

of the patients towards the prescription form clinicians, usually three to five levels. Two types 

of category methods are generally used, those are a) how long do the patients wear the spinal 

orthoses every day; and b) how many days do the patients wear the spinal orthoses between 

two follow-up appointments. 

Some studies will divide the wearing time into different levels using the percentage of the 

wearing time comparing to the prescribed amount for each day. On the other hands, some 

studies divided compliance using purpose-design definitions or categories. For example, Aulisa 

and his colleagues (2014) divided the compliance degrees into two aspects with four levels that, 

there are complete wearing and three different definitions of incomplete wearing (Aulisa et al. 

2014). This study defined compliance to treatment as complete (brace wore as prescribed), 

incomplete A (brace removed for one month), incomplete B (brace removed for two months), 

incomplete C (brace removed during school hours), and incomplete D (brace wore overnight 

only). 

However, it is difficult to compare the categories of compliance levels. The definition level of 

“compliant” wearing or “in-compliant” wearing is different, neither the prescribed duration. 

CORRELATION BETWEEN TREATMENT EFFECTIVENESS AND COMPLIANCE 

It was generally suggested that there is a positive correlation between spinal orthosis wearing 

time and treatment effectiveness. What is more, it suggested that discontinuation up to 1 month 

a year does not impact on the treatment outcome. Conversely, wearing the brace only overnight 
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and bracing discontinuation up to 2 months a year is associated with a high rate of curve 

progression (Aulisa et al. 2014). Similar results were suggested by Takemitsu et al. (2004) that 

older patients tended to wear less time than the younger one (Takemitsu et al. 2004). A study 

was conducted among 68 patients to assess the compliance for over five months using an 

electronic sensor and find 91.7% of compliance. However, patients tend to have better 

compliance using full-time spinal orthotic treatment than those who have part-time 

management, in the contract as hypophysis (Donzelli et al. 2012). 

 

2.5 SUMMARY OF THE REVIEW 

Many factors can influence the clinical effectiveness of orthotic treatment for patients with AIS. 

To enhance the treatment effectiveness, improvements can be applied in different aspects, 

including the education, design, fabrication and home-based medical care. 

EDUCATION 

Better education of the disease of AIS, the importance of treatment, and the appropriate usage 

of spinal orthosis is necessary for both patients and their family. It was suggested that low 

compliance could be due to considering the failure of an orthosis (Lindeman and Behm 1999), 

the brace itself induces psychological distress (Matsunaga et al. 1997). Adolescents tended to 

take off their brace during social activities when fashion was important (Nicholson et al. 2003). 

Discomfort is that patients usually complain about another important factor decreasing the 

compliance, including hot in summer, sweat disturbance, limited ventilation, reduced 

flexibility. 



Chapter 2 Literature Review 

53 

 

Thus, appropriate knowledge of the importance of spinal orthotic treatment could be beneficial 

for the whole family of patients with AIS. 

IMPROVEMENT OF THE ORTHOTIC DESIGN 

Compliance of orthotic treatment for the patients with AIS is an ongoing problem affecting 

orthotic management effectiveness, that some researchers reported <15% of patients followed 

the prescribed protocol and who followed the protocol wear 65% of the prescribed duration 

(DiRaimondo and Green 1988; Nicholson et al. 2003). Multiple issues are contributing to poor 

compliance (Korovessis et al. 2007), such as the brace itself induces psychological distress 

(Matsunaga et al. 1997). Adolescents tended to take off their brace during social activities when 

fashion was important (Nicholson et al. 2003). Discomfort is patients usually complain of 

another vital factor decreasing the compliance, including hot in summer, sweat disturbance, 

limited ventilation, reduced flexibility. 

IMPROVEMENTS OF TREATMENT EFFECTIVENESS 

Although spinal bracing is generally regarded to be useful for AIS, its effectiveness hinges on 

how often the patient wear it, i.e. the quantity of brace wear, and whether the patient is wearing 

it with the optimal level of tightness, i.e. the quality of brace (Lou et al., 2016, Negrini et al., 

2018). This could partially explain why Negrini et al. reported high variability among results 

of bracing in previous studies, firstly out of different compliance among patients on wearing 

the brace and, secondly, out of inconsistent tightness of brace application, in addition to other 

factors such as brace type, patient’s maturity, curve severity and curve type (Richards et al. 

2005). Nevertheless, for the optimization of treatment effectiveness with bracing, the factor of 

the dose-response relationship must be considered and has been the focus of an intense 

investigation by various research groups.  
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Studies have shown that patients were frequently wearing the brace with sub-optimal tightness 

and the brace-torso interface pressure did consistently decrease with time due to normal wear 

and tear of braces, different daily activities and inadequate strap tightening thus resulting in 

attenuation of treatment effectiveness (Lou et al., 2008, 2011). 

To evaluate the dose-response relationship, Rowe et al. reported in the meta-analysis 

mentioned above that bracing for eight or sixteen hours per day was found to be significantly 

less effective than bracing for twenty-three hours per day (p < 0.0001) (Rowe et al. 1997). With 

the BrAIST study just described, Weinstein et al. reported a linear relationship of brace 

compliance (hours of brace wear) and success of treatment and the dose-response relationship 

could be demonstrable (Weinstein et al. 2013). Katz et al. carried out a prospective study on 

100 AIS patients treated with Boston brace and noted that curves did not progress in 82% of 

patients who wore the brace more than twelve hours per day, compared with only 31% of those 

who wore the brace fewer than seven hours per day (p = 0.0005); and that the number of hours 

of brace wear also correlated inversely with the need for surgical treatment (p = 0.0005) (Katz 

2010).  Rahman et al. studied 34 AIS patients over the duration of their brace wear and noted 

that in the group that had high compliance (>90%), one of the nine patients’ curves progressed 

(11%) whereas in the group with low compliance (<90%), 14 of the 25 patients’ curves 

progressed (56%, p = 0.0075) (Rahman et al. 2005). Apart from the duration of brace wearing 

monitored with a temperature sensor, tightness of brace application ensuring adequate brace-

torso interfacial pressure is also essential. Mac-Thiong et al. conducted a biomechanical 

evaluation of the Boston brace system and reported the relationship between strap tension and 

brace-torso interfacial forces and concluded that strap tension should be set as high as possible 

(up to 60N) for right thoracic curves whereas for right thoracic-left lumbar curves, the optimal 

strap tension was around 40N (Mac-Thiong et al. 2004). 
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An automatic pressure-adjusting device has been developed to provide a consistent 

biomechanical environment for the spinal orthosis. A pilot randomized-controlled study on 6 

patients with conventional brace and 6 patients with pressure-adjustable brace showed that 

none of the pressure-adjustable brace patients had curve progression >5° whereas 2 out of 6 

conventional brace subjects had unsuccessful bracing with one having 7° increment and 

another requiring surgery (Lou, Hill, et al. 2012). This kind of automatic pressure adjustable 

device could benefit the patients with AIS not only improving their compliance but also 

improving the biomechanical effect generated by the spinal orthosis. 

 



 

56 

 

CHAPTER 3 3D-PRINTED ORTHOSIS 

3.1 CHAPTER SUMMARY 

Applying 3D printing technology may improve the accuracy of fabricating spinal orthosis 

according to the original design and may allow more versatile designs. Thus, this study applied 

3D printing technology in the design and fabrication of orthosis for patients with AIS. 

In Phase I, feasibility and laboratory tests about applying 3D printing technology in the design 

and fabrication are reported. In phase II, clinical evaluation has been conducted comparing the 

treatment effectiveness between the 3D-printed orthosis (3O) and the conventional orthosis 

(CO3). In phase III, the results of cost-effectiveness when applying 3D printing technology in 

the design and fabrication in spinal orthosis were given. Ethical approvals were issued from 

the Human Subjects Ethics Sub-committee of The Hong Kong Polytechnic University 

(HSEARS20170615003) and Institutional Review Board of the University of Hong Kong/ 

Hospital Authority Hong Kong West Cluster (UW 18-167). 

In the following parts, a brief background introduction was provided, followed by the research 

protocol and the results of each study phase. Discussion and conclusions of this chapter were 

then illustrated. 

 

3.2 BACKGROUND INFORMATION 

Though orthotic treatment has been reported effective for moderate AIS (Cobb angle 25-40°) 

to prevent progression to surgical level (Weinstein et al., 2013, Negrini et al., 2018), its 
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treatment effectiveness can be influenced by various factors, such as the orthotic design 

(Upadhyay et al., 1995, Howard et al., 1998) and the patient’s compliance (Karol, 2001, Rivett 

et al., 2009, Katz et al., 2010, Lou et al., 2016). With the rapid development of computer-aided 

design and computer-aided manufacture (CAD/CAM), more flexibilities of design and 

fabrication of spinal orthoses for management of AIS become feasible. 

As one of the leading technologies of CAD/CAM, 3D printing embraces the advancements of 

addictive prototyping in both designs and fabrication  (Ventola, 2014). Direct prototyping can 

avoid the accumulated error during the manual fabrication procedures, which can reduce the 

deviations from the biomechanical correcting design. Furthermore, the orthotic thickness and 

weight can be reduced during the design period to enhance the comfort level. These may 

improve the patient’s compliance to the orthotic treatment protocol and its subsequent 

treatment outcome. 

Though utilising 3D printing sounds to be an efficient solution, it is facing both technological 

and clinical challenges. Several attempts have been made to utilise 3D printing technology in 

orthosis for AIS. Some commercialised 3D-printed orthoses have been launched out in the past 

few years (Hill, 2014, Howarth, 2016). However, due to the size limitation of the 3D printers, 

some of them can only provide biomechanical support to the lumbar region or for children with 

small trunk size. Most of these are commercial products which lack clinical evidence nor detail 

of the design. To the best of the knowledge, there was only one published research about 3D-

printed spinal orthosis (Weiss et al., 2017). No single study exists which applies 3D printing in 

design and fabrication of orthosis for AIS and provides clinical evidence of the treatment 

effectiveness. 

Moreover, it should be user-friendly to rectify the model by orthotist. Besides, using 3D 

printing does save the fabrication time of the orthotist, productivity is still unknown. Though 
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3D printing technology has been developed for more than 20 years, it was still in the embryonic 

stage for functional orthotic devices.  

Hence, this study aimed to study the feasibility of applying 3D printing technology in design 

and fabricate spinal orthosis and provide scientific results. Furthermore, it aimed to investigate 

the clinical effectiveness and the patient’s acceptance of the spinal orthosis designed and 

fabricated by 3D printing technology comparing with the conventional orthosis for patients 

with AIS. Also, it aimed to provide practical evidence of the cost efficiency about the 

application of 3D printing in orthosis for AIS.  

Hypotheses 

As the rapid development of technology, there are various 3D printing techniques and materials 

available to fulfil different kinds of applicable purpose. The 3D-printed sample similar to 

polyethene (PE), which is currently used to fabricate spinal orthosis, can fulfil the requirement 

as a spinal orthosis for AIS. Direct prototyping might be able to avoid the accumulated error 

during the manual fabricating procedures; the accuracy could be better conformed with the 

design by orthotist. However, the 3D-printed orthosis was assumed not as durable nor flexible 

as the conventional orthosis due to the material property and the printing principle instead of 

compressing.  

Because this study would apply the same design and fabricate by 3D printing and conventional 

manual method, the in-orthosis correction was assumed not to have a significant difference. 

Due to the reduced thickness and weight, the patients might be hypothesised to have better 

acceptance and quality of life (QoL) and thus further improve the compliance. 

Due to the computer-controlled ability, 3D printing was assumed to save more human resources 

for fabrication. However, due to the limited fabrication space and the large scale of the spinal 
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orthosis, only one orthosis could be printed at the same time. Thus, productivity might not be 

able to meet conventional manual fabrication. 

 

3.3 PHASE I – LABORATORY TESTS OF 3D PRINTING FOR SPINAL ORTHOSIS 

3.3.1 Research Methods 

3.3.1.1 Study Design 

In this study, the feasibility of applying 3D printing technology in the design and fabrication 

of spinal orthosis was investigated. Laboratory tests were conducted to provide evidence of 

mechanical properties, durability, accuracy and ventilation by comparisons between the 3D- 

printed orthosis and the conventional orthosis.  

3.3.1.2 Selection of 3D printing technique and material 

After reviewing the specifications of 3D printing techniques and materials, potential 3D-

printed samples compared with polyethene (PE) by mechanical tests, including tensile test and 

flexural test. ASTM D638 standard was taken as reference in the tensile test, and ASTM D790 

was used as the standard for the flexural test, which are globally recognised standards. Two 

3D-printed samples which had properties closed to the PE sample were used to fabricate the 

3D-printed orthoses for later laboratory comparisons. The required properties of spinal orthoses 

include:  

1) The capacity of the 3D printing machine should be able to contain a maximum size of 

70 cm × 50 cm × 50 cm, because the trunk size of the adolescents is estimated to be 65 

cm × 35 cm × 25 cm (Zivicnjak et al., 2003). 
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2) The spinal orthosis should be flexible to be put on and take off. 

3) The spinal orthosis should be rigid enough to provide effective passive biomechanical 

corrective effect (Wynarsky et al., 1991, Kotwicki et al., 2008). 

4) The spinal orthosis is tailored made for the patient. As the growth during the adolescent 

age, the spinal orthosis is commonly changed after 1 to 2 years. Thus, the spinal orthosis 

is expected to be durable for at least 1-year usage. 

5) The spinal orthosis should not be toxic or easily cause allergy. 

The first screening was conducted based on the materials and products provided by the two 

global companies mainly focused on 3D printing technology – 3D Systems and Stratasys Ltd. 

Considering the properties for spinal orthosis, metal, alloys material and plaster material were 

excluded because of the ridged property and the risk of causing toxic and allergy. Thus, plastics 

were suggested to be included in the following reviewing. Ceramics are usually used to print 

the bones or teeth, which was also excluded in this study (Travitzky et al., 2014, Wen et al., 

2017). And thus, the laminated object manufacturing (LOM), electronic beam melting (EBM) 

were excluded which are usually applied for metal and alloys (Edgar et al., 2015, Li et al., 

2017).  

FDM extrude the heated materials layer by layer. When the material cools down, the layers of 

material can then stick together. However, the surface can be rough because of the round shape 

filament extrusion depends on the accuracy of the diameter of the nozzle (Figure 10).  

As summarised in the 3D printing techniques and 3D printing materials in 2.4.1.3 Application 

of 3D Printing Technology Chapter 2 Literature Review, the stereolithography (SLA) and 

digital light processing (DLP) were also excluded because of the limited size, time-consuming, 

high cost and limited materials such as resin (Melchels et al., 2010). Binder jetting (BJ) 
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techniques were also excluded because of the lack of adhesion between layers which may not 

fulfil the 1-year dosage (Meteyer et al., 2014).  

Thus, the selections of 3D printing techniques were limited to be fused deposition modelling 

(FDM), selective laser sintering (SLS), and material jetting (MJ). Besides, the SLS technique 

were suggested in some commercial products. The BespokeTM Brace (Hill, 2014) as well as the 

orthosis fabricated by a team in XiAn China (http://www.3ddayin.net/news/guonadongtai/ 

21733.html), utilised SLS and Nylon material (3D Systems, California, United States).  

 

 

The tested specimens were fabricated by FDM 3D printer (FORTUS 900MC, Stratasys, Ltd., 

Minnesota, United States), MJ 3D printer (Object5000, Stratasys, Ltd., Minnesota, US) and 

SLS 3D printer (sPro 230, 3D Systems, Texas, United States). The samples were fabrication 

using SLS technique with Nylon-12 material, FDM technique with Nylon-12 material, FDM 

Figure 10 Prototype of 3D-printed spinal orthosis by FDM 

http://www.3ddayin.net/news/guonadongtai/21733.html
http://www.3ddayin.net/news/guonadongtai/21733.html
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technique with Nylon-6 material, FDM technique with ABS material, FDM technique with PC 

material, MJ technique with Nylon-12 material, MJ technique with ABS material. 

TENSILE TEST 

The standard “dogbone” shaped specimens were designed and printed according to the ASTM 

D638 standard with 4mm thickness and 6mm width of the parallel section (Figure 11). This 

test was performed by applying a tensile force to the specimen and measure the tensile strength, 

tensile modulus, elongation and Poisson’s ration when the specimen was under stress. ASTM 

D638 Type IV tensile test specimen was decided because the orthosis was planned to be printed 

with thickness as 2.5-3mm. The details of the specimen design are summarised in Figure 11. 

 

 

Figure 11 3D sketched specimen for tensile test according to ASTM D638 standard type IV 

(I3=115mm, I2=33mm, I1=33, L0=25, L=65mm, b1=6mm, b2=19mm, + = 14mm,  
and thickness is 4mm) 

 

All 3D-printed specimens were printed with 100% filled density. The specimens of PE were 

carved according to the same specimen 3D sketching design from the material that was used in 
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the scoliosis clinic. The specimens were tested on a universal testing machine (UnitedTest, 

Beijing, China) with a 50kN load cell (Figure 12). This study has fabricated and tested five 

specimens for each sample and presented the average value. Measurements have been 

conducted before the test on each specimen with a calliper and input in the testing system. The 

specimens were placed in the centre of the jaw faces of the grips. In order to conduct a valid 

test, the specimens were held perpendicular to the jaw faces and tried to void any tilting nor 

torsion. The tensile tests of all the specimens were conducted within one day under the 

consistent, controlled temperature and humidity in a lab. 

 

 

 

Figure 12 The tensile test machine set up 
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FLEXURAL TEST 

The standard specimens were designed and printed according to the ASTM D790 standard with 

the dimension as 3.2 mm × 12.7 mm × 125mm. This test was performed by loading force in 

a bar of rectangular cross-section rests on two supports (Figure 13). Furthermore, the support 

span-to-depth ratio was 16:1 according to the ASTM D790. This test was conducted on a 

universal testing machine (Hounsfield, Bangalore, India) which can carry maximum 50kN of 

the load. The loading rate ranged from 0.1mm per minute to 50mm per minute.  

All 3D-printed specimens were printed with 100% filled density. The specimens of the PE were 

carved according to the same 3D sketch from the material used the scoliosis clinic. There were 

five specimens fabricated tested for each sample. Measurements have been conducted before 

the test on each specimen with a calliper and input in the testing system. All of the flexural 

tests were conducted within the same day under consistent controlled temperature and humidity. 

 

 

Figure 13 The universal testing machine (left) and the setup of flexural test (right) 

(dimension of the specimen: 3.2 mm × 12.7 mm × 125mm, L=20mm) 
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3.3.1.3 The workflow of Spinal Orthosis Fabrication 

This study recruited a 25-year old healthy female. Symmetric designed thoracic-lumbar-sacral 

orthosis was tailored made for this subject by an experienced orthotist. Both the 3D-printed 

orthoses and the conventional orthosis were designed and fabricated according to the trunk 

information of this subject. 

3D MODEL SCANNING 

The subject was asked to wear a tight-fit stockinet (Figure 14) to create a smoother surface for 

scanning purpose, which can be easier to detect. Digital 3D model of the body contour was 

obtained by a 3D scanner (SpectraTM, Vorum, British Columbia, Canada) when the patient was 

in sitting position and stabilised by belts. Anatomical landmarks were highlighted by crayon in 

black colour. The scanning took about 30 seconds by projection and reflection receiving of 

blue light flames. The digital information of the body contour was captured and stored in the 

purpose-design software.  

 

Figure 14 A female with stockinette 

(https://assets.aboutkidshealth.ca/akhassets/stockinette_undershirt_EQUIP_ILL_EN.jpg?RenditionID
=10; obtained in Jun 2019) 

https://assets.aboutkidshealth.ca/akhassets/stockinette_undershirt_EQUIP_ILL_EN.jpg?RenditionID=10
https://assets.aboutkidshealth.ca/akhassets/stockinette_undershirt_EQUIP_ILL_EN.jpg?RenditionID=10
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RECTIFICATION 

The rectification was conducted with the scanned 3D digital image. The orthosis prototypes 

were then rectified in a purpose-design software (CanfitTM, Vorum, British Columbia, Canada) 

for spinal orthosis (Figure 15) by the orthotist. In the software, the subject’s radiographic image 

and photo of the trunk can be imported and overlaid on the 3D digital model as a reference. 

Views of the coronal plane, sagittal plane and transverse plane can be easily identified at any 

level. Comparisons of the deviation level between the original digital model (blue line in Figure 

15) and the rectified model (red line in Figure 15) can also be seen in this software so that the 

orthotist can decide the direction and magnitude of the three-point pressure area accordingly. 

Reference points to help precisely align the adjustment are also allowed. Trim lines could be 

drawn in the software, and thus it could be more convenient to trim the orthosis afterwards. 

The rectified 3D digital model of the orthosis was then used to be fabricated by 3D printing 

technology and by the conventional manual method as routine clinical practice.  

 

 

Figure 15 The user interface of the software for rectification of spinal orthosis with AIS model 
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FABRICATION OF THE SPINAL ORTHOSIS BY 3D PRINTING TECHNOLOGY 

The rectified 3D model of orthosis was export in Stereolithography (.STL) format for 3D 

printing. The reduced thickness and weight were expected to achieve. During the laboratory 

test, it found that the thicker of 3D-printed orthosis, the more rigid property it was. Over rigid 

could cause difficulty of putting on and taking off for daily usage. Thus, the design and 

fabrication should balance the strength and weight of the spinal orthosis. 

After a few tests, this study attempted to use less than half-thickness of the conventional 

orthosis and study the other laboratory results. The orthoses were printed with 2.5 mm 

thickness by the selected 3D printing machines and materials. A technician conducted 

alignment of the 3D model. After refilling the material, the 3D printing project was then started. 

FABRICATION OF THE SPINAL ORTHOSIS BY CONVENTIONAL MANUAL METHOD 

Computer-aided manufacture and computer-aided manufacture (CAD/CAM) was applied for 

the conventional orthosis (Wong, 2011). To fabricate the conventional orthosis, the rectified 

orthosis models were exported in .cxpxp format for carving the positive casts (4-Axis Carving 

Machine, Vorum, British Columbia, Canada). The polyurethane (PU) foam was used to be 

carved to a positive cast for PE moulding purpose (Figure 16). The carving machine ran 

averagely 30 minutes to finish a spinal positive cast. Minor adjustments on the positive cast 

were then decided by the orthotist by adding plaster or removing parts of the PU foam 

accordingly (Figure 17).  
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Figure 16 Carving the positive cast using Polyurethane (PU) foam 

 

 

Figure 17 Minor adjustments conducted by the orthotist 
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The conventional orthosis was formed by moulding the PE thermoplastic sheet with 6 mm 

thickness on the positive casts. The PE thermoplastic sheet was put in an oven and heated up 

to 180ºC for 13 minutes until transparent. The heated PE sheet was then carefully formed on 

the rectified positive cast and wrapped tightly by two artisans. Afterwards, the PE thermoplastic 

sheet was conformed and stabilised by vacuum for 5 minutes until cool down (Figure 18).  

 

 

Figure 18 The thermoplastic PE sheet was moulded on a vacuum machine 

 

FOLLOW-UP PROCEDURES 

An orthotist further fined both the 3D-printed orthosis and the conventional orthosis. Trimming, 

sanding, adding the pressure pads and fixing the straps have been conducted for both orthoses 

fabricated by 3D printing technology and conventional method according to the same protocol. 

Besides, these orthoses were fitted on the subject by the single orthotist. 
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Thus, the procedures of design and fabrication of spinal orthoses by both 3D printing 

technology and conventional manual method are summarised in Figure 19. The conventional 

positive cast carving and thermoplastic sheet moulding can be replaced by 3D printing. 

Procedures of orthosis fitting on the patients should remain the same. 
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3D scanning 

Rectification 

3D printing 

Positive cast 

carving 

Moulding 

Fitting Fitting 

Figure 19 Workflow of design and fabrication for the spinal orthoses by 3D printing and 
conventional method 
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3.3.1.4 Comparisons of Accuracy  

Comparisons of the fabrication accuracy were conducted between the rectified 3D digital 

model and the final product. After fabrication of both orthoses by 3D printing and conventional 

method, 3D digital images of these orthoses were captured by a 3D scanner (HandyScan 3DTM 

line-up, Creaform, Québec, Canada) with an accuracy of 0.025mm and volumetric accuracy 

0.020 + 0.040 mm/m. This scanner has obtained a reliability test according to ISO 17025. 

Reflection markers were randomly stick on the surface of the orthoses as well as the interfacial 

side of the orthoses for scanning detecting purpose. To stabilise the orthoses, several positions 

have been tried to put the orthosis, including upright standing, supine, prone and hanging on a 

bar (Figure 20). However, scanned model deviated from time to time if the orthosis was put in 

an upright standing position, because the orthosis can be supported by various of area even 

slightly movements. Similar observations can be found in the supine or prone position. Thus, 

the scanning was conducted when the orthosis was hanging on a bar until stabilised.   
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Figure 20 The orthoses were scanned in different positions 
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After capturing the 3D models of the 3D-printed orthosis and the conventional orthosis, 

alignment has been calibrated in a 3D design software (Geomagic Design X, 3D Systems, 

California, United States). The scanned orthoses models were aligned according to the original 

rectified model (Figure 22). The comparisons of the deviation from the original rectified 3D 

model were conduction on the scanned 3D-printed orthosis image and the scanned 

conventional orthosis image (Figure 21). Comparisons were conducted in the 3D model 

software Geomagic Design X as well as the Geomagic Control (Geomagic Design X & 

Geomagic Control, 3D Systems, California, United States). 

 

 

Figure 21 Comparison flow between the scanned orthosis and the designed orthosis model 

 

Original rectified 

3D model 

Scanned 3D model of the 

conventional orthosis 

Scanned 3D model of the 

3D-printed orthosis 
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Figure 22 Aligning the scanned orthoses taking reference from the rectified 3D model 
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3.3.1.5 Durability Tests 

A purpose-designed opening and closing machine were fabricated specifically for the durability 

test of the spinal orthoses (Figure 25). This machine was set to open and close the posterior 

opening to estimate the donning and doffing actions of the patients. With this machine, the 

spinal orthosis can be opened and closed for a certain distance inconsistent speed.  

The maximum opening distance was set to be 42 cm (1.2 times of the model max-width), 

mimicking the extreme case to be wide opened. Moreover, the minimal distance of gap during 

closing was set to be 1 cm, which tried to mimic the extreme situation when the straps were 

tightened. The opening and closing speed were set to be 2 cm/s.  

Generally speaking, one tailored made spinal orthosis is designed to be used for at least 1 to 2 

years until fatigue or unfitted because of growth. Thus, this study aimed to mimic the patients’ 

wearing behaviour, including donning and doffing the orthoses for three years or when the 

orthoses fatigue of break down. Assuming an extreme situation that a patient might put on and 

take off the orthosis ten times a day, 10950 of opening and closing cycles were conducted to 

mimic 3-year orthosis wearing. 

Considering the durability may be influenced by temperature as well as humidity, to eliminate 

the factors from the environment changes, the opening and closing tested one orthosis and 

switched to another every hour. 

Digital 3D images of the orthoses have been captured by a 3D scanner mentioned in 3.3.1.3 in 

this chapter before opening and closing test, after mimicking one year, two years and three 

years of the wearing. The scanning was conducted when the orthoses were hanging the centre 

on a bar until stabilised (Figure 23). The same method of alignment mentioned in 3.3.1.3 was 

used to align the scanned images with the scanned image of the orthoses before the opening 

and closing test. Deviations after mimicked years of wearing dosage were compared with the 
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pre-test orthosis 3D image. The flow of alignments and comparisons are summarised in Figure 

24. 

    

Figure 23 3D scanning of the conventional orthosis (left) and the 3D-printed orthosis (right) 

 

 

Figure 24 Flow of the comparisons before and after opening and closing test 
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Figure 25 Opening and closing test for the orthoses 
(Left, 3D-printed spinal orthosis; Right, conventional spinal orthosis)  
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3.3.1.6 Comparisons of Ventilation 

This study was conducted to investigate the interfacial temperature and humidity changes and 

the peak level by comparison between the 3D-printed orthosis and the conventional orthosis. 

A small sensor (DS1923 iButton, Maxim Integrated, California, United States) which can be 

applied to collect temperature and humidity result in a tiny dimension, was used in this 

ventilation test. The same sensor (Figure 26) can measure temperature with ±0.5°C of accuracy 

and humidity with 0.04%RH of accuracy. Besides, the range of temperature measurement is -

10°C to +65°C and the range of humidity measurement is 0% to 100% RH. The dimension of 

this sensor is 17.35 mm (Diameter) × 6.45 mm, that the subject did not feel any discomfort 

when she wore the orthosis with the embedded sensor.  

 

 

Figure 26 The DS1923 iButton temperature and humidity sensor 

 

Two iButton® sensors were applied in this ventilation test. One sensor was stick on the 

interfacial side of the orthosis in the abdomen area, as to measure the interfacial temperature 

and humidity. The other sensor was put on the table in the room of the test, as to measure the 

room temperature and humidity. 

The room of location was 3m × 3m. The air conditioner of the room was set as 25°C when the 

windows and door closed. Before the study, the tested orthoses were placed on the table in the 

room no less than 30 minutes. A crossover trial was conducted that the subject wore the 

conventional orthosis and 3D-printed orthosis in a random sequence in the morning. Another 
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test was then conducted with reverse order of orthosis wearing in the afternoon within the same 

day. 

After temperature and humidity of the orthoses being steady with the room environment, the 

subject put on and wore one orthosis for 20 minutes until the temperature and humidity steady. 

Then, the subject took off the orthosis and put in the room environment for 30 minutes until 

she put on the other orthosis. Repeated procedures were conducted with reverse order. 

Sampling rate was set to collect 1 data per minute. 

3.3.2 Results 

3.3.2.1 Selection of 3D printing material and techniques 

TENSILE TEST 

There were seven samples been fabricated by 3D printing for tensile test comparing to the 

carved compressed PE sample. The specimens are shown in Figure 27. The initial parameters 

were summarised in Table 5. 

 



Chapter 3 Application of 3D Printing Technology 

81 

 

 

 

The results of the samples are summarised in Table 6 with the mean value of tensile strength, 

modulus of elasticity, percentage elongation after fracture and maximum force. The 3D-printed 

samples can be compared with the PE sample in this table. Examples of the stress-strain 

changes for each sample are demonstrated in Figure 28. 

 

Table 5 Mean initial parameters of the samples for tensile test 

Sample Width, mm Thickness, mm Length, mm Area, mm2 

PE 6.09 4.23 115.2 25.74 

SLS Nylon-12 6.10 4.10 115.0 25.01 

Carved 

PE 

SLS 

Nylon-12 

FDM 

Nylon-12 

FDM 

Nylon-6 

FDM 

ABS 

FDM 

PC 

MJ  

Nyon-12 

MJ 

ABS 

Figure 27 The specimens for tensile test 
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FDM ABS 6.08 4.38 115.0 26.55 

FDM Nylon-12 6.10 4.20 115.0 25.62 

FDM Nylon-6 6.08 4.38 115.1 26.55 

FDM PC 6.00 4.20 115.0 25.20 

MJ Nylon-12 6.00 4.20 115.0 25.20 

MJ ABS 6.08 4.00 115.0 24.30 

 

Table 6 The mean results of tensile test for each sample 

 Rm, MPa E, MPa A, % Fm, N 

PE 40.9 2.3 14.6 1.0 

SLS Nylon-12 48.0 2.9 6.2 1.2 

FDM ABS 28.5 2.7 6.0 0.8 

FDM Nylon-12 42.4 2.1 4.1 1.1 

FDM Nylon-6 54.8 2.7 8.3 1.5 

FDM PC 49.0 3.2 3.4 1.2 

MJ Nylon-12 33.0 1.5 54.0 0.9 

MJ ABS 43.0 2.2 11.9 1.0 

Rm, tensile strength; E, modulus of elasticity; A, percentage elongation after fracture; Fm, 

maximum force. 
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SLS Nylon-12 

Figure 28 Stress-strain of each sample 
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FLEXURAL TEST 

There were seven samples been fabricated by 3D printing for flexural test comparing to the 

carved compressed PE sample. The specimens are shown in Figure 29. The initial parameters 

were summarised in Table 7. 

 

 

 

 

Carved 

PE 

SLS 

Nylon-12 

FDM 

Nylon-12 

FDM 

Nylon-6 

FDM 

ABS 

FDM 

 PC 

MJ  

Nyon-12 

MJ  

ABS 

Figure 29 The specimens for flexural test 
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Table 7 Mean initial parameters of the samples for the flexural test 

Sample Width, mm Thickness, mm Length, mm 

PE 12.7 3.2 125.0 

SLS Nylon-12 12.7 3.2 125.0 

FDM ABS 12.7 3.2 125.0 

FDM Nylon-12 12.7 3.2 125.0 

FDM Nylon-6 12.7 3.2 125.0 

FDM PC 12.7 3.2 125.0 

MJ Nylon-12 12.7 3.2 125.0 

MJ ABS 12.7 3.2 125.0 

 

 

The results of the samples are summarised in Table 8, with the mean value of flexural modulus 

and flexural strength. The 3D-printed samples can be compared with the PE sample in this 

table.  
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Table 8 The mean results of tensile test for each sample 

 Flexural modulus, MPa Flexural Strength, MPa 

PE 253.1 7.8 

SLS Nylon-12 779.5 35.3 

FDM ABS 935.6 36.8 

FDM Nylon-12 1405.3 66.2 

FDM Nylon-6 1092.6 43.7 

FDM PC 1404.0 53.6 

MJ Nylon-12 900.1 52.3 

MJ ABS 780.3 54.0 

  

According to the results of the flexural test, all the 3D-printed samples deviate more than 200% 

of the results. According to the results of the tensile test, SLS Nylon-12, FDM Nylon-12, FDM 

Nylon-6, FDM ABS, FDM PC, and MJ ABS were suggested potential methods fabricate the 

3D-printed spinal orthosis. However, after the first trial of 3D-printed of orthosis fabrication, 

the FDM PC were excluded because of cracking down in the abdomen part. The orthosis which 

was fabricated by MJ ABS was too rigid to be opened. The SLS Nylon-12 method was also 

excluded because of the powder surface, which may cause allergic or itching easily. The 3D-

printed FDM ABS orthosis is a bit though than the Nylon orthosis, which may prevent the 

patients the shift aside from the pressure, and thus may influence the active correction. Thus, 

the FDM ABS method was excluded. 
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In summary, this study decided to utilised FDM technique and Nylon-12, as well as FDM 

technique and Nylon-6 to fabricate the spinal orthosis for the following laboratory tests. 

3.3.2.2 Comparisons of Accuracy 

The aligned 3D scanned images of the 3D-printed orthoses (FDM technique and Nylon-12 

material), and the conventional orthosis (manual fabrication PE material) were analysed in the 

3D software. The 3D printed orthosis fabricated by FDM Nylon-6 broke down after mimicked 

11 months of opening and closing test, it was excluded in the following analysis.  

Comparisons between the scanned orthoses and the original rectified orthosis model were 

conducted in terms of 3D comparison, which are summarised in Table 9. According to the 

graphic comparison, a large proportion of the scanned 3D-printed orthosis deviated to the inner 

side as compared with the rectified model, ranging from -2.6mm to -10.0mm. In contrast, the 

scanned conventional orthosis deviates to the outer side as compared with the original model 

ranging from 0.2mm to 10.0mm (Figure 31). 

Cross-sectional planes were retrieved from -110mm to 270mm with 20mm of interval along 

the Z-axis taken reference from the Z=0mm XY plane (Figure 30).  Besides, Z=110mm, 

Z=4mm and Z=-33mm were individually analysed as the plan of the thoracic region, lumbar 

region and ASIS, respectively. 

Each of the cross-sectional measurement assessed the maximum diameter along the X-axis, 

which was indicated in Figure 32. The cross-sectional deviation between the scanned images 

and the original 3D model were summarised in Table 9. The deviation was analysed the 

absolute value of difference. According to the results, the absolute mean deviation from the 

original rectified 3D model was PE<FDM Nylon-12<FDM Nylon-6 without significant 

difference. It suggested that the accuracy of the interfacial surface was the highest in the PE 

orthosis, the second was the FDM Nylon-12 orthosis followed by FDM Nylon-6.  
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The 3D measurement was also conducted on the cross-sectional plans by comparing the 

deviation align with the orthosis interface. The results were also summarised in the cross-

sectional comparisons of Table 9. 

 

 

Figure 30 The rectified 3D model of spinal orthosis 

 

According to the images of Figure 32, the conventional PE orthosis is commonly had more 

unevenly distributed surface compared to the 3D-printed orthosis. However, the interface 

contour did not differ significantly. 
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Figure 31 The 3D comparison of the scanned 3D-printed orthosis (left) and conventional orthosis 
(right) comparing to the original rectified model.  

The warmer the colour indicating the more significant the dimension; in contrast, the colder the 
colour indicating the smaller dimension. 
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Figure 32 Example of the cross-sectional measurement 

3D printed orthosis (top), convention orthosis (bottom) 

 



Chapter 3 Application of 3D Printing Technology 

91 

 

Table 9 Deviation of the PE and FDM Nylon-12 orthoses from the original rectified 3D model 

 FDM Nylon-12 Conventional PE 

Cross-sectional diameter   

Mean deviation, mm 6.8 ± 4.8 6.1 ± 5.6 

Deviation at ASIS, mm 12.3 7.0 

Deviation at lumbar, mm 6.7 17.5 

Deviation at thoracic, mm 0.2 5.1 

Cross-sectional comparisons   

Maximum deviation +/-, mm 6.9 / -6.9 6.9 / -6.1 

Deviation at ASIS +/-, mm 6.9 / -6.9 6.9 / -4.3 

Deviation at lumbar +/-, mm 6.9 / -6.9 6.9 / -6.9 

Deviation at thoracic +/-, mm 6.9 / -6.9 6.9 / -6.8 

3D comparisons   

Maximum deviation +/-, mm 25.8 / -25.8 25.6 / -25.4 

Average deviation +/-, mm 6.0 / -6.0 3.0 / 2.9 

 

3.3.2.3 The durability of the 3D-Printed Orthosis and Convectional Orthosis 

In total, this study mimicked 3 years of orthoses wearing that to open and close the orthoses 

for 10950 times. The conventional orthosis did not show any visibly identifiable deformities 

or break down after 10984 times of opening and closing, which suggested it could last for more 

than 3 years of orthotic wearing.  
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After 6878 times (1.9 years of wearing) of opening and closing, the spinal orthosis made from 

FDM technique and Nylon-12 material cracked at the gripping part on the posterior side (Figure 

33). Its split aligned with the filament printing direction. The split part size and location was 

the same as the gripping element of the opening and closing test machine. Despite the broken 

area of the gripping part, no other visible, identifiable deformities or break down was observed 

after 10965 times of opening and closing, which suggested it could last more than three years 

of orthotic wearing. 

 

        

Figure 33 Cracking area of the 3D-printed orthosis (FDM technique, Nylon-12 material) 
at the gripping part on the posterior side 

 

However, after 3496 times of opening and closing, the 3D-printed spinal orthosis made from 

FDM technique and Nylon-6 material broke down at the abdomen area (Figure 34). It suggested 

the 3D-printed orthosis made from FDM technique and Nylon-6 material could last about 11 
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months of orthosis wearing. Thus, the analysis of ventilation did not include this 3D-printed 

orthosis. 

The clinical evaluation compared between the 3D-printed orthosis and conventional orthosis, 

utilised the FDM technique and Nylon-12 material to fabricate the 3D-printed orthosis in the 

following phases. 

 

 

Figure 34 The broken 3D-printed spinal orthosis made by FDM technique and Nylon-6 material 

 

Comparison methods were introduced in the previous section 3.3.2.2. Same comparisons 

method utilised in the comparison of the before and after opening and closing test. Due to the 

3D-printed orthosis fabricated by FDM Nylon-6 broke after 11 months of mimicked wearing, 

its results were excluded from the analysis.  
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According to the results, deformities were more severe of the 3D-printed orthosis as compared 

with the conventional PE orthosis (Table 10). The 3D-printed orthosis tended to be shrunk after 

fabrication. Besides, no significant deformities were observed in both orthoses. The deformity 

after 1-year, 2-year and 3-year of usage seemed not to change dramatically of both orthoses as 

compared with before the opening and closing test. 

 

Table 10 Deformity comparisons after 1-year, 2-year and 3-year mimicked orthosis wearing 

 FDM Nylon-12 Conventional PE 

After one year   

Cross-sectional diameter   

Mean deviation, mm 22.2 6.6 

Deviation at ASIS, mm -68.3 4.2 

Deviation at lumbar, mm -0.2 2.5 

Deviation at thoracic, mm -2.0 1.4 

3D comparisons   

Maximum deviation +/-, mm 26.2 / -26.2 35.0 / -35.0 

Average deviation +/-, mm 9.1 / - 8.1 3.8 / -3.5 

After two years   

Cross-sectional diameter    

Mean deviation, mm 35.2 3.3 

Deviation at ASIS, mm -66.7 9.8 

Deviation at lumbar, mm 1.9 3.4 

Deviation at thoracic, mm 1.3 -4.7 

3D comparisons   
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Maximum deviation +/-, mm 35.0 / -35.0 35.0 / -35.0 

Average deviation +/-, mm 10.1 / - 8.9 3.0 / -2.8 

After three years   

Cross-sectional diameter    

Mean deviation, mm 3.5 75.3 

Deviation at ASIS, mm 5.4 7.6 

Deviation at lumbar, mm 3.5 3.5 

Deviation at thoracic, mm 2.6 1.4 

3D comparisons   

Maximum deviation +/-, mm 29.0 / -29.8 35.0 / 35.0 

Average deviation +/-, mm 12.6 / - 13.0 3.4 / -3.1 

The scanned 3D image of orthosis was compared with the pre-scanned 3D image 

 

3.3.2.4 Comparisons of the Temperature and Humidity Changes 

The comparisons of temperature and humidity changes between the subject wore the 3D-

printed orthosis (FDM, Nylon-12) and the conventional orthosis (manual method, PE) were 

conducted. A crossover trial has been conducted that to wear the 3D-printed spinal orthosis 

first then to wear the conventional orthosis. The second wearing trial in a reversed sequence of 

orthoses wearing was conducted within the same day. 

TEMPERATURE 

The temperature comparison results are summarised in Table 11. The results have been 

analysed by taking the average value from the two trials for the same orthosis. No significant 

difference was observed of the room temperature when the subject wore the 3D-printed orthosis 

and the conventional orthosis. The Room temperature was slightly higher by 0.3℃ when the 
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subject was wearing the 3D-printed orthosis than when she wore the conventional one, which 

was less than the sensor accuracy (±0.5 ℃). 

The peak value of the interfacial temperature was 0.3 ℃ higher when the subject was wearing 

the 3D-printed orthosis (FDM, Nylon-12) than when the subject was wearing the conventional 

orthosis (manual method, PE). After putting on the orthoses until the temperature was steady 

to change no more than 0.5 ℃ within 3 minutes. The mean steady interfacial temperature 

between the 3D-printed orthosis and conventional orthosis was 0.6 ℃ (p>0.05).  

 

Table 11 Comparisons of the temperature between the 3D-printed and conventional orthoses 

 3D-printed orthosis Conventional orthosis 

Mean room temperature (range), ℃ 25.1 (24.8 – 25.8) 24.8 (24.6 – 25.1) 

Steady interfacial – room temperature, ℃ 6.3 5.7 

The peak value of interfacial temperature, 

℃  

31.6 31.3 

Steady interfacial temperature, ℃  31.4 30.7 

The temperature increased until steady, min 6.0 3.0 

Cooldown until room temperature, min 17.0 24.0 

 

Figure 35 demonstrates the temperature changes of the room as well as the interface between 

skin and the orthosis when the subject wore the 3D-printed orthosis (FDM-Nylon 12) and the 

conventional orthosis (PE). The subject put on the orthosis at 10 minutes after the data 
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collection started. The subject wore the orthosis for 20 minutes and took off the orthosis on the 

table for 30 minutes until the orthoses cool down to the room temperature level. 

The mean steady interfacial temperature was 31.4℃ within the 3D-printed orthosis, and it was 

6.3 ℃ significantly higher than the room temperature (p<0.001). Similarly, the steady 

interfacial temperature was 30.7℃ within the conventional spinal orthosis which was 5.7 ℃ 

significantly higher than the room temperature (p<0.001).  

 

 

Figure 35 Temperature changes when wore the 3D-printed orthosis (above) and the conventional 
orthosis (bottom) 

(before 0:00, orthoses on the table; 0:00 – 0:10, before wearing; 
 0:10 – 0:30, wearing the orthoses; 0:30 – 1:00, after taken off the orthosis) 
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According to the results, after putting on the 3D-printed spinal orthosis, it took 6 minutes for 

the interfacial temperature increased to steady. Moreover, it took 3 minutes for the interfacial 

temperature increased to steady after putting the conventional spinal orthosis on. After taking 

off the orthoses, it took 17 minutes for the 3D-printed spinal orthosis to cool down and it took 

the conventional orthosis 24 minutes to cool down to the room temperature 

HUMIDITY 

The changes interfacial humidity and room humidity were summarised in Figure 36. No 

significant trend of changes was observed during the subject wore the 3D-printed orthosis and 

the conventional orthosis. No significant difference was observed between the interfacial 

humidity between the skin and orthosis and the room humidity neither. However, there was a 

decreasing trend of the interfacial humidity after taking off the orthoses. 
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Figure 36 Humidity changes when wore the 3D-printed orthosis (above) and the conventional 
orthosis (bottom) 

(before 0:00, orthoses on the table; 0:00 – 0:10, before wearing; 
 0:10 – 0:30, wearing the orthoses; 0:30 – 1:00, after taken off the orthosis) 

 

- Lin, Y., Wong, S. W. F., Wong, W. C., Wong, M. C. M., Wong, M. S. Technological 

tests for 3D printing technology in the fabrication of orthoses for patients with 

adolescent idiopathic scoliosis. Spine. (To be submitted in Feb 2020)  
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3.4 PHASE II – CLINICAL EVALUATION OF THE 3D-PRINTED ORTHOSIS 

3.4.1 Research Methods 

3.4.1.1 Study Design 

This is a prospective randomised controlled trial to investigate the clinical effectiveness of the 

3D-printed orthoses (3O) as compared with the conventional orthoses (CO3) for AIS. 

Recruitment was conducted between April 2018 to August 2018 and patients were randomly 

assigned with the 3O and the CO3 by sealed envelopes. 

3.4.1.2 Subjects Recruitment 

Female patients with AIS who were newly prescribed with orthotic treatment and met the 

inclusion criteria were enrolled. The inclusion criteria were taken the reference from the 

recommendations by both Scoliosis Research Society (SRS)  and Society on Scoliosis 

Orthopaedic and Rehabilitation Treatment (SOSORT) (Negrini et al., 2012). To avoid the 

confounding factor of curve patterns (Sun et al., 2010, Wang et al., 2012), this study only 

included the typical type of right thoracic (T) and left thoracolumbar/lumbar (TL/L) curvatures. 

Inclusion criteria 

1) Females with progressive AIS, who are diagnosed after detailed clinical and 

radiological evaluation by experienced orthopaedic surgeons, and; 

2) Aged 10 to 14 years old, and;  

3) With Risser sign 0 to 2, and; 

4) With primary curve magnitude 20° to 45°, and; 

5) Before menarche or within 24 months after menarche, and; 

6) When orthotic treatment was newly prescribed, and; 
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7) With typical type of curvatures as right thoracic and left thoracolumbar/lumbar curves. 

Exclusion criteria 

1) Patients with associated musculoskeletal, neurological or other conditions possibly 

responsible for the spinal curvature other than AIS, or; 

2) Having previous surgical, orthotic treatment or other conservative treatments, or; 

3) Having a physical or mental disability that prevents patients from complying with the 

orthotic treatment protocol. 

The sample size calculation was conducted assuming there was a 5° difference between the 3O 

and CO3 groups after the study period of orthotic treatment, which is commonly considered to 

be the minimal detectable change of curvature. And it took a pooled standard deviation of 4.6° 

as a reference from a previous randomised controlled trial comparing two orthoses (Guo et al., 

2014). Each group was calculated to have 13 subjects with an alpha error of 5% and a power 

of 80%. Allowing a 15% of drop-out rate, the study planned to recruit 30 patients with 15 in 

each group. 

Eligible patients with AIS from the Duchess of Kent Children's Hospital of Hong Kong were 

invited and introduced to this project. An initial interview was conducted with the patient and 

her legal guardians on details of the aims, the protocol and the timeframe of the study. A sealed 

envelope contained with group assignment information was opened after consent. An equal 

number of patients were then randomly assigned to the 3O group and the CO3 group. Anyone 

rejected the arrangement was excluded and received routine clinical treatment. Ethical approval 

was obtained from the local ethics committee (UW 18-167). 

3.4.1.3 Design and Fabrication of the Orthosis 

DESIGN OF THE 3D MODEL 
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The orthoses were designed, fabricated and fitted to all the patients by a single experienced 

orthotist. Digital 3D model of the body contour was obtained by a 3D scanner (SpectraTM, 

Vorum, British Columbia, Canada) when the patient was in the supine position (Figure 37) as 

to estimate the ideal corrective level. There were two supporting flats in the shoulder and hip 

areas, and it was blank in between the two supports. The blank allowed the scanner to capture 

the body contour in a supine position.  

The orthosis prototypes were then rectified in a purpose-design software (CanfitTM, Vorum, 

British Columbia, Canada) for spinal orthosis (Figure 15)  taking reference from the spinal 

radiographs in standing posture as well as the flexibility level.  

 

 

Figure 37 A patient on the purpose-design bed for body contour scanning in supine position 
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FABRICATION OF THE ORTHOSIS 

After rectifying the 3D model of the orthosis, the digital file was then output to 3D printing file 

in .STL format and the .cxpxp format specifically for carving machine. The 3O were printed 

with 3 mm thickness by fused deposition modelling (FDM) technique (FORTUS 900MCTM, 

Stratasys, Ltd., Eden Prairie, Minnesota, United States) with Nylon-12 material using the 

rectified orthosis models. While for the conventional orthoses, the rectified orthosis models 

were exported for carving the positive casts (4-Axis Carving Machine, Vorum, British 

Columbia, Canada). The conventional orthoses were then formed by moulding the PE sheets 

with 6 mm thickness on the positive casts. 

3.4.1.4 Treatment Protocol 

Same medical care and design protocol of symmetric underarm orthoses were provided for all 

patients in the study. The design principle is to provide corrective force inward, upward and 

forward at the corresponding apex area through the rib or soft tissues. This principle is applied 

to correct the lateral curve as well as the rotation. The patients in the 3O group were assigned 

with a 3D-printed orthosis while the patients in the CO3 group were assigned with a 

conventional orthosis. All patients were prescribed with full-time (≥23 hours/day) orthotic 

treatment. The rest hours were for bathing and sports. Compliance, according to the treatment 

protocol was emphasised from time to time.  

For the patients in the 3O group, one 3D-printed orthosis and one conventional orthosis were 

fabricated using the same rectified 3D orthosis model and taking reference from the same 

design. In case the patients in the 3O group progressed or any damage to the 3O, they can 

immediately switch to the conventional orthoses. 
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3.4.1.5 Outcome Measurements 

Low dose bi-planar radiological exams(Newton et al., 2016) in standing posture were taken at 

baseline, immediate after fitting and three months after orthotic treatment, and then measured 

by one researcher. Cobb angle as the gold standard (Morrissy et al., 1990) was used for 

evaluation of scoliotic curvature, and the Raimondi method was used to measure the apical 

vertebral rotation (AVR). Corrected Cobb angle greater than 5° was considered effective; and, 

any progressed Cobb angle larger than 5° was considered failure. The percentage of in-orthosis 

correction was calculated as 100% × (
initial angle−angle within the orthosis

initial angle
).  

Quality of life was assessed using questionnaires in Chinese version at baseline and 3-month 

follow-up, including the SRS-22r, Trunk Appearance Perception Scale (TAPS) (Guo et al., 

2016), and Brace Questionnaire (BrQ, not applicable at baseline). The higher the score 

indicates the better perception or result of these questionnaires. Besides, the patients’ 

compliance was monitored by a temperature microsensor (Orthotimer®, Rollerwerk-Medical, 

Balingen, Germany) with small size as 9x13x4.5mm and analysed by threshold as the daily 

local maximum air temperature. The temperature data was set to be collected every 15 minutes 

and calculated with the equation 𝐷𝑎𝑖𝑙𝑦 𝑤𝑒𝑎𝑟𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 = 24 hours ×

(
Number of data higer than the max 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

96
). And the percentage of compliance 

of the duration was defined as 100% × (
daily wearing hours

23
). 

To better understand the difference between the spinal orthoses fabricated by 3D printing 

technology and conventional manual method, self-comparisons were also conducted. For the 

patients in the 3O group, one 3D-printed orthosis and one conventional orthosis were fabricated 

using the same rectified 3D orthosis model. On the day the patients fitted with the orthoses, 

immediate radiological in-orthosis exams were taken with both the 3O and the conventional 

orthoses in random sequence decided by the toss of a coin. To eliminate the carry-over effect, 
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the patients in the 3O group were asked to wear the orthosis 2 hours before taking the 

radiological exams and to rest without orthosis for 2 hours before putting on the second orthosis 

(Li et al., 2014).  

3.4.1.6 Statistical Methods 

Clinical results reports followed the recommendations from the SRS and SOSORT consensus 

guidelines (Negrini et al., 2015a). IBM SPSS Statistics (version 21.0, IBM Corp., Armonk, 

United States) was used for statistics with two-tailed and 0.05 significant level. After normality 

tests taking reference from the conformed results of visual graphics test, Skewness and Kurtosis 

tests, two-way mixed analysis of variance (ANOVA) was used to study the continues results, 

such as Cobb angle.  

The continuous intra-group changes of Cobb angle and AVR were analysed by repeated-

measures ANOVA. Post hoc tests utilised Bonferroni correction. Wilcoxon test was utilised 

for the intra-group analysis of the results of the questionnaire including SRS-22r and TAPS. 

For the inter-group comparisons, comparisons in Cobb angle, AVR and compliance results 

were examined by the independent Student’s t-test. Differences in questionnaire results were 

examined by the Mann-Whitney U-Test (on the assumptions for the parametric test is 

inappropriate because of its liker nature). 

3.4.2 Results 

3.4.2.1 Subjects 

During recruitment, a total of 33 patients who met the criteria were approached, and 30 (90.9%) 

patients have consented to participate in the study. All patients have finished three months of 

orthotic treatment and assessments (Figure 38). Initial demographic characteristics and Cobb 

angle are comparable between the 3O and CO groups (Table 12). Though all 30 patients have 
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finished the 3-month follow-up, two orthoses in the 3O group broke a few days before the 3-

month follow-up. Thus, the two radiographic utilised last-observation-carried-forward analysis. 

The ratio of primary curve happened in thoracic: the lumbar region was 10:5 in the 3O group 

as well as the CO3 group. Among the patients in the 3O group, there were two patients had 

thoracic curve >40°. There was 1 patient in the CO3 group had a lumbar curve >40°. 

 

 

Figure 38 Flowchart of patients in the study.  

3O, 3D-printed orthosis; CO3, conventional orthosis. 

 

3.4.2.2 Preliminary Comparisons of the 3D-Printed Orthosis and Conventional Orthosis 

One 3D-printed orthosis and one conventional orthosis were fabricated for every patient in the 
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p<0.001). As demonstrated in Figure 39, the contour of the 3D-printed orthosis relatively 

sharper in visual as compared with the conventional orthosis. 

The thickness of the pressed PE is 6 mm, which has been used in the scoliosis clinic for more 

than ten years. The 3D-printed spinal orthosis was firstly fabricated with 2.5 mm of thickness. 

However, it was decided to change and print with 3 mm of thickness from the fourth patient in 

the 3O group. Because the 3O was too soft that there was a gap in the back in one of the first 

three patients in the 3O group (Figure 40) after tightening the straps. Considering the ethical 

issue and the treatment effectiveness as the priority, changing to 3 mm of thickness could 

increase the strength and rigidity. Fortunately, the immediate in-orthosis correction of this 

patient within 3O was 8.9° (33.4%), which was only 1.4 ° less than within CO. 
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Table 12 The initial demographic characteristics and curve information of the 3O and CO3 groups 

 

3O Group (n=15) CO3 Group (n=15) 

p 

Mean ± SD Range Mean ± SD Range 

Age, years 12.4 ± 0.8 10.7 - 13.9 12.5 ± 1.2 11.1 - 14.7 0.867 

Months after menarche 3.8 ± 5.3 0.0 - 19.0 4.6 ± 4.8 0.0 - 13.0 0.479 

Risser sign 0.9 ± 0.8 0.0 - 2.0 0.6 ± 0.7 0.0 - 2.0 0.369 

Height, cm 153.5 ± 5.5 139.5 - 161.0 149.9 ± 5.4 139.6 - 158.3 0.110 

Weight, kg 39.5 ± 5.6 30.1 - 48.6 39.3 ± 7.5 28.2 - 56.8 0.941 

BMI, kg/m2 16.7 ± 1.7 14.1 - 20.2 17.4 ± 2.7 14.4 - 24.0 0.404 

Primary Cobb angle, ° 32.3 ± 6.7 22.3 – 44.9 29.6 ± 4.8 25.0 – 43.9 0.272 

AVR of P, ° 10.1 ± 7.6 0.7 – 23.3 6.8 ± 5.5 0.0 – 19.3 0.272 

Cobb of P in supine, ° 23.9 ± 4.7 16.8 – 31.1 23.8 ± 4.5 16.7 – 32.3 0.959 

Primary curve region      

In T region, n (%) 10 (66.7%)  10 (66.7%)  1.000 

Cobb angle of T, ° 28.9 ± 8.3 16.7 – 44.9 26.1 ± 5.8 12.0 – 33.1 0.286 

Cobb angle of TL/L, ° 28.2 ± 6.5 19.2 – 37.5 24.4 ± 7.1 13.5 – 43.9 0.135 

Cobb of all curves, ° 28.6 ± 7.3 16.7 – 44.9 25.2 ± 6.4 12.0 – 43.9 0.066 

3O, 3D-printed orthoses; CO3, conventional orthoses; P, primary curve; SD, standard 

deviation; m, meter; cm, centimetre; kg, kilogram; BMI, body mass index. 
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Figure 39 Front and back view of the 3D-printed and conventional spinal orthoses 
(Top, 3D-printed spinal orthosis; bottom, conventional spinal orthosis) 
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Figure 40 The gap on the posterior side when straps were tightened for one patient with a 2.5mm 
thickness 3D-printed orthosis 

 

3.4.2.3 Comparisons within the 3D-Printed Orthoses Group 

SPINAL CURVATURE 

A significant difference of the Cobb angle among the baseline, within the 3D-printed orthosis 

and conventional orthosis, was observed (F (2, 28) = 45.909, p=0.000, ηp
2 =0.766). The 

orthoses fabricated by 3D printing technology and conventional manual methods for the 

patients in the 3O group were shown to be able to provide effective in-orthosis correction 

(p<0.001) as summarised in (Table 13). No significant in-orthosis Cobb angle was observed 

between when the patients were wearing the 3D-printed orthoses and when they were wearing 

the conventional orthoses (p>0.05).  
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For the primary curve, the in-orthosis correction was 1.6° slightly better with the 3D-printed 

orthosis as compared with the conventional orthosis (12.3° vs. 10.7°, p=0.113). And the in-

orthosis correction percentage was 4.4% higher with the 3D-printed orthosis as compared with 

the conventional orthosis (37.0% vs. 32.4%, p=0.088).  

No significant in-orthosis correction or correction percentage of the thoracic curve and all 

curves were observed between the 3D-printed orthosis and the conventional orthosis, except 

thoracolumbar/lumbar curve. The in-orthosis correction was 2.6° better when the patient was 

wearing the 3D-printed orthosis than the conventional orthosis (10.9° vs. 8.3°, p=0.037) and 

the in-orthosis correction percentage was 8.3% higher with the 3D-printed orthosis (37.3% vs. 

29.0% p=0.047). 

 

Table 13 Comparison of in-orthosis Cobb angle with the 3D-printed orthosis and the conventional 
orthosis 

Cobb angle, ° 
Baseline 3O CO p 

Mean ± SD Mean ± SD Mean ± SD BLvs3O BLvsCO 3OvsCO 

P curve (n=15) 32.3 ± 6.7 20.0 ± 5.0 21.6 ± 5.0 < 0.001‡ < 0.001‡ 0.337 

T curve (n=15) 28.9 ± 8.3 19.2 ± 5.8 20.1 ± 6.3 < 0.001‡ < 0.001‡ 0.431 

TL/L curve (n=15) 28.2 ± 6.5 17.3 ± 4.3   19.9 ± 6.0 < 0.001‡ < 0.001‡ 0.111 

All curves (n=30) 28.6 ± 7.3 18.2 ± 5.1 20.0 ± 6.0 < 0.001‡ < 0.001‡ 0.841 

‡p<0.001. P, primary; T, thoracic; TL/L, thoracolumbar/lumbar; SD, standard deviation; BL, 

baseline; 3O, 3D-printed orthosis; CO, conventional orthosis. 

 

APICAL VERTEBRA ROTATION (AVR) 

The AVR results when the patients in the 3O group at baseline, supine position, wearing the 

3D-printed orthoses and the conventional orthoses were summarised in Table 14. The results 

suggest no statistically significant difference was observed comparing the primary curve when 
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wearing two orthoses, neither all other sub-categories. Wearing the conventional orthosis did 

not statistically de-rotated the apical vertebrae for primary curves nor other sub-categories of 

the curves (p>0.05). However, there was a significant 4.2° of de-rotation observed in the 

thoracolumbar/lumbar curve when wearing the 3D-printed orthosis (p<0.05). 

According to the results, it suggests that supine does not have significant de-rotation effect for 

primary curve nor the sub-categories of curves. Comparing to the AVR in a supine position, 

the thoracolumbar/lumbar curve was 4.8° significantly less (p<0.01) when wearing the 3D-

printed spinal orthosis. 

 

Table 14 Comparisons of immediate in-orthosis AVR within the 3O group 

AVR, ° 
Baseline 3O CO p 

Mean ± SD Mean ± SD Mean ± SD BLvs3O BLvsCO 3OvsCO 

P curve (n=15) 10.1 ± 7.6 9.3 ± 7.6 8.5 ± 7.1 1.000 1.000 1.000 

T curve (n=15) 5.1 ± 6.1 6.6 ± 7.8 5.9 ± 7.0 1.000 1.000 1.000 

TL/L curve (n=15) 9.6 ± 7.8 5.4 ± 5.7 6.4 ± 5.5 0.034* 0.195 0.559 

All curves (n=30) 7.3 ± 7.3 6.0 ± 6.7 6.2 ± 6.2 0.854 1.000 0.137 

*p<0.05. P, primary; T, thoracic; TL/L, thoracolumbar/lumbar; SD, standard deviation; BL, 

baseline; 3O, 3D-printed orthosis; CO, conventional orthosis. 

 

3.4.2.4 Spinal Curvature 

Comparisons within the 3O and the CO3 group and between these two groups have been 

conducted. The radiographic results met the normality test. The results of the 2×3 two-way 

mixed ANOVA suggested that there was no significant main effect between the groups and the 

three assessments (F (2, 56) = 1.213, p=0.305, ηp
2 =0.042). However, significant main effect 

among the three visits was observed (F (2, 56) = 77.242, p=0.000, ηp
2 =0.734), suggesting that 

there was large significant effect of orthotic treatment. Bonferroni-adjusted pairwise 
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comparisons indicated that the significant main effect reflected a significant difference between 

baseline and immediate fitted (p<0.001); between immediate fitted and after 3-month follow-

up (p<0.001); as well as between immediate fitted and after 3-month follow-up (p=0.027). 

Similar results as the primary curve were observed on the thoracic curve, thoracolumbar/ 

lumbar and all curves. For the thoracic curve, the results of 2×3 two-way mixed ANOVA 

suggested that there was no significant main effect between the groups and the three 

assessments (F (2, 56) = 0.891, p=0.416, ηp
2 =0.031). However, significant main effect among 

the three visits was observed (F (2, 56) = 44.852, p=0.000, ηp
2 =0.616), suggesting that there 

was large significant effect of orthotic treatment on the thoracic curve.  

Same among the thoracolumbar/lumbar curve, there was no significant main effect between 

the groups and three assessment time point observed (F (2, 56) = 2.950, p=0.061, ηp
2 =0.095). 

While significant curve changes were observed within the two groups (F (2, 56) = 50.439, 

p=0.000, ηp
2 =0.643).  

Furthermore, among the Cobb angle changes of all curves, there was no significant main effect 

between the groups and three assessment time point observed (F (2, 116) = 2.702, p=0.071, ηp
2 

=0.045). While significant curve changes were observed within the two groups (F (2, 116) = 

94.177, p=0.000, ηp
2 =0.619). 

INTRA-GROUP COMPARISONS WITHIN THE 3O GROUP AND THE CO3 GROUP 

To further investigate the intra-group effects, one-way repeated ANOVAs have been conducted 

on the primary curve changes within the 3O group and the CO3 group. With post hoc tests using 

Bonferroni correction, the intra-group comparisons of primary curve, thoracic curve, 

thoracolumbar/lumbar and all curves within both groups are summarised in Table 15. 
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According to the results, the primary Cobb angle statistically significantly changed among 

three appointments in the 3O group (F (2, 28) = 37.383, p =0.000, ηp
2 =0.728) and the COP 

group (F (2, 28) = 41.266, p =0.000, ηp
2 =0.747). Significant immediate in-orthosis correction 

of the primary curve was observed in both groups (p<0.001). The immediate in-orthosis 

corrections of the primary curve were 12.3 ± 6.2° (37.0%) and 13.2 ± 6.0° (44.7%) for the 3O 

group (p<0.001) and the CO3 group (p<0.001), respectively. The radiological exam taken at 

the three months of follow-up was taken within the orthosis. Significant in-orthosis correction 

of the primary curve at 3-month follow-up was observed in the 3O and CO3 groups (p<0.001). 

The 3-month in-orthosis corrections of the primary curve were 10.6 ± 5.2° (32.2%) and 8.3 ± 

27.6° (27.6%) for the 3O group (p<0.001) and the CO3 group (p<0.001), respectively. However, 

the primary Cobb angle in the CO3 group significantly increased by 4.9° comparing the 

immediate and 3-month in-orthosis radiographs (p<0.05) while no significant changes were 

observed in the 3O group (p=1.000). 

Similar results have been observed among the thoracic curve and all curves. The immediate in-

orthosis corrections of the thoracic curve, thoracolumbar/lumbar curve and all curves were 9.8 

± 7.0°, 10.9 ± 6.0°, 10.3 ± 6.5° in the 3O group and 11.3 ± 6.6°, 8.6 ± 6.6°, 9.9 ± 6.6° in the 

CO3 group, respectively. 

For the thoracic curve, significant changes were observed within both the 3O and CO3 groups. 

Result of the one-way repeated ANOVA on thoracic curve suggested significant changes in 

the 3O group (F (2, 28) = 19.204, p =0.000, ηp
2 =0.578) and in the CO3 group (F (2, 28) = 

27.215, p =0.000, ηp
2 =0.660). The immediate in-orthosis correction was significant that it was 

9.8° (31.8%) in the 3O group (p<0.001) and 11.3° (42.2%) in the CO3 group (p<0.001). The 

Cobb angle at the 3-month follow-up was significantly reduced in both groups comparing to 

baseline that there was 7.9° (25.5%) reduction in 3O group (p<0.001) and 6.4° (21.5%) 

reduction in the CO3 group (p<0.001). Besides, the thoracic Cobb angle in the CO3 group 
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significantly increased by 4.9° comparing the immediate and 3-month in-orthosis radiographs 

(p<0.05) while no significant changes were observed in the 3O group (p=0.825). 

 

Table 15 Comparison of the Cobb angle within the 3O and CO3 groups 

Cobb angle, ° 
Baseline IM 3m p 

Mean ± SD Mean ± SD Mean ± SD BLvsIM BLvs3m IMvs3m 

Primary curve       

3O group (n=15) 32.3 ± 6.7 20.0 ± 5.0 21.7 ± 5.1 < 0.001‡ < 0.001‡ 1.000 

CO3 group (n=15) 29.6 ± 4.7 16.4 ± 6.5 21.3 ± 5.0 < 0.001‡ < 0.001‡ 0.027* 

Thoracic curve       

3O group (n=15) 28.9 ± 8.3 19.2 ± 5.8 21.1 ± 5.2 < 0.001‡ < 0.001‡ 0.825 

CO3 group (n=15) 26.1 ± 5.8 14.8 ± 6.1 19.7 ± 4.5 < 0.001‡ < 0.001‡ 0.013* 

Thoracolumbar/lumbar curve     

3O group (n=15) 28.2 ± 6.5 17.3 ± 4.3 17.2 ± 5.3 < 0.001‡ < 0.001‡ 1.000 

CO3 group (n=15) 24.4 ± 7.1 15.8 ± 7.5 18.5 ± 6.6 0.001† 0.001† 0.284 

All curves       

3O group (n=30) 28.6 ± 7.3 18.2 ± 5.1 19.1 ± 5.5 < 0.001‡ < 0.001‡ 1.000 

CO3 group (n=30) 25.2 ± 6.4 15.3 ± 6.7 19.1 ± 5.2 < 0.001‡ < 0.001‡ 0.003† 

‡p<0.001, †p<0.01, *p<0.05. 3O, 3D-printed orthoses; CO, conventional orthoses (in the 3O 

project); BL, baseline; IM, immediate in-orthosis; 3m, 3-month follow-up in orthosis; SD, 

standard deviation. 

 

Similarly, Cobb angle of all curves statistically significantly changed among three 

appointments in the 3O group (F (2, 58) = 52.943, p =0.000, ηp
2 =0.646) and the COP group (F 

(2, 58) = 43.594, p =0.000, ηp
2 =0.601). The immediate in-orthosis corrections of the primary 

curve were 10.3 (34.5%) and 9.9° (38.6%) for the 3O group (p<0.001) and the CO3 group 

(p<0.001), respectively. The 3-month in-orthosis corrections of the primary curve were 9.4° 

(31.7%) and 6.1° (22.0%) for the 3O group (p<0.001) and the CO3 group (p<0.001), 

respectively. However, the primary Cobb angle in the CO3 group significantly increased by 
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3.8° comparing the immediate and 3-month in-orthosis radiographs (p<0.01) while no 

significant changes were observed in the 3O group (p=1.000). 

Among the lumbar curve, significant changes were observed within both the 3O and CO3 

groups. Result of the one-way repeated ANOVA on thoracic curve suggested significant 

changes in the 3O group (F (2, 28) = 36.894, p =0.000, ηp
2 =0.725) and in the CO3 group (F (2, 

28) = 16.932, p =0.000, ηp
2 =0.547). The immediate in-orthosis correction was significant that 

it was 10.9° (37.3%) in the 3O group (p<0.001) and 8.6° (35.0%) in the CO3 group (p<0.001). 

The in-orthosis Cobb angle at the 3-month follow-up was significantly reduced in both groups 

comparing to baseline that there was 11.0° (37.9%) reduction in 3O group (p<0.001) and 5.8° 

(22.6%) reduction in the CO3 group (p<0.001).  

INTER-GROUP COMPARISON BETWEEN THE 3O AND CO3 GROUPS 

The inter-group comparisons of Cobb angle among baseline, immediate in-orthosis and 3-

month follow-up are summarised in Table 16. The results suggest there was no statistically 

significant Cobb angle difference between two groups in terms of primary curve, thoracic curve, 

thoracolumbar/lumbar and all curves at baseline, immediate in-orthosis and 3-month follow-

up. 

However, the in-orthosis correction of thoracolumbar/lumbar curve at 3-month follow-up was 

5.1° and 15.3% significantly better in the 3O group as compared with the CO3 group (p<0.05). 

Also, the in-orthosis correction of all curves at 3-month follow-up was 3.3° and 9.7% 

significantly better in the 3O group than the CO3 group (p<0.05).  

The Cobb angle of primary curve, thoracic curve, thoracolumbar/lumbar curve and all curves 

were significantly reduced in the supine position as compared with baseline in both the 3O and 

the CO3 groups, and the supine correction was not significant between groups (p>0.05).  
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Table 16 Comparisons of spinal curvature between the 3O and CO3 groups 

Cobb angle, ° 
3O Group (n=15) CO3 Group (n=15) 

p 
Mean ± SD Range Mean ± SD Range 

Primary curve 

Baseline 32.3 ± 6.7 22.3 – 44.9 29.6 ± 4.7 25.0 – 43.9 0.272 

Immediate in-orthosis 20.0 ± 5.0 12.4 – 33.1 16.4 ± 6.5 7.8 – 26.4 0.103 

3-month in-orthosis 21.7 ± 5.1 11.0 – 30.2 21.3 ± 5.0 13.2 – 29.7 0.841 

Immediate correction 12.3 ± 6.2 1.3 – 22.8 13.2 ± 6.0 2.8 – 22.0 0.699 

3-month correction 10.6 ± 5.2 0.6 – 21.5 8.3 ± 4.7 -1.9 – 14.3 0.206 

Thoracic curve 

Baseline 28.9 ± 8.3 16.7 – 44.9 26.1 ± 5.8 12.0 – 33.1 0.286 

Immediate in-orthosis 19.2 ± 5.8 9.9 – 33.1 14.8 ± 6.1 6.8 – 25.7 0.055 

3-month in-orthosis 21.0 ± 5.2 9.8 – 30.2 19.7 ± 4.5 13.2 – 27.3 0.457 

Immediate correction 9.8 ± 7.0 -0.8 – 20.5 11.3 ± 6.6 2.4 – 22.0 0.542 

3-month correction 7.9 ± 6.0 0.0 – 21.5 6.4 ± 5.6 -3.0 – 14.3 0.491 

Lumbar curve 

Baseline 28.2 ± 6.5 19.2 – 37.5 24.4 ± 7.1 13.5 – 43.9 0.135 

Immediate in-orthosis 17.3 ± 4.3 9.1 – 23.7 15.8 ± 7.5 3.3 – 26.4 0.516 

3-month in-orthosis 17.2 ± 5.3 8.3 – 27.8 18.5 ± 5.9 10.0 – 29.7 0.538 

Immediate correction 10.9 ± 6.0 -1.9 – 22.8 8.6 ± 6.6 -2.3 – 20.5 0.316 

3-month correction 11.0 ± 5.8 3.2 – 24.0 5.8 ± 4.9 -2.0 – 6.4 0.015* 

All curves 

Baseline 28.5 ± 7.3 16.7 – 44.9 25.2 ± 6.4 12.0 – 43.9 0.066 

Immediate in-orthosis 18.2 ± 5.1 9.1 – 33.1  15.3 ± 6.7 3.3 – 26.4 0.064 

3-month in-orthosis 19.1 ± 5.5 8.3 – 30.2 19.1 ± 5.5 10.0 – 29.7 0.979 

Immediate correction 10.3 ± 6.5 -1.9 – 22.8 9.9 ± 6.6 -2.3 – 22.0 0.808 

3-month correction 9.4 ± 6.0 0.0 – 24.0 6.1 ± 5.2 -3.0 – 14.3 0.027* 

*p<0.05. 3O, 3D-printed orthoses; CO, conventional orthoses (in the 3O project); SD, standard 

deviation. 
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3.4.2.5 Apical Vertebral Rotation (AVR) 

Comparisons within the 3O and the CO3 group and between these two groups have been 

conducted. As the AVR results failed to meet the normality test, the Friedman Test has been 

conducted. Chi-square value of 8.218 which was significant (p=0.042) of the AVR of primary 

curve among the inter-group comparisons and the intra-group comparisons at baseline, supine, 

immediate in-orthosis and 3-month in-orthosis radiological exams. Bonferroni-adjusted results 

suggested no significant changes within either the 3O group or the CO3 group. No significant 

difference has been found between the 3O group and the CO3 group. Similar results of AVR 

were also observed in the thoracic curve and all curves. The results of intra-group comparisons 

of AVR changes within the 3O and CO3 groups are summarised in Table 17.  

 

Table 17 Comparisons of AVR changes within the 3O group and CO3 groups 

AVR, °  
Baseline IM 3m p 

Mean ± SD Mean ± SD Mean ± SD BLvsIM BLvs3m IMvs3m 

Primary curve       

3O group (n=15) 10.2 ± 7.5 9.7 ± 7.2 7.3 ± 6.3 1.000 0.792 1.000 

CO3 group (n=15) 6.8 ± 5.5 5.1 ± 5.7 5.2 ± 5.4 1.000 1.000 1.000 

Thoracic curve       

3O group (n=15) 5.1 ± 6.1 6.6 ± 7.8 5.3 ± 7.0 1.000 1.000 1.000 

CO3 group (n=15) 4.1 ± 3.6 4.9 ± 5.8 3.3 ± 3.7 1.000 1.000 1.000 

Thoracolumbar/ lumbar curve      

3O group (n=15) 9.6 ± 7.8 5.4 ± 5.7 8.8 ± 5.0 0.028* 1.000 0.127 

CO3 group (n=15) 6.0 ± 5.9 4.1 ± 5.0 5.2 ± 6.0 1.000 1.000 1.000 

All curves       

3O group (n=30) 7.3 ± 7.3 6.0 ± 6.7 7.1 ± 6.2 1.000 1.000 1.000 

CO3 group (n=30) 5.1 ± 4.9 4.5 ± 5.3 4.3 ± 5.0 1.000 1.000 1.000 

*p<0.05. 3O, 3D-printed orthoses; CO, conventional orthoses (in the 3O project); SD, standard 

deviation; BL, baseline; IM, immediate in-orthosis; 3m, 3-month in-orthosis. 
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According to the results of AVR in the thoracolumbar/ lumbar curve, supine did not 

significantly reduce the rotation level but slight increase the rotation by 0.7° (from 9.6° to 10.2) 

among the patients in the 3O group. However, after immediate fitting with the 3O, AVR was 

significantly de-rotated by 4.1° (42.7%) in the 3O group (p<0.05). However, no similar results 

were observed in the CO3 group. 

 

Table 18 Comparisons of AVR between the 3O group and the CO3 group 

AVR, °  
3O Group (n=15) CO3 Group (n=15) 

p 
Mean ± SD Range Mean ± SD Range 

Primary curve 

Baseline 10.2 ± 7.5 1.3 – 23.3 6.8 ± 5.5  0.0 – 19.3 0.175 

Immediate in-orthosis 9.7 ± 7.2  0.0 – 26.0 5.1 ± 5.7  0.0 – 17.3 0.138 

3-month in-orthosis 7.3 ± 6.3  0.0 – 24.7 5.2 ± 5.4  0.0 – 18.7 0.197 

Thoracic curve 

Baseline, ° 5.1 ± 6.1  0.0 – 23.3 4.1 ± 3.6  0.0 – 10.7 0.917 

Immediate in-orthosis 6.6 ± 7.8  0.0 – 26.0 4.9 ± 5.8  0.0 – 17.3 0.950 

3-month in-orthosis 5.3 ± 7.0  0.0 – 24.7 3.3 ± 3.7  0.0 – 10.0 0.703 

Thoracolumbar/ lumbar curve 

Baseline, ° 9.6 ± 7.8  0.0 – 21.3 6.0 ± 5.9  0.0 – 19.3 0.173 

Immediate in-orthosis 5.4 ± 5.7  0.0 – 17.3 4.1 ± 5.0  0.0 – 17.3 0.556 

3-month in-orthosis 8.8 ± 5.0  0.0 – 20.0 5.2 ± 6.0  0.0 – 18.7 0.061 

All curves 

Baseline, ° 7.3 ± 7.3  0. 0 – 23.3 5.1 ± 4.9  0.0 – 19.3 0.352 

Immediate in-orthosis 6.0 ± 6.7  0.0 – 26.0 4.5 ± 5.3  0.0 – 17.3 0.648 

3-month in-orthosis 7.1 ± 6.2  0.0 – 24.7 4.3 ± 5.0  0.0 – 18.7 0.063 

3O, 3D-printed orthoses; CO3, conventional orthoses (in the 3O project); SD, standard deviation. 
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There were 6 patients had initial AVR in primary curve >10° in the 3O group, while there were 

2 patients in CO3 group. The inter-group comparisons of AVR are summarised in Table 18. 

The results suggested there was no statistically significant difference of AVR between the 3O 

group and the CO3 group in terms of primary curve nor the other sub-categories of curves at 

baseline, immediate after fitting and after 3 months of orthotic treatment. 

3.4.2.6 Orthosis Wearing Quantity 

The sensor was set to collect 96 temperature data per day with 15 minutes interval. There was 

one patient in the CO3 group missed the appointment to retrieve the sensor data. Last-

observation-carried-forward analysis was utilised for this missing data. According to the results 

summarised in Table 19, there was no significant difference observed between the two groups 

in terms of days with orthosis, days with orthosis no less than 20 hours and the mean daily 

wearing hours.  

The total treatment period lasted 6.7 days more in the 3O group than the CO3 group (85.9 vs. 

79.2 days, p>0.05) and the patients have worn the orthosis 5.8 days more in the 3O group than 

the CO3 group (78.1 vs. 72.4 days, p>0.05). Besides, the average daily wearing hours was 0.2 

hours longer in the 3O group (17.2 vs. 16.9 hours, p>0.05). 

The patients in the 3O group had worn the orthosis >20 hours in averagely 12.2 days, which 

was 15.0% of the treatment period. The patients in the CO3 group had worn the orthosis >20 

hours in averagely 14.4 days, which was 19.4% of the treatment period. However, none of the 

patients had worn the orthosis ≥ 23 hours/day on average. No association was found between 

the group and the wearing among. There was 1 more patient in the 3O group wore the orthosis 

in >80% of the treatment period (13 vs. 12 patients, X2 (1) ≥ 0.240, p =0.624). For the patients 

who had worn >80% of the targeted treatment hours (18.4 hours among 23 hours/day), no 
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association was found between the groups and the compliant level (6 vs. 8 patients, X2 (1) ≥ 

0.536, p=0.464). 

 

Table 19 Comparisons of the usage of orthosis between the 3O and CO3 groups 

 3O group (n=15) CO3 group (n=15) 

p 

Mean ± SD Range Mean ± SD Range 

Days with orthosis, % 92.4 ± 17.3 35.1 – 100.0 91.3 ± 18.3  33.9 – 100.0 0.858 

Daily wearing hours  17.2 ± 3.9  9.6 – 21.8 16.9 ± 4.6  6.1 – 22.5 0.905 

3O, 3D-printed orthoses; CO3, conventional orthoses (in the 3O project); SD, standard deviation. 

 

The orthosis wearing amount was also analysed by dividing the three slots in a day as AM 

(7:00 – 15:00), PM (15:00-23:00) and night-time (23:00-7:00) and the results are demonstrated 

in Figure 41. No significant difference of wearing hours was observed between these two 

groups in terms of AM (p=0.967), PM (p=0.0.556) or night-time (p=0.633).  

However, Significant differences were observed among AM, PM and night-time within both 

groups. In the 3O group, the patients wore averagely 7.0 hours during night-time, which was 

1.2 hours and 2.6 hours significantly longer than they wore in the AM section (p=0.003) and 

PM section (p=0.002), respectively. Moreover, the patients the 3O group wore the orthosis 1.4 

hours significantly longer during the AM section than the PM section (5.8 vs. 4.4 hours, 

p=0.002). Similar results were also observed among the CO3 group that the patients wore 6.7 

hours during night-time, which was 1.1 hours and 2.0 hours significantly long than AM wearing 

(p=0.032) and PM wearing (p=0.002), respectively. These patients wore the orthosis 0.9 hours 

significantly longer in the AM section than the PM section (p=0.023). 
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Figure 41 Wearing hours of the 3O and CO3 groups during 

AM (7:00-15:00), PM (15:00-23:00), and night-time (23:00-7:00) 

 

When analysed the orthoses wearing hours according to the time slot divided as morning 

section (8:00-20:00) and evening section (20:00-8:00), the results suggested that the patients 

wore the orthoses longer in the evening than the morning sections within both the 3O and CO3 

groups (Figure 42). No significant difference in the wearing duration in the morning section 

(p=0.663) and the evening section (p=0.493) was observed between two groups.  

The wearing duration in the morning was 1.4 hours significantly less than the evening among 

the patients in the 3O group (8.0 vs. 9.4 hours, p=0.002). The orthosis wearing duration in the 

morning was 1.1 shorter than in the evening among the patients in the CO3 group (7.8 vs. 8.9 

hours, p=0.088). 
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Figure 42 Wearing duration of the 3O and CO3 groups in the 

morning section (8:00-20:00) and in the evening section (20:00-8:00) 

 

3.4.2.7 Quality of Life (QoL) 

All 30 patients have finished the questionnaire assessments in terms of the SRS-22r in Chinese 

version and the TAPS in Chinese version at baseline and the 3-month follow-up. And all the 

patients have completed the BrQ questionnaire in Chinese version at the 3-month follow-up. 

SCOLIOSIS RESEARCH SOCIETY (SRS) - 22R 

The results of Wilcoxon signed-rank tests the 3O and CO3 groups were summarised in Table 

20. There were four domains of SRS-22r score significantly reduced after three months of 

orthotic treatment in the 3O group, including mean, function, self-image and mental health 

(p<0.05). Besides, there were two domains of SRS-22r score significantly reduced in the CO3 

group including pain and self-image (p<0.05). 

The SRS-22r score of both the 3O group and the CO3 group measured at baseline and 3-month 

follow-up was summarized in Table 21. The results suggested that the mean score of SRS-22 

at baseline was 0.2 significantly higher in the 3O group than the CO3 group (p<0.05) at baseline. 
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Moreover, the score of SRS-22r in satisfaction domain was 0.6 significantly higher in the 3O 

group (p<0.05) at baseline. No significant difference was observed in all domains at 3-month 

follow-up. 

 

Table 20 Changes of SRS-22r score within the 3O and the CO3 group 

SRS-22r score 
Baseline 3-month 

p 
Mean ± SD Mean ± SD 

Mean    

3O group (n=15) 4.5 ± 0.2 4.1 ± 0.6 0.012* 

CO3 group (n=15) 4.3 ± 0.2 4.2 ± 0.3 0.051 

Function    

3O group (n=15) 5.0 ± 0.1 4.4 ± 0.7 0.005† 

CO3 group (n=15) 4.8 ± 0.3 4.6 ± 0.4 0.123 

Pain    

3O group (n=15) 4.8 ± 0.2 4.6 ± 0.6 0.083 

CO3 group (n=15) 4.8 ± 0.2 4.5 ± 0.5 0.046* 

Self-image    

3O group (n=15) 4.0 ± 0.6 3.4 ± 0.9 0.009† 

CO3 group (n=15) 3.9 ± 0.5 3.6 ± 0.4 0.033* 

Mental health    

3O group (n=15) 4.6 ± 0.3 3.9 ± 0.9 0. 007† 

CO3 group (n=15) 4.5 ± 0.4 4.3 ± 0.6 0.187 

Satisfaction    

3O group (n=15) 4.2 ± 0.6 4.0 ± 0.6 0.258 

CO3 group (n=15) 3.6 ± 0.6 3.7 ± 0.6 0.718 

†p<0.01, *p<0.05. 3O, 3D-printed orthoses; CO3, conventional orthoses (in the 3O project); 

SD, standard deviation. 

 

Scores in all domains of SRS-22r were demonstrated in Figure 43. Overall score deduction was 

observed in all domains of SRS-22r in both groups except the satisfaction domain in the CO3 
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group. The changes in the score in all domains showed no significant difference between the 

3O group and the CO3 group. 

 

Table 21 Comparisons of SRS-22r between the 3O and the CO3 group 

SRS-22r score 
3O group (n=15) CO3 group (n=15) 

p 
Mean ± SD Range Mean ± SD Range 

Mean      

Baseline 4.5 ± 0.2 4.1 – 4.9 4.3 ± 0.2 3.9 – 4.7 0.014* 

3-month 4.1 ± 0.6 2.6 – 4.8 4.2 ± 0.3 3.6 – 4.6 1.000 

Baseline – 3-month 0.5 ± 0.6 -0.2 – 1.8 0.2 ± 0.3 -0.3 – 0.8 0.393 

Function      

Baseline 5.0 ± 0.1 4.8 – 5.0 4.8 ± 0.3 4.0 – 5.0 0.153 

3-month 4.4 ± 0.7 2.6 – 5.0 4.6 ± 0.4 4.0 – 5.0 0.467 

Baseline – 3-month 0.5 ± 0.7 0.0 – 2.2 0.2 ± 0.5 -0.8 – 1.0 0.162 

Pain      

Baseline 4.8 ± 0.2 4.4 – 5.0 4.8 ± 0.2 4.4 – 5.0 0.634 

3-month 4.6 ± 0.6 3.2 – 5.0 4.5 ± 0.5 3.8 – 5.0 0.586 

Baseline – 3-month 0.3 ± 0.6 -0.6 – 1.2 0.3 ± 0.5 -0.4 – 1.2 0.898 

Self-image      

Baseline 4.0 ± 0.6 3.2 – 5.0 3.9 ± 0.5 3.4 – 5.0 0.851 

3-month 3.4 ± 0.9 1.6 – 4.8 3.6 ± 0.4 3.0 – 4.4 0.490 

Baseline – 3-month 0.6 ± 0.9 -0.2 – 3.0 0.3 ± 0.5 -0.5 – 1.4 0.599 

Mental health      

Baseline 4.6 ± 0.3 4.2 – 5.0 4.5 ± 0.4 3.6 – 5.0 0.472 

3-month 3.9 ± 0.9 2.0 – 5.0 4.3 ± 0.6 2.8 – 5.0 0.257 

Baseline – 3-month 0.7 ± 0.9 0.0 – 2.6 0.2 ± 0.6 -0.4 – 1.4 0.112 

Satisfaction      

Baseline 4.2 ± 0.6 3.0 – 5.0 3.6 ± 0.6 2.5 – 4.5 0.037* 

3-month 4.0 ± 0.6 3.0 – 5.0 3.7 ± 0.5 3.0 – 4.5 0.240 

Baseline – 3-month 0.2 ± 0.5 -1.0 – 1.0 -0.1 ± 0.7 -2.0 – 1.0 0.410 

*p<0.05. 3O, 3D-printed orthoses; CO3, conventional orthoses (in the 3O project); SD, standard 

deviation. 
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Figure 43 The SRS-22r score measured at baseline and 3-month follow-up of the 3O group (top) and 
the CO3 group (bottom), †p<0.01, *p<0.05. 

 

TRUNK APPEARANCE PERCEPTION SCALE (TAPS) 

The TAPS was a Likert scale containing with five figures in each set, the higher score 

indicating the worse self-perception of the trunk appearance in terms of the back, hump and 

front. Changes of TAPS level of two groups were demonstrated in Figure 44. There was no 

significant difference in the perception of back view, hump, and front view between the 3O 

and CO3 groups at baseline and 3-month follow-up. No significant changes were observed 

within each group neither. Generally, the TAPS level in the CO3 group was slightly higher than 
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the 3O group at both baseline and 3-month follow-up, indicating the worse perception in terms 

of the back, hump and front view in the CO3 group. In addition, the TAPS level of 3 aspects 

slightly decreased from baseline to 3-month follow-up in the 3O group. 

 

 

 

Figure 44 The TAP score measured at baseline and 3-month follow-up of  
the 3O group (top) and the CO3 group (bottom) 
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BRACE QUESTIONNAIRE (BRQ) 

The score of brace questionnaire (BrQ) specifically indicates the perception of orthotic 

treatment for patients with AIS. The higher the score indicates the better perception towards 

the orthosis. According to the results, the mean BrQ score of 3 domains among nine aspects 

was slightly higher in the 3O group than CO3 group, including school activity, body pain and 

social functioning. The comparisons of the BrQ score were summarised in Table 22 and Figure 

45.  

 

Table 22 Comparison of BrQ score between the 3O group and CO3 groups at 3-month follow-up 

BrQ score 

3O group (n=15) CO3 group (n=15) 

p 

Mean ± SD Range Mean ± SD Range 

Total 78.9 ± 13.8 49.4 – 94.1 79.9 ± 7.5 64.1 – 92.4 0.663 

General health 68.0 ± 15.2 40.0 – 100.0 68.7 ± 14.1 50.0 – 100.0 0.898 

Physical functioning 77.5 ± 14.0 48.6 – 91.4 78.7 ± 12.2 60.0 – 97.1 0.983 

Emotional functioning 72.3 ± 18.2 36.0 – 100.0 75.5 ± 12.8 52.0 – 92.0 0818 

Self-image and aesthetics 56.0 ± 21.3 30.0 – 100.0 57.3 ± 24.9 20.0 – 100.0 0.817 

Vitality 68.0 ± 21.8 40.0 – 100.0 64.7 ± 16.8 40.0 – 90.0 0.689 

School activity 83.6 ± 15.9 53.3 – 100.0 84.0 ± 10.0 60.0 – 100.0 0.642 

Body pain 91.6 ± 16.4 36.7 – 100.0 90.9 ± 10.8 66.7 – 100.0 0.505 

Social functioning 85.0 ± 16.2 37.1 – 100.0 87.0 ± 10.6 68.6 – 100.0 0.884 

3O, 3D-printed orthoses; CO3, conventional orthoses (in the 3O project); SD, standard deviation. 
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Figure 45 The BrQ score measured at 3-month follow-up of the 3O group and the CO3 group 

 

 

- Lin, Y.*, Cheung, J. P. Y., Chan, C. K., Wong, S. W. Fai, Cheung, K. M. C., Wong, 

M. M., Wong, W. C., Cheung, P. W. H., Wong, M. S. Clinical effect of 3D-printed 

spinal orthosis for management of adolescent idiopathic scoliosis: a randomised 

controlled trial. European Spine Journal. (To be submitted in Jan 2020) 

 

3.5 PHASE III – THE COST-EFFECTIVENESS  

3.5.1 Research Methods 

The prospective study was conducted with patients’ recruitments discussed in section 3.4.1.2 

in Phase II. There were 15 female patients recruited in the 3D-printed orthosis group. One 3D-

printed orthosis and one conventional orthosis were fabricated for each of the patients in the 

3D-printed orthosis group based on the same rectified 3D model tailored made for her. 

 In order to have the same rectification skill, only one single orthotist and two artisans were 

involved in this study. The orthotist had more than 20 years of clinical experience in treating 
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patients with AIS with thoracic-lumbo-sacral orthosis and more than 1-year experience of using 

the CAD/CAM to design and fabricate spinal orthoses. Both artisans had more than 7 years of 

experience of thoracic-lumbo-sacral orthosis fabrication and more than 1-year experience of 

using CAM to fabricate spinal orthoses. Besides, each of the artisans was responsible for 

specific procedures during the fabrication for all 15 patients in this study. 

The time, manpower and materials cost of each design and fabrication steps were recorded. 

The time, material and manpower of the scanning and rectification procedures were reported 

since both the 3D-printed spinal orthosis and the conventional orthosis share the same rectified 

3D model. The following fabrication procedures were compared between the 3D-printed spinal 

orthosis and the conventional orthosis.  

SCANNING AND RECTIFICATION 

The orthotist firstly explained the disease and treatment protocol to the patients and their 

parents, in terms of X-ray, details of scanning and the follow-up arrangements. In the scanning 

process, patients were instructed to lay on a purpose-design bed specifically for spine scanning 

in the supine position (Figure 37). The details of scanning were described in section 3.4.1.2 in 

Phase II. The scanned model was then rectified in the computer by the orthotist (Figure 15). 

The mean processing time taken from the medical advice/education, scanning and rectification 

by the orthotist were studied.    

FABRICATION OF THE SPINAL ORTHOSIS BY 3D PRINTING TECHNOLOGY 

After the technician receiving the rectified 3D model in .STL format for 3D printing used, the 

technician aligned the 3D model in proper printing position and export it to the 3D printing 

machine. Installation of the material roll has been conducted before the printing job starts. The 

printing nozzle heated Nylon-12 filament to 353 ℃ and extruded it to form the spinal orthosis 
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in the printing machine layer by layer (Figure 46). The operation duration by the technician 

and printing duration were recorded. The technician conducted post-treatment by removing the 

bottom support stand and soaked the orthosis in water.  

 

 

Figure 46 Printing process by the FDM technique using Nylon-12 material 

 

FABRICATION OF THE SPINAL ORTHOSIS BY CONVENTIONAL METHOD 

The positive casts were carved from PU foams according to the rectified 3D model controlled 

by the artisan A (Figure 16). Artisan B measured the size of the carved cast of the patient and 

cut the PE plastic sheet as needed. After heating the PE plastic sheet in the oven by artisan A 

putting with 180 ℃ for 13 mins, both artisans (A & B) then conducted the moulding covering 

the heated PE plastic sheet on the positive cast and forming by vacuum until sealed. During the 
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vacuum period, artisans trim the extra PE sheet by scissor. The vacuum lasted around 5 mins 

until the PE cooled down to non-transparent. The formed spinal orthoses were then put in room 

temperature until fully cool down to room temperature.  

POST-PRODUCTION 

Both of the 3D-printed orthosis and the conventional orthosis were post-produced by the artisan 

A using the same method before fitted to the patient. The orthoses were refined in a tandem 

approach including trimming and straps attaching. During the patient was fitted with the 

orthosis, the time of measurement and adjustment of the orthoses were recorded. Fine polishing 

(Figure 47), re-shaping and pressure pads adding were conducted during the fitting day.  

 

 

Figure 47 Sanding the 3D-printed spinal orthosis by artisan A 
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3.5.2 Results 

Fifteen patients were recruited to compare the cost-effectiveness between the 3D printing 

method and the conventional fabrication method of the orthoses for AIS. The mean age was at 

the diagnosis of idiopathic scoliosis was 12.4 ± 0.8 years. The mean BMI was 16.7 ± 1.7 kg/m2 

with mean height as 153.5 ± 5.5 cm and mean weight as 39.5 ± 5.6 kg. All of the patients had 

a scoliosis curve pattern as right thoracic and left lumbar. The mean Cobb angle of the primary 

curve was 32.3 ± 6.7°. 

SCANNING AND RECTIFICATION 

The mean education duration the orthotist provide to the patients during the scanning day was 

24.3 minutes, including the explanation of the natural history of scoliosis, the treatment 

methods of scoliosis, the current treatment protocol and the scanning arrangement. The whole 

scanning took 11.3 minutes, including changing clothes and preparations. The scanning 

procedure averagely took 1.1 minutes.  

Rectification of the 3D spinal orthosis model took the orthotist 28.2 minutes, 23.9 minutes for 

orthosis rectification and 4.3 minutes of aligning the model for carving purpose. Because the 

PU foam may be reused, thus, the alignment of the carved model can save materials. 

COMPARISON OF FABRICATING TIME 

The mean fabrication time was summarised in Table 23. The average fabrication time of spinal 

orthosis using 3D printing method was 4.6 times significantly longer than using the 

conventional method (p<0.001). Printing program was interrupted in one 3D printing job due 

to the nozzle problem. Replacement of the printing nozzle took it 15.0 minutes, and it took 30.0 

minutes to conduct the machine calibration afterwards. Thus, this time cost was averaged and 

analysed in the total time cost of 3D printing method. It took about 300.0 minutes to dry all the 
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material, which also need to be considered in the later application. There was one failure 

moulding case when using the conventional method because of the unevenly forming, and thus 

it took the artisans 107.1 minutes more to conduct another moulding.  

The time cost during fitting was 1.7 times (12.1 minutes) longer when fine adjusting the 3D-

printed orthosis comparing to the conventional orthosis. There was an adaptation period for the 

orthotist and artisans to adjust to modify the 3D-printed orthosis with the existing tools. After 

the adaptation period, the trimming and sanding still cost longer duration for the 3D-printed 

orthosis as compared with the conventional PE orthosis. The 3D-printed orthosis was more 

brittle as compared with the conventional orthosis and thus the trimming needed to be 

conducted more slowly and followed the trim line as vertical as possible to the filament printing 

direction. Besides, since the melting point of Nylon-12 is lower than PE, the sanding should be 

done with lower speed. The heating and cooling period were relatively shorter of the 3D-printed 

orthosis. 
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Table 23 Mean fabrication time of the 3D-printed orthosis and the conventional orthosis 

3D printing method Time, m Conventional method Time, m 

Fabrication 1370.9 Fabrication 297.4 

Alignment of the model 10.0 Installation of PU foam 0.9 

Drying material 20.0 Operate the carving machine 0.9 

Installation of the material 5.5 Carving the positive cast 69.5 

Operate the printer 0.7 Finishing carving and cleaning 3.9 

Printing 1304.5 Preparation of moulding 5.2 

Post-process 19.7 Heating the PE sheet 13.5 

Printer head replacement 1.0 Moulding 17.2 

Machine calibration 2.0 Vacuum 3.7 

Trimming 3.2 Removing the extra PE material 1.0 

Fixing the straps and buckles 4.3 Removing the model 5.3 

  Cooldown 165.5 

  Removing the orthosis 3.0 

  Trimming 1.4 

  Cleaning the orthosis 2.0 

  Fixing the straps and buckles 4.4 

Fitting 30.5 Fitting 18.4 

Cleaning 2.3 Cleaning 2.1 

Trimming 4.2 Trimming 0.8 

Adjustments by heating 7.6 Adjustments by heating 9.2 

Sanding and polishing 16.4 Sanding and polishing 6.3 
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COMPARISON OF FABRICATING COST 

The cost of spinal orthoses fabrication by both 3D printing method and the conventional 

method was summarised in Table 24. The material cost for each 3D-printed orthosis was 

calculated as the amount of Nylon-12 filament in weight (g) × unit cost ($ HKD). The average 

material cost for the 3D-printed orthosis was 3853.2 ± 930.1 $ HKD (ranged 3072.0 – 6966.7 

$ HKD, SD). An error has occurred during the fabrication of one of the 3D-printed orthoses. 

Thus, the printing job has been restarted. Moreover, the material cost for each conventional 

orthosis was calculated as the sum of the cost for PU foam and PE plastic sheet. The average 

cost for a conventional orthosis was 973.3 ± 90.4 $ HKD (ranged 950.0 – 1300.0 $ HKD). The 

unit cost for each PU foam was 600.0 $ HKD, and the PE plastic sheet for each orthosis was 

350 $ HKD. One orthosis fabricated by conventional method needed to be re-conducted, and 

thus two plastic sheets have been used. The material cost for a 3D-printed orthosis was four 

times significantly more expensive than the conventional orthosis by 2879.9 $ HKD (p<0.001).  

The cost for the CAD system was 62,540.0 $ HKD including the 3D scanner, 3D scanning 

software and the 3D rectification software. The 3D printing machine cost 3.8 million $ HKD. 

The machines cost for the conventional orthoses was 277,765 $ HKD, included the carving 

machine (62,540.0 $ HKD), oven (167,191.0 $ HKD) and the vacuum machine (48,034 $ 

HKD). The total cost of the CAD/CAM system for 3D printing method was 3,862,540.0 $ 

HKD. The total cost of the CAD/CAM system for the conventional method was 125,080.0 $ 

HKD.  

Moreover, the cost of each 3D-printed orthosis with machines cost included, was 261,355.9 ± 

930.1 $ HKD while the cost for each conventional orthosis was 23,660.3 ± 90.4 $ HKD. The 

unit cost included the CAD/CAM systems to fabricate the 3D-printed spinal orthoses was 11.0 

times more expensive than to fabricate the conventional orthosis by 237,695.6 $ HKD 
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(p<0.001). Assuming there are ten orthoses fabricated in one clinic weekly, there are 522 

orthoses fabricated yearly.  

 

Table 24 Cost comparisons between 3D-printed and conventional spinal orthoses 

3D-printed orthosis, $ HKD Conventional orthosis, $ HKD p 

CAD system 62,540.0 CAD system 62,540.0  

3D printer 3,800,000.0 Carving machine 62,540.0  

  Oven 167,191.0  

  Vacuum machine 480,034.0  

Material cost 3,853.2 ± 930.1 Material cost 973.3 ± 90.4 < 0.001‡ 

Unit cos 261,355.9 ± 930.1 Unit cost 23,660.3 ± 90.4 < 0.001‡ 

‡ p<0.001. HKD, Hong Kong Dollar 

 

The overall unit cost for each orthosis will decrease gradually. If the clinic fabricates 522 

orthoses in a year, the unit cost is 11,252.7 $ HKD and 1,625.3 $ HKD if apply 3D printing to 

fabricate and use the conventional method to fabricate, respectively. The unit cost after 

applying 3D printing technology to fabricate the orthoses for two years, three year, four years 

and five years will be estimated as 7,553.0 $ HKD, 6,319.7 $ HKD, 5,703.1 $ HKD and 5,333.1 

$ HKD respectively. Similarly, the unit cost after using the conventional method to fabricate 

the orthoses for two years, three year, four years and five years will be estimated as 1,299.3 $ 

HKD, 1,190.6 $ HKD, 1,136.3 $ HKD and 1,103.7 $ HKD respectively. Thus, the overall 5-

year unit cost for one 3D-printed spinal orthosis is 4.8 times more expensive than the 

conventional orthosis by 4,229.4 $ HKD. 
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- Lin, Y., Chan, C. K., Wong, S. W. F., Cheung, J. P. Y., Wong, W. C., Wong, M. C. M., 

Cheung, K. C. M., Wong, M. S. Cost-effectiveness and efficiency of 3D printing 

technology in fabrication of orthoses for patients with adolescent idiopathic scoliosis. 

European Spine Journal. (To be submitted in Feb 2020) 

 

3.6  DISCUSSION 

This study utilised 3D printing technology in the design and fabrication of the orthosis for 

patients with AIS. The feasibility of applying 3D printing in fabrication was tested, and 

laboratory results were provided. Clinical evaluation in terms of spinal curvature, wearing 

duration and quality of life (QoL) were investigated. In addition, the cost efficiency of this 

application was also discussed. 

3.6.1 FEASIBILITY OF APPLYING 3D PRINTING TECHNOLOGY IN ORTHOTIC TREATMENT FOR AIS 

Some attempts have applied 3D printing technology in medical application, including 

treatments for AIS patients. However, most of the applications were surgery based. Studies 

have applied 3D printing technology to fabricate the aiming regions of vertebras for surgical 

planning or rehearsal (Chen et al., 2015, Yang et al., 2015). Binder jetting (BJ) 3D printing 

technique with plaster or material jetting (MJ) 3D printing technique with ABS usually printed 

these kinds of models. The requirements for these 3D vertebra models are rigidity, and the 

printer can be a small size.  Besides, there were some spinal orthoses fabricated. However, to 

the best of the knowledge, most of them are commercial products without published evidence 

(Hill, 2014, Howarth, 2016), in terms of technical details of 3D printing techniques and 

materials, durability, effectiveness nor the patients’ feedback.  
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This study would like to provide scientific evidence of the feasibility applying 3D printing in 

the orthosis design and fabrication for AIS, thus as preliminary 3D printing techniques and 

materials selection has been conducted. As the specificity of each material was provided by 

some existing database or the 3D printing companies, this study conducted a preliminary 

comparison between the 3D-printed samples and the conventional PE sample by simplified 

mechanical tests. According to the literature, this study excluded some inappropriate 3D 

printing techniques and materials. A laboratory test was purposely conducted based on the 

clinical requirements, such as the durability, flexibility, rigidity and comfort level. Besides, 

most of the spinal orthoses were relatively small compared to most of the orthoses users, for 

example, only limited to the lumbar region or for the patients with small trunk size. Thus, this 

study was able to provide some scientific evidence of the decision.  

As the rapid technology developments, some of the 3D printers can fabricate large size products, 

even the building. According to the screening, this study suggested the FDM technique can be 

applied to the spinal orthosis, with benefits like fast fabrication, low cost, and large fabrication 

size. Thermoplastic Nylon-12 can also provide appropriate flexibility as well as rigidity for 

correction of the spinal curvature. Furthermore, after the laboratory testing, this study 

suggested the 3D-printed orthoses can be fabricated by FDM technique and Nylon-12 material. 

3.6.2 LABORATORY PERFORMANCE OF THE 3D-PRINTED SPINAL ORTHOSIS 

The technology of 3D printing is computer-aided manufacture, and all are under digital 

controlled, it could avoid the accumulated error caused by different procedures of the manual 

fabrication. Thus, spinal orthosis fabricated by 3D printing was assumed to deviate less from 

the original design of the 3D model as compared with the conventional orthosis fabricated by 

conventional manual method. However, according to the results of the laboratory test, the 3D-

printed orthosis showed no significantly higher accuracy compared to the conventional method. 
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It rejected the hypothesis of this study. The potential reason may be due to the rapid 

development of technologies, the CAD/CAM was applied in the spinal orthosis design and 

fabrication. Most of the procedures can be conducted in the computer, including the positive 

casting has been replaced by 3D scanning; the manual positive casting could be carved under 

a computer-controlled machine. Thus, the accumulated error could be decreased by avoiding 

manual fabrication, which is mainly relied on the experience. On the other hand, the vacuum 

method could increase the conform level when moulding the PE plastic sheet on the positive 

cast comparing to the manual wrapping method.  

In the mimicked 3-year orthosis wearing test, the 3D-printed orthosis fabricated with FDM 

technique and Nylon-6 material broke. Stratasys Ltd. provided Nylon-6 material for the testing 

model. However, they stopped producing Nylon-6 before the clinical evaluation because of 

unstable performance, without detailed information. Though the results of the mechanical tests 

in this study showed no significant difference between FDM Nylon-6 and FDM Nylon-12, the 

mimicked test result did reflect their claimant.  

In contrast, both of the 3D-printed orthosis and the conventional orthosis could provide similar 

durability without significant deformities. It indicated that the 3D-printed orthosis made from 

FDM Nylon-12 was able to provide durable orthotic treatment for clinical application. 

However, the deforming level was more severe of the 3D-printed orthosis as compared with 

the conventional PE orthosis. One of the possible reasons was the significant smaller thickness 

in the 3D-printed orthosis (2.5 vs. 6mm), which might influence the roughness. Besides, it 

could be the main difference of the properties between the compressed PE, and the FDM 

printed Nylon-12, which could be able to provide flexibility and rigidity as a spinal orthosis. 

Thus, compressed PE was widely used for more than ten years all over the world.  
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For the looseness of the spinal orthosis, it may be able to be offset by more tightened straps. In 

contrast, the 3D-printed orthosis tended to be shrunk. One of the limitations of this study was 

that it could only provide the information of the diameters and the 3D overall measurements of 

deviations between two 3D images, but no change of the direction and magnitude of the 

corresponding apical area was provided. However, the build-in correction area for the 

corresponding area could deviate from the original design due to the looseness of the orthosis 

even tightened the straps. Furthermore, clinical evidence of in-orthosis correction was also 

provided in this study for further evaluation.  

About the comfort level when the patients are wearing the orthoses, peak value and changes of 

temperature and humidity may be able to present the difference of ventilation level of the 

orthoses. According to the results of laboratory tests, the peak value of temperature showed no 

significant difference between the 3D-printed orthosis and the conventional orthosis, due to the 

consistent skin temperature and environmental temperature. However, the dissipation speed of 

heat was better of the 3D-printed orthosis. One of the possible reasons were the reduced 

thickness.  

3.6.3 THE TREATMENT EFFECTIVENESS OF THE 3D-PRINTED SPINAL ORTHOSIS 

This study controlled the confounding factors of the different design, fabrication and fitting, 

which are relied mainly on the experience of the orthotist. This study conducted the above 

procedures by one single experienced orthotist. Measurements were also conducted by one 

single researcher who was blinded to the group assignment.  

Orthotic treatment is commonly prescribed for immature patients with moderate AIS (25-40°) 

(Weinstein et al., 2013). However, the treatment effectiveness of orthoses can be influenced by 

many parameters, such as the maturity status (Lonstein et al., 1984), initial curve magnitude 

and curve pattern (Lonstein et al., 1984, Katz et al., 2001), in-orthosis correction (Upadhyay et 
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al., 1995, Clin et al., 2010b) and the patients compliance (Landauer et al., 2003, Weiss et al., 

2011, Karol et al., 2016b). In this randomised control trial, the initial demographic and scoliotic 

curve were comparable between the 3O and CO3 groups and the mean primary Cobb angle was 

2.7° slightly more substantial in the 3O group than the CO3 group (p=0.272). Besides, the 

flexibility level was not significant between the 3O and the CO3 groups according to Cobb 

angle changes in the supine position (He et al., 2017, Cheung et al., 2018). These results 

suggested that the initial parameters were comparable between the two groups.  

The in-orthosis correction after immediate fitting and after 3-month treatment of the 3O (37.0% 

and 32.2%, p<0.001) was as effective as the CO3 (44.7% and 27.6%, p<0.001). Furthermore, 

the in-orthosis correction of both groups was superior to the 25% threshold described in the 

previous study (Katz et al., 2001). Lou’s team suggested the in-orthosis correction of primary 

curve among 40 patients with AIS was 40%, which was similar to the current study (Lou et al., 

2016). However, the in-orthosis correction of all curves among the patients in the 3O group 

(34.5%) and the CO3 group (38.6%) was slightly less than the previous study among 35 patients 

with AIS (41%) (He et al., 2017). One of the possible reasons is the different flexibility that 

the supine flexibility in the 3O group was 26% and it was 17.1% in the CO3 group, while it 

was 40% according to He’s result (He et al., 2017). 

Moreover, the Cobb angle did not change significantly within the 3O group between immediate 

fitting and after 3-month orthotic treatment in terms of primary curve, thoracic curve, 

thoracolumbar/lumbar curve and all curves. While the in-orthosis Cobb of primary curve 

(p<0.05), thoracic curve (p<0.05) and all curves (p<0.01) indicated significant increasement 

within the CO3 group from the immediate fitting to the 3-month follow-up. The CO3 fabricated 

from plastic PE sheet were relatively softer than the 3O, which might be easier to fatigue. 

Besides, the patients with the 3O might have a more active correction from the spinal muscle 
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contractions (Wynarsky et al., 1991, Kotwicki et al., 2008) to avoid the pressure by the rigid 

surface.  

The CO did not show significant de-rotation effect while the 3O had significant AVR reduction 

after immediate fitted. The direction of the corresponding apical area for correction mainly 

relies on the orthotist’s decision. However, the final product of the spinal orthosis may not fully 

conform with the original 3D design by the orthotist due to the accumulated error during several 

steps of fabrication. By the application of 3D printing technology, direct fabrication can be 

beneficial of avoiding the manual fabrication procedures including the carving of the positive 

cast, micro-adjustments of the positive cast and orthosis moulding. Thus, the better accuracy 

of fabrication according to the orthotist’s design, may contribute to the de-rotation effect as 

planned. 

3.6.4 ACCEPTANCE OF THE ORTHOSES 

The weight of the 3O was significantly lighter than the CO3 (p<0.001). What is more, the 

patients claimed the 3O were more conformed with the body contour as compared with the 

CO3 during the fitting appointment. However, there 2 of the eligible patients declined to 

participate because of the concern of black colour in the 3O. According to the results, the 

patients’ acceptance in terms of the wearing attitude was not worse than the CO in skin colour. 

In addition, there was no significant difference among the patients’ wearing attitude was 

observed between the two groups in the study period.  

The results of the QoL in this study are consistent with the results by previous studies (Cheung 

et al., 2007b, Brigham et al., 2017). However, worse QoL results were observed in the 3O 

group as compared with the CO3 group. The score of SRS-22r was significantly higher at 

baseline, but four among six domains significantly decreased after three months of orthotic 

treatment in the 3O group (p<0.05). While there were two among six domains significantly 
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decreased observed after three months of treatment in the CO3 group (p<0.05). According to 

the oral description by the patients, no perceptible difference of weight could be found when 

wearing these two orthoses. The significantly different results of SRS-22r at baseline may be 

highly related to the QoL assessment time. The QoL assessment was conducted right after the 

consent and the announcement of the group assignment. The patients and their parents have 

shown excitement about the opportunity of receiving the orthoses fabricated by state-of-the-art 

technology - 3D printing technology. It is one of the limitations of this study. For further 

investigations, the QoL assessments at baseline can be conducted before orthosis fitting. 

The results of QoL or the perception of self-image was not influenced by orthotic treatment by 

the 3O or the CO3 in the current study. Some previous studies reported that orthotic treatment 

would negatively impact the QoL during the treatment period (Matsunaga et al., 2005, 

Sapountzi-Krepia et al., 2006, Pham et al., 2008, Danielsson et al., 2010). In contrast, the result 

in this study corroborates the previous studies suggesting the orthotic treatment did not 

negatively impact the body image and QoL (Olafsson et al., 1999, Merenda et al., 2011, 

Schwieger et al., 2016). 

According to the previous studies, the female patients who were prescribed with part-time 

treatment (16-18 hours/day) tended to have less effect on QoL compared to those who were 

prescribed with full-time orthotic treatment (20-23 hours/day) (Pham et al., 2008, Deceuninck 

et al., 2012, Misterska et al., 2012, Schwieger et al., 2016). These studies suggested that the 

patients would not wear longer than the prescribed 16 hours/day. The patients in the current 

study wore 17.2 hours of the 3O and 16.9 hours of the CO3, which is consistent with the 

previous studies and slightly longer (Deceuninck et al., 2012, Miller et al., 2012). The 

proportion of the studied patients who had worn the orthosis >20 hours/day, was larger in the 

current study compared to the previous study (3O group: 33.3%, CO group: 26.7%) suggesting 

a 22.7% (Konieczny et al., 2017). The installation of temperature sensor and reminder from 
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time to time might have contributed to the longer orthosis wearing duration (Miller et al., 2012, 

Karol et al., 2016b).  

The patients in the current study wore the orthosis more during the school hours (7:00-15:00) 

than the off-school period (15:00-23:00), which is consistent with the previous study 

(Nicholson et al., 2003, Korovessis et al., 2007). They suggested that the orthosis wearing hours 

tended to be guaranteed during school hours, and the possible reason was suggested that the 

school uniform was able to cover the orthosis reported by the parents. The wearing duration in 

the bedtime is significantly longer than daytime in the current study. One of the possible 

reasons is that the patients care about the fashion issue (Lindman, 1999, Matsunaga et al., 2005) 

and thus preferred to wear the orthosis at home. 

3.6.5 POSSIBLE ISSUES DURING CLINICAL PRACTICE 

Two 3D-printed orthoses broke a few days before the 3-month follow-up, which were contrast 

to the results of the laboratory testing. The cracking parts were aligned with the deep filament 

gap (Figure 48) resulted from the program error. This error happened during the FDM machine 

switching the finished roll of filament to another new roll of filament. The printing program 

did not automatically stop and continue the printing project without filament. Also, the printed 

parts of filaments have cooled down before the new layers of the filament was projected. Thus, 

the adherence was lower than the other parts.  
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Figure 48 The gap of the 3D-printed orthosis due to program error 

 

It is suggested to install a new roll of filament material for each printing jobs to avoid the 

mentioned gap during printing. For future studies about the 3D-printed orthosis, a conventional 

orthosis is suggested to be fabricated to the patient as well. In case there is any fatigue, broken 

or ineffective treatment effect. 

3.6.6 COST-EFFECTIVENESS 

Though 3D printing technology has its advantages such as human resources saving, 

environmentally friendly and more flexibilities of design, according to the results provided in 

this study, the time to fabricate a 3D-printed spinal orthosis was 4.6 times longer than a 

conventional spinal orthosis. Usually, in the scoliosis clinic can fabricate about eight orthoses 

in three days. The orthotists and artisans usually carve four positive casts in the morning and 

mould four orthoses in the afternoon. Then the moulded orthoses are left overnight to cool 
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down. On the other day, the orthotists and artisans will remove the orthoses and conduct the 

post-treatments like fixing the straps and buckles while the carving machine is milling another 

four positive casts. Though 3D printing can allow spinal orthoses to be fabricated with much 

less human resources, the productivity may not be able to fulfil the current clinical demands. 

Due to the limited size of clinics, each clinic may only be able to put one 3D printer which can 

print orthoses for trunk size. Thus, the clinic may only be able to provide one orthosis in three 

days. Usually, the clinic fabricates ten orthoses to the patients with AIS a week. Applying 3D 

printing method to fabricate the orthoses may limit the served number of patients with AIS to 

2 in a week. In this scenario, fabricating the orthoses by 3D printing may not be able to fulfil 

the clinical demands. 

Nevertheless, central fabrication may be beneficial for the 3D printing process. The upgraded 

technologies may allow the parents or community clinicians to scan the body contour with the 

mobile devices and send the 3D body image to orthotists for rectification. The rectified model 

can be sent to 3D printing centre for mass-producing. Thus, the processing duration can be 

significantly shortened. 

The machine cost of 3D printing method was 11.4 times more expensive than the machine cost 

of the conventional fabrication method. With the total amount of patients increased, fixed costs 

can be evenly distributed to each patient and thus to reduce the unit cost. However, the materials 

cost for each 3D-printed orthosis was about 4.0 times higher than the conventional one. The 

machines were assumed to be functioning well within five years. After serving the patients for 

five years, the unit cost for each patient with orthotic treatment was 4.8 times more expensive 

for the 3D-printed orthosis as compared with the conventional orthosis (5333.1 vs. 1103.7 

$HKD). In Hong Kong, the medical service is mostly supported by the government, wildly 

providing the 3D-printed orthosis may result in a financial burden to other resources supports. 

However, the material cost can be reduced shortly. 
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3.6.7 CAN 3D PRINTING TECHNOLOGY REPLACE THE CONVENTIONAL METHOD? 

This study suggested that the application of 3D printing technology in design and fabrication 

of spinal orthosis for AIS is feasible and some benefits can be achieved. As a spinal orthosis, 

the 3D-printed orthosis can meet some of the requirements, such as toxic free, not easily cause 

allergy, flexible, rigid, durable for 2-year dosage. Besides, according to the results, the 3D-

printed orthosis can provide effective treatment results similar to the conventional orthosis.  

Benefits of the application of 3D printing technology can also be achieved. For example, the 

spinal orthosis is tailored made for each patient with AIS, and usually, one patient may need to 

have 1-2 orthoses during the whole treatment period. So, one to two positive cases should be 

carved for one patient. And one scoliosis clinic can avoid more than 500 PU foams in a year 

and further reduce the environmental burden (Figure 49). Besides, clinical staffs such as 

orthotists and the artisans can be protected from absorbing the clouds of dust, which are 

generated during carving.  

 

 

Figure 49 The positive casts made from PU 

(http://vorum.com/wp-content/uploads/2015/04/orthotic-central-fabrication.jpg;  
 obtained in Jun2019) 

http://vorum.com/wp-content/uploads/2015/04/orthotic-central-fabrication.jpg


Chapter 3 Application of 3D Printing Technology 

149 

 

 

Another benefit is the flexibility of design. This study aimed to compare the clinical 

effectiveness between the spinal orthoses fabricated by 3D printing technology and the 

conventional method. Thus, the only reduced thickness was applied. The spinal orthosis can be 

designed with hallow patterns according to the patient’s preference to improve the acceptance 

and ventilation. This could be difficult to achieve by the conventional manual method. 

Furthermore, the thinness can also be adjusted according to need to increase the thickness at 

the corresponding apical area and to decrease the thickness at the other area such as the 

abdomen and posterior area.  

Furthermore, the manpower can be reduced by the application of 3D printing technology that 

most of the fabrication time was under controlled by the computer automatically.  However, it 

may not be able to meet the demands at the current stage. The productivity is significantly less 

than the conventional CAD/CAM method, and the cost is significantly higher than the current 

fabrication method. In the point of view according to the clinical effectiveness, 3D printing 

technology can fulfil the need for the current clinical service. However, according to the routine 

practice, applying 3D printing technology may not fulfil the demanding needs for scoliosis 

treatment. Nevertheless, there is a trend of applying 3D printing technology in the spinal 

orthosis in the near future. The increased fabrication speed and the reduced cost are expected.  

3.6.8 LIMITATIONS 

There are some limitations to this study. Though this study aimed to study the feasibility of 

applying 3D printing technology to fabricate the orthosis and select the appropriate 3D printing 

techniques and materials, this study conducted simple mechanical tests. The 3D specimens for 

the tensile and flexural tests were not printed in two directions (XY and XZ direction). Instead, 



Chapter 3 Application of 3D Printing Technology 

150 

 

it was based on the literature and the material database as a reference. The mechanical test was 

mainly focused on the comparisons between the 3D-samples and the conventional PE which 

was used in the clinic and the end applications. The broken FDM PC, FDM Nylon-6 spinal 

orthoses might not be able to represent the property issues due to the limited sample size. 

Furthermore, the fatigue speed of the spinal orthosis could be influenced by many factors, such 

as the humidity and patients body heat. This study tried to control the environmental factors to 

conduct the opening and closing test, as well as the ventilation test in the same laboratory with 

temperature and humidity control. It might be able to mimic the deformity under external force. 

However, it was challenging to represent the real wearing situation by the patients with the 

influence of body heat and humidity. 

Due to ethical considerations, the study was proposed with a small sample size and short-term 

follow-up due to the uncertainty of the treatment effectiveness of the 3O. Besides, to enlarge 

the sample size, this study considered to the conformed recruitment criteria recommended by 

both SRS (Cobb angle 25-40°)  and SOSORT (Cobb angle >20°) (Negrini et al., 2012). The 

clinical evaluation was suggested to be limited to a short-term period to review the 

effectiveness before further investigation. Thus, the small sample size and the short follow-up 

duration are still essential limitations, and hence further studies are warranted in this state-of-

the-art technology.  

The screening of the clinical parameters has taken the medical notes by an orthopaedic surgeon 

as reference. However, after measurement of the radiographic Cobb angle by the researcher, 

there were three patients suggested having the primary curve ranged from 40° to 45°. Though 

the measurement was conducted taking the average of three times of measurement by this 

single researcher. Trying to eliminate the confounding factors, this study analysed the Cobb 

angle measured by this researcher. 
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Furthermore, the orthosis wearing attitude was analysed based on temperature results. The 

environmental temperature could be higher than the interfacial temperature between skin and 

the orthosis and contribute to type I error, especially the study was located in the subtropical 

area. The current study recorded the daily maximum environmental temperature as threshold 

and analysed the daily wearing duration to avoid the confounding factor by the environment. 

Furthermore, increased accuracy might be achieved by utilising both temperature and pressure 

sensor, but the sensor dimension could be much bigger than the current one, which might 

influence the patient’s acceptance and orthosis wearing quantity. 

3.6.9 Future study 

This study is an ongoing project that the follow-up will be ended at two years after maturity 

for the remained 28 patients. Larger sample size with a more extended term of follow-up is 

worthwhile for the future study for this innovative application. 

Same orthosis design protocol was applied in the 3D-printed orthosis and the conventional 

orthosis to control the confounding factors of orthotic design. As the results suggested that the 

change of fabrication method from the conventional method to 3D printing did not affect the 

in-orthosis biomechanical correction, versatile designs are suggested to be applied in the future 

study. Hollow patterns according to the patients’ preference, may be able to improve the 

acceptance and comfort level. The thickness can be reduced in the posterior side and can be 

increased in the corresponding apical correcting area to reduce the overall weight of the 

orthosis. Thus, it may further improve compliance and following treatment effectiveness.  

In this study, preliminary evidence has been provided that the 3D-printed orthosis has similar 

in-orthosis correction with reduced thickness and weight. Though some drawbacks were found 

in the current study, such as the long fabrication duration and high costs, the problems can be 

overcome soon due to the rapid developments of technologies. As part of the CAD/CAM 
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method, 3D printing is potentially an alternative fabrication method of the conventional 

fabrication method, replacing the positive casting and orthosis moulding. In this regard, it is 

essential to bridge the clinical application and the technological techniques for further 

enhancements of clinical service. 

 

3.7 CONCLUSION 

The orthosis for management of AIS can be designed and fabricated by 3D printing technology 

with FDM technique and Nylon-12 material. The 3D-printed orthosis can provide effective in-

orthosis correction as the conventional orthosis with reduced weight and thickness for patients 

with AIS. There may be a trend of applying 3D printing technology in the clinical service in 

the near future. However, technical improvements and further clinical evaluations with longer-

term and larger sample size are demanded to this state-of-the-art application. 
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CHAPTER 4 PRESSURE-ADJUSTABLE ORTHOSIS 

4.1 CHAPTER SUMMARY 

After providing the orthosis to the patients’ with AIS, the treatment effectiveness can be 

influenced by how the patients follow the treatment protocol, which is commonly known as 

compliance. The patients’ compliance should include both wearing quantity and quality.  

Thus, two phases of Bi-centre studies have been conducted in Hong Kong, People’s Republic 

of China and Edmonton, Canada. In Phase I, the pattern of patients’ compliance has been 

investigated. In Phase II, comparisons of clinical effect between the pressure-adjustable spinal 

orthoses (PO) and the conventional orthoses (COP) have been demonstrated. Ethical approvals 

were issued from the Human Subjects Ethics Sub-committee of The Hong Kong Polytechnic 

University (HSEARS20170615002) and Joint Chinese University of Hong Kong/ New 

Territories East Cluster Clinical Research Ethics Committee (2015.088-T) for the study in 

Hong Kong. And the ethical approval was granted from the University of Alberta Health 

Research Ethics Board Health Panel (Pro00003495) for the study in Edmonton. 

In the following parts, background information was introduced, followed by the research 

protocol and the results of each study phase. Discussion and conclusions of this chapter were 

then illustrated. 
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4.2 BACKGROUND INFORMATION 

Orthotic treatment is commonly prescribed to patients with moderate AIS (Cobb 25-40°) to 

control the progression of spinal curvature (Richards et al., 2005, Negrini et al., 2018). 

However, its treatment effectiveness can be influenced by many factors (Katz et al., 2001, 

Vijvermans et al., 2004, Clin et al., 2010b, Sun et al., 2017), among which, patients’ 

compliance can be one of the essential factors (Karol, 2001, Rivett et al., 2009, Katz et al., 

2010). It refers to how the patients follow the prescription of the treatment protocol by 

orthopaedic doctors and orthotists. Moreover, the patients’ compliance should include both 

orthoses wearing quantity and quality (Lou et al., 2016). 

Variable researches suggested the importance of enough wearing quantity (Rahman et al., 2005, 

Weinstein et al., 2013). It is suggested that the effectiveness of controlling scoliotic progression 

was highly correlated with the daily wearing quantity (Rowe et al., 1997b, Katz et al., 2010). 

However, some studies indicated that part-time orthotic treatment could achieve equivalent 

treatment effectiveness as full-time orthotic treatment (Green, 1986, Allington et al., 1996, 

Dolan et al., 2007, Peltonen et al., 2009). Moreover, studies suggested that patients seldom 

adhered to the treatment protocol (Diraimondo et al., 1988, Korovessis et al., 2007). Patients’ 

age (Korovessis et al., 2007), gender (Korovessis et al., 2007) or self-perception (Lindman, 

1999, Matsunaga et al., 2005) could be the potential factors influencing the wearing quantity. 

Apart from the orthosis wearing quantity, some studies have suggested the correlation among 

treatment effectiveness, initial in-orthosis correction, interfacial pressure within the orthosis, 

and the tightness of the strap. A considerable in-orthosis correction represents the ability to 

provide effective passive biomechanical correction (Upadhyay et al., 1995, Wong et al., 2000). 

And this is highly correlated to the orthosis tightness and strap tension (Wong et al., 2000, 

Mac-Thiong et al., 2004). Under the ideal circumstance, the patient should tighten the straps 
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as prescribed to yield consistent biomechanical correction and thus to achieve treatment 

success. However, due to the tear of straps in daily usage and physical exercises, the interfacial 

pressure has been reported to decline, which could impact the likelihood of successful 

treatment (Mak et al., 2008, Lou et al., 2016).  

All the factors mentioned above suggest it is warranted to measure these kinds of confounding 

factors like the patients’ compliance, including wearing quantity and quality, to provide more 

information for the improvements of the treatment protocol and clinical education. Moreover, 

to enhance the effectiveness of this conservative treatment, it is essential to ensure wearing 

compliance. 

However, insufficient evidence could be provided about the patient’s compliance, including 

both orthoses wearing quantity and quality. Most of the orthosis wearing quantity 

measurements were self-report, parents’ report or interview, which could be subjective and 

usually overclaimed (Diraimondo et al., 1988). Besides, to ensure the wearing quality 

commonly rely on orthotists’ instruction and parents’ monitoring. Due to its home-use basis, 

few objective approaches to enhance the wearing quality could be found. 

To improve these issues, a compliance monitor and an automated pressure-adjustable device 

has been developed. The compliance monitor can be applied to measure both temperature and 

pressure and thus to monitor both orthoses wearing quantity and quality in a scientific way 

(Chalmers et al., 2015). The pressure-adjustable device was designed aiming to maintain more 

consistent interfacial corrective effect at the prescribed level (Lou et al., 2004b, Lou et al., 2005, 

Chalmers et al., 2012).  

A previous study applied this compliance monitor among 40 patients with AIS suggested that 

both wearing quantity and quality were important factors for successful orthotic treatment (Lou 

et al., 2016). However, patient’s compliance characteristics were not established. What is more, 



Chapter 4 Application of Pressure-Adjustable System 

156 

 

in a pilot study, the pressure-adjustable orthosis (PO) tended to have better curve control 

capacity than that of the conventional orthosis (COP) (Lou et al., 2012). However, the results 

were only confined to a small patient group and the accumulated effect of both the PO and COP. 

Besides, the influence on compliance or quality of life (QoL) were not studied.  

In addition to that, the compliance monitor, as well as the pressure-adjustable device, were later 

upgraded to a smaller dimension with less power consumption whose clinical effect needs to 

be evaluated. Based on these premises, this study aimed to investigate the compliance in a more 

scientific way; and to compare the treatment effect as well as the QoL between the PO and COP 

for management of AIS. 

Hypotheses 

Emotional issues could influence the orthosis wearing quantity, such as fashion and self-

perceptions. This study hypothesised that apart from night-time, patients might wear the 

orthosis relatively more as compared within the afternoon since the school uniforms could 

cover the orthosis. Besides, it assumed that the patients tend to wear the orthosis more in the 

evening.  

The PO was set to regulate the interfacial pressure within the targeted range; wearing quality 

could be controlled better than the COP. With comparable initial demographic characteristics, 

spinal deformity level and immediate in-orthosis correction, the PO might have better treatment 

effectiveness by providing more consistent biomechanical corrective environment during. 

However, patients consider the attachment of the pressure-adjustable device bulky, and thus, it 

might impact the wearing quantity and QoL. 
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4.3 PHASE I – PATIENTS’ COMPLIANCE 

4.3.1 Research Methods 

4.3.1.1 Study Design 

This study was a prospective bi-centre clinical observation. 

4.3.1.2 Subjects 

The enrolment was conducted between July 2017 to January 2018. Ethical approvals were 

granted from the local ethical committees (2015.088-T & Pro00003495). Females with 

moderate AIS who met the criteria conformed with the recommendations by both Scoliosis 

Research Society (SRS)  and Society on Scoliosis Orthopaedic and Rehabilitation Treatment 

(SOSORT) (Negrini et al., 2012) were enrolled: 

Inclusion criteria 

1) Females with progressive AIS, who are diagnosed after detailed clinical and 

radiological evaluation by experienced orthopaedic surgeons, and; 

2) Aged 10 to 14 years old, and;  

3) With Risser sign 0 to 3, and; 

4) With primary curve magnitude 20° to 40°, and; 

5) Before menarche or within 24 months after menarche, and; 

6) When orthotic treatment was newly prescribed. 

Exclusion criteria 

1) Patients with associated musculoskeletal, neurological or other conditions possibly 

responsible for the spinal curvature other than AIS, or; 
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2) Having previous surgical, orthotic treatment or other conservative treatments, or; 

3) Having a physical or mental disability that prevents patients from complying with the 

orthotic treatment protocol. 

4.3.1.3 Materials 

COMPLIANCE SENSOR – TO RECORD TEMPERATURE AND PRESSURE 

The compliance sensor has been developed to monitor both temperature and pressure as to 

analysis the orthosis wearing quantity and quality (Figure 50). The sensor was embedded in 

the corresponding apical corrective area of the primary curve. It consists of a system-chip 

(CC2530F256, Texas Instruments Inc., Texas, United States), a force sensor with 14.7 N 

sensing range (FS1500, Honeywell International Inc., North Carolina, United States), a tiny 

temperature sensor (MCP9701T-E/LT, Microchip Technology Inc., Arizona, United States), 

and a radio transceiver for wireless communication (IEEE 802.15.4, Honeywell International 

Inc., North Carolina, United States) (Chalmers et al., 2015). The dimension of the compliance 

sensors is 4.8×3.2×0.8cm, and the net weight is 8g.  

The system-on-chip includes 256KB of flash memory, and the data logging requires 4 bytes 

for every three samples. Thus, the memory capacity can be calculated as 234KB x 1024 bytes/ 

KB / 4 bytes / 3 samples = 179712 samples. It is capable of collecting and saving samples up 

to 249.6 days with a 2 minutes sampling interval. The sampling consumes a mean 36 μA at a 

2 minutes sampling interval. Thus, the battery life of an AAAA battery can be calculated as 

625 mAh / 0.036 mA = 17361.1 hours, which is about 24 months. The power and memory 

capacities of the orthosis monitor can last for about eight months with 2 minutes sampling 

interval.  
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A   B  

Figure 50 The compliance sensor for measurement of wearing quantity and quality.  

A. anterior side contacting with skin; B. posterior side. 

 

A 2mm waterproof polyurethane padding was placed between the skin and the device to protect 

the electronic units from sweating and prevent electric shock. The device was covered by a 

purpose-design 3-dimensional printed shell to protect against compression and collision. 

During the follow-up appointment, the samples were downloaded and the sampling was 

refreshed. 

4.3.1.4 Treatment Protocol 

In both centres, all patients were prescribed with full-time (≥23 hours/ day) underarm thoracic-

lumbo-sacral orthotic treatment, and the rest hour was for bathing and sports. The compliance 

sensor was attached on the orthosis only after the orthotist considered the orthosis was well 

fitted, as to eliminate the confounding factors generated by the installation of the sensor. 

During fitting the orthoses to the patients, the tightness level of straps and ideal correction level 

was decided by the orthotists. After fitted with the orthoses and tightened the straps, the 

compliance sensor was then turned on. The maximum and minimum pressure was documented 

as a reference during standing, walking, sitting and deep breathing. The prescribed interfacial 

pressure was decided to take the average from three cycles of breathing in standing position. 

During the orthotic treatment period, temperature and pressure information was set to be 
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collected every two minutes. No additional attention or intervention needs to be provided by 

the patients or their parents to the compliance sensor. 

4.3.1.5  Outcome Measurements 

Assessments have been conducted before orthotic treatment (baseline), and the follow-up visit 

after 1-year of orthotic treatment in both clinics. Radiological examinations of posterior-

anterior (PA) for the whole spine in standing posture have been conducted for all patients 

before, after immediate and 1-year orthotic treatment. Cobb angle was used as the gold standard 

for evaluation of scoliotic curvature (Morrissy et al., 1990). Measurements of the scoliotic 

curves have been conducted by the radiography team who was blinded to this research. The 

curve types, curve magnitude (Cobb angle in the coronal plane), as well as the Risser sign, have 

been accessed. Corrected Cobb angle greater than 5° was considered effective; and, any 

progressed Cobb angle larger than 5° was considered failure. The percentage of in-orthosis 

correction was calculated as 100% × (
initial angle−angle within the orthosis

initial angle
). 

Collection of temperature and pressure data was set with a 2-minute interval. A threshold 

determined the daily wearing quantity as the maximum air temperature of the corresponding 

day reported by the Government Observatory. Wearing quality was the percentage of the 

duration with the prescribed interfacial pressure range calculated as 𝑊𝑒𝑎𝑟𝑖𝑛𝑔 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 =

100% × (
duration with prescribed interfacial pressure range

wearing quantity
).  

Quality of life (QoL) has been assessed for all patients in Hong Kong site at baseline and after 

1-year orthotic treatment. The SRS-22r  questionnaire (Chinese version) was used to assess the 

quality of life (QoL, score range from 0 to 5) (Cheung et al., 2007a). The trunk appearance was 

assessed using Scoliosis Appearance Questionnaire (SAQ in Chinese version, including three 

main aspects and nine specific domains with difference score ranges) (Guo et al., 2016). The 
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higher the score of these three questionnaires indicates a better perception or result of the SRS-

22r. In contrast, the lower the score indicates the better perception of the SAQ. 

4.3.1.6 Statistical Methods 

Statistics were conducted in IBM SPSS® Statistics (version 21.0, IBM Corp., New York, 

United States) at a significant level of 0.05. Descriptive statistics were used to demonstrate the 

quantitative features, including mean, standard deviation (SD), and range. With a combination 

of visual graphics test, the Shapiro-Wilk test was used to test the normality of data. Clinical 

results reports followed the recommendations from the SRS and SOSORT consensus 

guidelines (Negrini et al., 2015a). 

The continuous intra-group changes of Cobb angle were analysed by repeated-measures 

analysis of variance (ANOVA). Post hoc tests were conducted using Bonferroni correction. 

Wilcoxon Signed-Rank Test was utilised for the intra-group analysis of the results of the 

questionnaire including SRS-22r and SAQ (on the assumptions for the parametric test being 

inappropriate). 

4.3.2 Results 

4.3.2.1 Subjects 

There were 28 patients with moderate AIS enrolled in this study, who were newly prescribed 

with orthotic treatment. Among whom, 11 patients were recruited from the clinic in Hong Kong, 

and 17 patients were recruited from the clinic in Edmonton. All of the 28 patients have finished 

1-year orthotic treatment and included in the analysis. The initial demographic parameters and 

the scoliotic curve magnitude were summarised in Table 25.  
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Table 25 Initial demographic data and Cobb angle 

N=28 Mean ± SD Range 

Age, year 12.6 ± 1.0 11.0 – 14.2 

Months-since menarche, month  5.2 ± 6.8 0.0 – 23.0 

Risser sign 0.6 ± 0.7 0.0 – 2.0  

Height, cm 153.5 ± 4.2 145.6 – 160.6 

Weight, kg 41.4 ± 7.7 34.6 – 61.2 

BMI, kg/m2 17.6 ± 2.9 14.2 – 24.2 

Sitting Height, cm 81.3 ± 2.8 78.0 – 87.0 

Cobb angle, ° 28.3 ± 6.3 20.0 – 40.0 

SD, standard deviation; m, metre; cm, centimetre; kg, kilogram; BMI, body mass index. 

 

4.3.2.2 Spinal Curvature 

The spinal curvature changes from baseline to 1-year after orthotic treatment (without orthosis) 

are indicated in Figure 51. The results suggested there was a mean of 0.6° (2.6%) curve 

progression after one year of orthotic treatment. However, no statistical difference was 

observed in the results (p=0.346). There were 11 patients had curve progression, among whom 

there were 2 patients had of curve progression ≥5°.  Other 13 patients had no curve progression, 

and the maximum curve reduction was 10° (41.7%).   
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Figure 51 Cobb angle measured at baseline and after 1-year follow-up 

 

4.3.2.3 Compliance 

The spinal orthosis wearing duration was calculated according to three thresholds: a. the 

maximum daily environment temperature; b. No less than minimal pressure level (30% of the 

prescribed interfacial pressure level); and c. Within the prescribed range of interfacial pressure 

(80% - 120% of the prescribed pressure).  

The orthosis wearing duration analysed based on these three methods is demonstrated in Figure 

52. According to the results, it suggested that the patients wore the spinal orthosis 14.9 hours 

per day, which was 64.8% of the prescribed duration (23 hours/day). However, the orthosis 

wearing duration with minimal pressure (30% of the prescribed pressure) was 7.8 hours 

significantly shorter than the wearing duration analysed based on temperature (p<0.001). 

Besides, the duration within the targeted range of interfacial pressure was 11.2 hours 

significantly shorter than the wearing duration (p<0.001). The duration within the targeted 

range of interfacial pressure was 3.4 hours significantly shorter than the duration with minimal 

pressure (p<0.001). 
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The results indicated that the patients usually wore the orthoses with sub-optimal interfacial 

pressure. The orthosis wearing duration with at least 30% of the prescribed pressure was 47.7% 

of the wearing duration, and the duration within the range of the targeted pressure (80-120%) 

was 25.5% of the wearing duration.  

The orthosis wearing duration in three slots: AM 7:00 – 15:00; PM 15:00 – 23:00 and night-

time  23:00 – 7:00 is demonstrated in Figure 53. According to the results, patients wore the 

spinal orthosis 0.9 hours significantly longer during night-time comparing to PM (p=0.116). 

However, the wearing during AM was 1.9 significantly less than night-time (p<0.001), as well 

as between PM and night-time (p<0.001). When divided the time slot in the morning (8:00 – 

20:00) and evening (20:00 – 8:00), the wearing duration in the morning was 0.9 hours 

significantly shorter than the evening (7.0 vs. 7.9 hours, p<0.033).  

 

 

Figure 52 Wearing duration analysed based on three thresholds 
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Figure 53 Wearing duration in AM (7:00-15:00), PM (15:00-23:00), and night-time (23:00-7:00) 

 

4.3.2.4 Quality of life (QoL) 

The comparison of the results of SRS-22 and SAQ between baseline and 1-year of follow-up 

was summarised in Table 26. All 11 patients in the clinic of Hong Kong have finished the 

questionnaire at both baseline and 1-year of follow-up.  

The results of QoL, in terms of SRS-22 and SAQ, showed no significant improvement and 

deduction in all domains. Slightly score deduction of SRS-22r was observed in 4 domains, 

including function, self-image, mental health and satisfaction. There were nine domains out of 

11 of SAQ score slightly deducted after one year of orthotic treatment, including total score, 

expectation, general score, curve, prominence, shoulder, waist, kyphosis and chest.  
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Table 26 Comparison of quality of life measured at baseline and 1-year of follow-up 

 Baseline 1-year follow-up 

p 

Mean ± SD Range Mean ± SD Range 

SRS-22r 

Mean 4.3 ± 0.4 3.6 – 5.0 4.3 ± 0.4 3.4 – 5.0 0.635 

Function 4.6 ± 0.4 4.0 – 5.0 4.5 ± 0.4 4.0 – 5.0 0.931 

Pain 4.3 ± 0.7 3.0 – 5.0 4.3 ± 0.7 3.2 – 5.0 0.832 

Self-Image 4.0 ± 0.8 2.6 – 5.0 3.7 ± 0.7 2.4 – 5.0 0.340 

Mental Health 4.3 ± 0.7 2.8 – 5.0 4.1 ± 0.6 3.0 – 4.8 0.263 

Satisfaction 4.2 ± 0.6 3.5 – 5.0 4.0 ± 0.6 3.0 – 5.0 0.167 

SAQ   

Total 52.0 ± 5.2 42.0 – 58.0 49.4 ± 6.9 39.0 – 59.0 0.241 

Appearance 12.9 ± 3.8 7.0 – 20.0 13.9 ± 4.2 7.0 – 23.0 0.197 

Expectation 36.5 ± 4.2 29.0 – 40.0 32.0 ± 6.2 22.0 – 40.0 0.063 

General 12.4 ± 1.2 10.0 – 14.0 11.4 ± 2.0 8.0 – 14.0 0.160 

Curve 3.8 ± 1.2 2.0 – 5.0 3.7 ± 1.1 2.0 – 4.8 0.131 

Prominence 4.3 ± 1.5 2.0 – 8.0 3.8 ± 1.5 2.0 – 7.0 0.236 

Trunk 3.6 ± 0.8 2.0 – 5.0 4.0 ± 1.0 2.0 – 6.0 0.386 

Waist 13.7 ± 1.7 10.0 – 15.0 12.0 ± 2.5 7.0 – 15.0 0.051 

Shoulder 6.4 ± 1.0 4.0 – 8.0 6.3 ± 0.6 5.0 – 7.0 0.748 

Kyphosis 1.9 ± 0.8 1.0 – 3.0 1.8 ± 0.6 1.0 – 3.0 0.655 

Chest 8.5 ± 2.0 4.0 – 10.0 7.8 ± 1.7 6.0 – 10.0 0.279 

SD, standard deviation 
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4.3.2.5 Correlations  

According to the results, a strong correlation between the satisfaction score of SRS-22r at 1-

year follow-up and the wearing quantity (correlation coefficient= 0.789, p=0.004) was 

observed. This result suggested the better the satisfaction, the longer the orthosis daily wearing 

hours. Besides, changes of mental health score in SRS-22r from baseline to 1-year follow-up 

was negatively correlated with the wearing duration with at least 30% of the prescribed 

pressure (correlation coefficient= -0.656, p=0.028). This result suggested that the worsen the 

mental health score changes, the less duration. The patients wore with minimal pressure level 

(30% of the prescribed pressure).   

Correlations have been observed between the SAQ result and the orthosis wearing quantity, as 

well as the wearing duration with minimal pressure. The spinal orthosis wearing quantity had 

a strong correlation between the deduction of the appearance domain in SAQ (correlation 

coefficient= 0.727, p=0.011), suggesting better the patients considered their appearance, the 

longer they tended to wear the orthosis daily. In contrast, the orthosis wearing duration with 

minimal pressure (30% of the prescribed pressure) is strongly correlated to the changes of SAQ 

curve score (correlation coefficient= -0.842, p=0.001), SAQ prominence score (correlation 

coefficient= -0.762, p=0.006) and SAQ trunk score (correlation coefficient= -0.762, p=0.006). 

These correlations suggested that the worse the patients considered their curve, prominence or 

trunk from baseline to 1-year follow-up, they tended to wear the orthosis longer with minimal 

prescribed pressure. In addition, the wearing duration within the range of the prescribed 

pressure was strongly correlated to the SAQ trunk score changes (correlation coefficient= -0.-

866, p=0.001). This result suggested that the worsen the perception about the trunk became, 

the patients tended to wear the orthosis longer with optimal interfacial pressure. 
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Besides, some correlations have been observed between the SAQ score and the Cobb angle 

changes, including the SAQ total score (correlation coefficient= -0.654, p=0.029); expectation 

score (correlation coefficient= -0.672, p=0.023); prominence score (correlation coefficient= -

0.826, p=0.002); shoulder score (correlation coefficient= -0.734, p=0.010) and chest score 

(correlation coefficient= -0.730, p=0.011). These results suggested that the higher reduction of 

the Cobb angle after 1-year of orthotic treatment, the better the patients considered their 

appearance, expectation, prominence, shoulder and chest. 

Moderate correlations were observed between the Cobb angle correction and orthosis wearing 

duration during the evening (correlation coefficient= -0.391, p=0.040). It Suggested a moderate 

correlation that the longer duration the patients wear the orthosis during the evening, and the 

less correction percentage could be achieved. 

 

4.4 PHASE II – THE PRESSURE-ADJUSTABLE SPINAL ORTHOSIS 

4.4.1 Research Methods 

4.4.1.1 Study Design 

This is a prospective bi-centre randomised controlled trial (RCT) to compare the effectiveness 

of the pressure-adjustable orthoses (PO) versus the conventional orthoses (COP) for the patients 

with AIS. 

4.4.1.2 Subjects 

The enrolment was conducted between July 2017 to January 2018. Females with moderate AIS 

who met the criteria conformed with the recommendations by both Scoliosis Research Society 
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(SRS) (Richards et al., 2005) and Society on Scoliosis Orthopaedic and Rehabilitation 

Treatment (SOSORT) (Negrini et al., 2012) were enrolled: 

Inclusion criteria 

8) Females with progressive AIS, who are diagnosed after detailed clinical and 

radiological evaluation by experienced orthopaedic surgeons, and; 

9) Aged 10 to 14 years old, and;  

10) With Risser sign 0 to 2, and; 

11) With primary curve magnitude 20° to 40°, and; 

12) Before menarche or within 24 months after menarche, and; 

13) When orthotic treatment was newly prescribed. 

Exclusion criteria 

4) Patients with associated musculoskeletal, neurological or other conditions possibly 

responsible for the spinal curvature other than AIS, or; 

5) Having previous surgical, orthotic treatment or other conservative treatments, or; 

6) Having a physical or mental disability that prevents patients from complying with the 

orthotic treatment protocol. 

The sample size calculation was conducted according to the pilot study comparing the PO with 

the control group that the last Cobb angle changes were 2.2° versus 4.8° with 1.2° of standard 

deviation (Lou et al., 2012). Allowing 20% of dropouts, eight patients were required to be 

enrolled in each group with an alpha error as 5% and power as 80%. 

Eligible patients in the two scoliosis clinical centres were invited to this study. An initial 

interview was conducted with the patient and her legal guardians on details of the aims, the 

protocol and the timeframe of the study. A sealed envelope contained with group assignment 
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information was opened after consent. An equal number of patients were then randomly 

assigned to the PO group and the COP group. Ethical approvals were granted from the local 

ethical committees (2015.088-T & Pro00003495). 

 

4.4.1.3 Materials 

PRESSURE ADJUSTABLE DEVICE 

The upgraded version of automatically pressure-adjustable device (Figure 54) developed by 

our group is composed of a pressure sensor (SCCP05GSMTP, Honeywell International Inc., 

North Carolina, United States), a tiny analogy temperature sensor (MCP9701T-E/LT, 

Microchip Technology Inc., Arizona, United States), a 2.4-GHz Bluetooth® micro-controller 

(CC2540, Texas Instruments Inc., Texas, United States), a smallest pump-valve which can 

generate more than 300mmHg of pressure (X-Valve®, Parker Hannifin, Ohio, United States), 

and an air bladder (M1870B #4, Koninklijke Philips Electronics N.V., Amsterdam, Netherlands) 

(Chalmers et al., 2012). The net weight of the device is 35g, and the dimension is 61x44x22 

mm. The interfacial pressure can be regulated by inflation and deflation of the air bladder 

(131×50mm), which was embedded at the corresponding apical area for the corrective purpose. 

The power of the system can last for about 14 days if it is set to collect 1 data every 2 minutes 

and the memory capacity can last for more than six months.  

A 3mm waterproof neoprene padding was placed between the skin and the device to protect 

the electronic units from sweating and prevent electric shock. The device was covered by a 

purpose-design 3-dimensional printed shell to protect against compression and collision 

(Figure 54).  
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Figure 54 The automated pressure-adjusting device. 

 

The pressure-adjustable device can monitor the interfacial pressure and temperature. It was 

placed at the corresponding apical correction area of the primary curve to regulate the 

interfacial pressure by inflation and deflation of the air bladder within the targeted pressure 

range (80-120% of the prescribed pressure) (Figure 56). The pump of the pressure module can 

increase the air volume in the air bladder to increase pressure when the average pressure over 

a 15-minute period drops below the target range. Conversely, the valve will be opened to allow 

air to be released when the pressure is above 120% of the target pressure, as shown in the flow-

chart (Figure 57).  

Before conducting the clinical evaluation, a lab experiment has been conducted asking two 

healthy patients to wear the PO for two days to test the reliability of the pressure-adjusting 

device. None of these two patients reported an uncomfortable feeling when wearing the PO. 

There were five colleagues asked about the location of the attached micro-controller unit when 

covered with clothes. It was reported to be difficult to tell the exact location when covered with 

clothes (Figure 55). 

Microcontroller Unit: 

 Pressure sensor  

 Temperature sensor 

 Wireless micro-controller  

 Pump-valve 

Net weight: 35g 

Dimension: 61x44x21mm 

Air tube 

Air bladder 
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The patients and their parents were instructed to charge the device for 1 hour once per week. 

The interfacial pressure regulation was disabled during the evening (23:00-7:00) to avoid 

disturbance by the noise of the pump. Patients were allowed to turn off the pressure regulation 

if there is any over inflation. No over inflation was found in the study. 

 

         

Figure 55 A patient with the pressure-adjustable spinal orthosis before (left) and after (right) 
covering by a white school shirt. 

 

Body 
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Controller unit 

Air tube 

Air bladder 

Padding 

Cross-sectional view 

Figure 56 The pressure-adjustable orthosis and its placement (cross-sectional view) 
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Figure 57 Flow chart of the pressure-adjusting framework 
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COMPLIANCE SENSOR 

A passive sensor (Figure 50) developed by our group was embedded at the corresponding 

apical correction area in the COP group to monitor the temperature and interfacial pressure 

(Chalmers et al., 2015), which is introduced in Phase I – Patients’ Compliance 

 of Chapter 3. The dimension of the compliance sensors is 4.8×3.2×0.8cm, and the weight is 

8g. The compliance sensor collected temperature and pressure data. No additional attention 

was needed for patients in the COP group.  

4.4.1.4 Treatment Protocol 

All patients were prescribed with fulltime (≥23 hours/day) orthotic treatment (Negrini et al., 

2018). The rest hour was for bathing and sports. To eliminate the confounding factors, 

installations of the device/ sensor were conducted after the adjustments of orthosis fitting. The 

device/ sensor of both groups was installed at the corresponding apical area of the primary 

curve to collect data of temperature and pressure. The device in the PO group was set to 

automatically regulate the interfacial pressure within the range of 80-120% of the prescribed 

level, while only data collection was performed in the COP group.  

During orthosis fitting, the tightness level of straps and ideal correction level was decided by 

experienced orthotists. After fitted with the orthosis and tightened the straps, the pressure-

adjusting device or the compliance sensor would be turned on. The maximum and minimum 

pressure was documented as a reference during standing, walking, sitting and deep breathing. 

The prescribed pressure was decided to take the average of three cycles of nature breathing in 

standing position. The range of prescribed interfacial pressure was set as 80-120% of the 

prescribed pressure level. Minor adjustments of the pressure range were allowed if 80-120% 

of the prescribed pressure level deviates more than 15mmHg from the pressure range in 

standing position. The system in the PO group will automatically adjust the interfacial pressure 
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if it is out of the range. While the sensor in the COP group only recorded the temperature and 

pressure.  

4.4.1.5 Outcome Measurements 

Posterior-anterior (PA) radiographs of the spine in standing posture were taken at baseline, 

immediate after fitting and one year of orthotic treatment. Cobb angle was used as the gold 

standard for evaluation of scoliotic curvature (Morrissy et al., 1990). Measurements of the 

Cobb angle and Risser sign have been conducted by the radiography team who was blinded to 

this research. Corrected Cobb angle greater than 5° was considered effective; and, any 

progressed Cobb angle larger than 5° was considered failure. The percentage of in-orthosis 

correction was calculated as 100% × (
initial angle−angle within the orthosis

initial angle
). 

Collection of temperature and pressure data was set with a 2-minute interval. A threshold 

determined the daily wearing quantity as the maximum air temperature of the corresponding 

day reported by the Government Observatory. Wearing quality was the percentage of the 

duration with the prescribed interfacial pressure range calculated as 𝑊𝑒𝑎𝑟𝑖𝑛𝑔 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 =

100% × (
duration with prescribed interfacial pressure range

wearing quantity
).  

Quality of life (QoL) has been assessed for patients in the clinic of Hong Kong at baseline and 

after 1-year orthotic treatment. Due to the limited appointment schedule, QoL was not able to 

be obtained in the clinic of Edmonton. The SRS-22r questionnaire (Chinese version) was used 

to assess QoL (score range from 0 to 5) (Cheung et al., 2007a). The trunk appearance was 

assessed using Scoliosis Appearance Questionnaire (SAQ in Chinese version, including three 

main aspects and nine specific domains with difference score ranges) (Guo et al., 2016). The 

perception specifically towards orthotic treatment was collected by Brace Questionnaire (BrQ 

in Chinese version, score range from 0 to 100) (Vasiliadis et al., 2006). The higher the score of 
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these three questionnaires indicates a better perception or result of the SRS-22r and BrQ. In 

contrast, the lower the score indicates the better perception of the SAQ. 

4.4.1.6 Statistical Methods 

Statistics were conducted in IBM SPSS® Statistics (version 21.0, IBM Corp., New York, 

United States) at a significant level of 0.05. Descriptive statistics were used to demonstrate the 

quantitative features, including mean, standard deviation (SD), and range. With a combination 

of visual graphics test, the Shapiro-Wilk test was used to test the normality of data. Clinical 

results reports followed the recommendations from the SRS and SOSORT consensus 

guidelines (Negrini et al., 2015a). 

Two-way mixed analysis of variance (ANOVA) was used to study the continues results, such 

as Cobb angle. Then, the continuous intra-group changes of Cobb angle were analysed by 

repeated-measures ANOVA. Post hoc tests were conducted using Bonferroni correction. 

Wilcoxon Signed-Rank Test was utilised for the intra-group analysis of the results of the 

questionnaire including SRS-22r and SAQ. For the inter-group comparisons, differences in 

Cobb angles, wearing quantity and quality were examined by the independent Student’s t-test. 

Differences in questionnaire results between groups were examined by the Mann-Whitney U-

Test (on the assumptions for the parametric test being inappropriate). 

4.4.2 Results 

4.4.2.1 Subjects 

A total of 24 participations out of 93 eligible patients were recruited, including 12 patients from 

Hong Kong site and 12 patients from the Edmonton site. Patients in each centre were randomly 

distributed to the PO group and COP group. Eleven patients in the PO group and 12 patients in 

the COP group have finished 1-year of orthotic treatment (Figure 58).  
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Figure 58 Patient flow chart 
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The initial demographic parameters (PO: 8 out of 11 had primary thoracic curve vs. COP: 7 out 

of 12 had primary thoracic curve) demonstrated in Table 27 were comparable between groups.  

 

Table 27 Comparison of initial demographic data and Cobb angle between the PO and COp groups 

 

PO Group (n=11) COP Group (n=12) 

p 

Mean ± SD Range Mean ± SD Range 

Age, year 12.4 ± 1.2 10.6-14.7 12.6 ± 0.9 11.3-14.1 0.579 

Months-since menarche, month  7.0 ± 7.8 0.0-20.0 5.0 ± 8.7 0.0-23.0 0.520 

Risser sign 0.8 ± 0.9 0.0-2.0 0.4 ± 0.7 0.0-2.0 0.241 

Height, cm 156.6 ± 4.6 151.5-166.0 154.8 ± 3.6 150.7-160.6 0.303 

Weight, kg 41.2 ± 5.0 33.6-48.0 39.3 ± 5.2 34.6-49.4 0.323 

BMI, kg/m2 16.8 ± 1.9 14.6-20.5 16.4 ± 2.6 14.2-21.8 0.322 

Sitting Height, cm 82.1 ± 2.1 80.0-85.0 82.0 ± 2.7 79.0-87.0 0.904 

Cobb angle, ° 26.2 ± 4.7 20.0-34.0 27.4 ± 5.6 20.0-36.0 0.575 

PO, pressure-adjustable orthosis; COP, conventional orthosis (in the PO project); SD, standard 

deviation; m, metre; cm, centimetre; kg, kilogram; BMI, body mass index. 

 

4.4.2.2 Spinal Curvature 

The radiographic results met the normality test. The results of the 2x3 two-way mixed ANOVA 

suggested that there was no significant main effect between two groups (F (1, 21) =1.367, 

p=0.255, ηp
2 =0.061) on primary curve changes, with the PO and COP groups performing 

similarly overall. In addition, there was no significant main effect on the interaction between 

two groups and the three appointments, (F (2, 42) = 0.975, p=0.386, ηp
2 =0.044). However, 

there was a significant main effect among the three assessing time points (F (2, 42) = 39.527, 
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p =0.000, ηp
2 =0.653), suggesting that there was large significant effect of orthotic treatment. 

Bonferroni-adjusted pairwise comparisons indicated that the significant main effect reflected a 

significant difference between baseline and immediate fitted (p<0.001); between immediate 

fitted and after 1-year orthotic treatment (p<0.001), but not between baseline and after 1-year 

orthotic treatment (p=0.133).  

No patients progressed to operational level during this 1-year orthotic treatment. To further 

investigate the intra-group effects, two one-way repeated ANOVAs have been conducted 

within the PO group and the COP group. According to the results, the primary Cobb angle 

statistically significantly changed among three appointments in the PO group (F (2, 20) = 

15.214, p =0.000, ηp
2 =0.603) and the COP group (F (2, 22) = 27.628, p =0.000, ηp

2 =0.715).  

With post hoc tests using Bonferroni correction, the intra-group comparisons of both groups 

are summarised in Table 28. Significant immediate in-orthosis correction of the primary curve 

was observed in both groups (p<0.001). The immediate in-orthosis corrections were 11.0±6.5° 

(41.8%) and 10.3±5.3° (37.9%) for the PO group and the COP group, respectively.  

The radiological exam taken at the one year of follow-up was taken without the orthosis. The 

Cobb angle changes of both groups are demonstrated in Figure 59. The mean Cobb angle was 

reduced by 3.8° (13.9%) in the PO group and 0.5° (3.6%) in the COP group after 1-year orthotic 

treatment as compared with baseline. No patients with the PO had curve progression larger >5° 

after 1-year while two patients in the COP group had a 5° progression. Besides, the primary 

Cobb angle regained from immediate in-orthosis to 1-year without orthosis was significant in 

both groups, that the PO group regained by 7.2° (p<0.05) and the COP group regained by 9.8° 

(p<0.001).  
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Table 28 Intra-group Cobb angle changes in the PO group and the COP group 

Cobb, °  

Baseline IM in-orthosis One year p 

Mean ± SD Mean ± SD Mean ± SD IM vs. BL 1y vs. BL 1y vs. IM 

PO group 26.2 ± 4.7 15.2 ± 6.4 22.3 ± 5.3 < 0.001‡ 0.120 0.041* 

COP group 27.4 ± 5.6 17.1 ± 6.1 26.9 ± 8.8 0.000‡ 1.000 < 0.001‡ 

*p<0.05, ‡ p<0.001. X-ray at 1-year follow-up was taken without orthosis.  

PO, pressure-adjustable orthosis (n=11); COP, conventional orthosis (n=12, in the PO project); 

SD, standard deviation; IM, immediate; 1y, 1-year follow-up; BL, Baseline. 

 

The number of patients who achieved 30% of in-orthosis correction (PO: n=8, 72.7% vs. CO: 

n=8, 66.7%) and who achieved 35% of in-orthosis correction (PO: n=5, 45.5% vs. CO: n=6, 

50.0%) was similar. After 1-year orthotic treatment, the mean Cobb reduction in the PO group 

was 3.3° higher than the CO group. The Cobb angle examined without orthosis at 1-year 

follow-up showed that there were 4 patients had curve reduction >5°, and 2 patients had 1° of 

progression in the PO group; while there were 2 patients had curve reduction >5° and 2 patients 

had curve progression >5° in the CO group (Χ2 ≥2.008, p=0.156).  
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Figure 59 Radiographic Cobb angle changes in the PO and COP groups. 

 

The summary of inter-group comparison in terms of Cobb angle, Cobb changes and the 

percentage of changes in the PO and COP Groups were summarised in Table 29. No significant 

difference was observed between two groups among the three assessing time points. The mean 

immediate in-orthosis correction was 0.7° (3.9%) slightly better in the PO group than the COP 

group. After one year of orthotic treatment, the reduced Cobb angle without orthosis was 3.3° 

(10.2%) better in the PO group than the COP group. 

During the immediate in-orthosis radiological exams, among 11 patients in the PO group, 8 

had in-orthosis correction more significant than 6° ranging from 28.6% to 80.0%. However, 1 

of the PO patients shown no clinically significant in-orthosis correction effect. Among 12 

patients in the COP group, 11 patients had in-orthosis larger than 6° ranging from 28.6% - 

68.0%.  

 

 

26.2 15.2 22.327.4 17.1 26.9
0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

Baseline Immediate in-orthosis 1-year follow-up

R
ad

io
lo

gi
ca

l C
o

b
b

 A
n

gl
e 

in
 f

ro
n

ta
l p

la
n

e,
 °

PO group CO group



Chapter 4 Application of Pressure-Adjustable System 

182 

 

Table 29 Intergroup comparison of spinal curvature, curve changes and the percentage of changes  

 

PO Group (n=11) COP Group (n=12) 

p 

Mean ± SD Range Mean ± SD Range 

Cobb angle, ° 

Baseline 26.2 ± 4.7 20.0 – 34.0 27.4 ± 5.6 20.0 – 36.0 0.575 

IM in-orthosis 15.2 ± 6.4 5.0 – 25.0 17.1 ± 6.1 8.0 – 26.0 0.475 

1 year 22.3 ± 5.3 14.7 – 30.0 26.9 ± 8.8 14.0 – 38.0 0.145 

Change of Cobb angle, ° 

Baseline - IM in-orthosis 11.0 ± 6.5 0.0 – 22.0 10.3 ± 5.3 3.0 – 23.0 0.790 

1 year - baseline 3.8 ± 5.4 -1.0 – 16.0 0.5 ± 4.3 -5.0 – 10.0 0.114 

1 year - IM in-orthosis 7.2 ± 8.0 -7.3 – 20.0 9.8 ± 6.5 1.0 – 23.0 0.384 

Change percentage of Cobb angle, % 

Baseline - IM in-orthosis 41.8 ± 24.1 0.0 – 80.0 37.9 ± 16.8 12.0 – 68.0 0.690 

1 year - baseline 13.9 ± 18.0 -4.8 – 47.1 3.6 ± 17.4 -20.8 – 41.7 0.154 

1 year - IM in-orthosis 28.6 ± 37.3 -49.7 – 80.0 34.4 ± 18.0 4.3 – 65.2 0.637 

PO, pressure-adjusting orthosis; COP, conventional orthosis (in the PO project); SD, standard 

deviation. 

 

4.4.2.3 Compliance 

The mean daily orthosis wearing quantity was analysed based on temperature and the wearing 

quality was analysed according to pressure. The comparison between the daily orthosis wearing 

quantity (duration) and the duration with the prescribed pressure range within the PO group 

and the COP group was summarised in Table 30. The daily wearing duration with the prescribed 

pressure range was 6.7 hours significantly shorter than the actual wearing hours in the PO group 

(p<0.001) while it was 11.0 hours significantly shorter in the COP group (p<0.001).  
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The daily wearing quantity was 1.1 hours longer in the PO group as compared with the COP 

group (p>0.05). The daily wearing duration within the prescribed pressure range was 5.4 hours 

significantly longer in the PO group than the COP group (p<0.001). The wearing quality was 

33.9% significantly better in the PO group as compared with the COP group (p<0.001). The 

daily wearing duration and the wearing duration within the prescribed interfacial pressure range 

of the PO group and the COP group are demonstrated in Figure 60. The results of Pearson 

correlation test showed no significant correlation between the wearing duration and Cobb angle 

changes nor between the orthosis wearing quality and Cobb angle changes.  

 

Table 30 Comparison of the mean orthosis wearing duration and the duration within the targeted 
pressure range within the PO and COP groups 

Daily hours 

Wearing quantity With the targeted pressure range 

p 

Mean ± SD Range Mean ± SD Range 

PO group 15.4 ± 4.8 8.1 – 22.8 8.7 ± 3.2 1.4 – 12.3 < 0.001‡ 

COP group 14.3 ± 4.0 8.7 – 19.4 3.3 ± 2.2 0.4 – 6.6 < 0.001‡ 

‡p<0.001; PO, pressure-adjusting orthosis (n=11); COP, conventional orthosis (n=12, in the PO 

project); SD, standard deviation. 

 

The wearing duration in the evening was 2.5 hours and 1.3 hours longer than morning in the 

PO group and the COP group, respectively (Figure 61). The overall-wearing duration for all 23 

patients was 6.5 hours during the morning (8:00-20:00) and 8.3 hours during the evening 

(20:00-8:00). The wearing duration was statistically significantly less in the morning than 

evening (p<0.01) among all patients. The orthosis wearing quality and quantity between the 

PO and the COP groups are summarised in (Table 31) 
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Figure 60 Daily wearing duration and duration with targeted pressure range. 
‡p<0.001; PO, pressure-adjusting orthosis group; COP, conventional orthosis (in the PO project). 

 

 

Table 31 Comparisons of the orthosis wearing quantity and quality between the PO and COP groups. 

 
PO group (n=11) COP group (n=12) 

p 

Mean ± SD Range Mean ± SD Range 

Wearing quantity, hour 15.4 ± 4.8 8.1 – 22.8 14.3 ± 4.0 8.7 – 19.4 0.550 

With targeted pressure, hour 8.7 ± 3.2 1.4 – 12.3 3.3 ± 2.2 0.4 – 6.6 < 0.001‡ 

Wearing quality, % 56.2 ± 17.3 17.2 – 80.0 22.4 ± 12.7 5.1 ± 43.5 < 0.001‡ 

‡p<0.001; PO, pressure-adjusting orthosis group; COP, conventional orthosis (in the PO project); 

SD, standard deviation. 
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Figure 61 Wearing duration comparison between morning and evening 
(Morning: 8:00-20:00; Evening: 20:00-8:00) 

 

4.4.2.4 Quality of Life (QoL) 

SCOLIOSIS RESEARCH SOCIETY OUTCOMES QUESTIONNAIRE (SRS)-22R 

The score of SRS-22r indicates the QoL of the patients with AIS, and the higher score suggests 

the better situation of QoL. Table 32 demonstrated the intra-group comparisons of results of 

SRS-22r in 6 domains between baseline and 1-year follow-up. The SRS-22r scores showed 

slightly decrease at the 1-year follow-up within both groups. However, according to the results, 

no significant changes in the results of SRS-22r in 6 domains was observed.  
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Table 32 Intra-group comparisons of SRS-22r results within the PO and COP groups 

 Baseline 1-year follow-up 
p 

Mean ± SD Range Mean ± SD Range 

SRS-22r Mean 

PO group (n=5) 4.3 ± 0.2 4.1 – 4.5 4.1 ± 0.2 3.8 – 4.3 0.285 

COP group (n=6) 4.3 ± 0.4 3.7 – 5.0 4.2 ± 0.3 3.9 – 4.4 0.593 

SRS-22r Function 

PO group (n=5) 4.8 ± 0.2 4.6 – 5.0 4.7 ± 0.4 4.0 – 5.0 0.317 

COP group (n=6) 4.7 ± 0.3 4.2 – 5.0 4.5 ± 0.4 4.0 – 5.0 0.357 

SRS-22r Pain 

PO group (n=5) 4.9 ± 0.3 4.4 – 5.0 4.6 ± 0.3  4.2 – 5.0 0.216 

COP group (n=6) 4.4 ± 0.7 3.0 – 5.0 4.4 ± 0.5 3.4 – 5.0 0.705 

SRS-22r Self-image 

PO group (n=5) 3.7 ± 0.2 3.4 – 3.8 3.6 ± 0.3 3.4 – 4.0 0.276 

COP group (n=6) 3.9 ± 0.6 3.4 – 5.0 3.7 ± 0.4 3.0 – 4.2 0.655 

SRS-22r Mental Health 

PO group (n=5) 4.2 ± 0.3 3.8 – 4.6 4.1 ± 0.2 3.8 – 4.4 0.496 

COP group (n=6) 4.2 ± 0.8 2.8 – 5.0 4.2 ± 0.3 3.8 – 4.8 0.891 

SRS-22r Satisfaction 

PO group (n=5) 3.7 ± 0.8 2.5 – 4.5 3.5 ± 0.6 2.5 – 4.0 0.414 

COP group (n=6) 4.3 ± 0.8 3.5 – 5.0 4.2 ± 0.5 3.5 – 3.5 0.414 

PO, pressure-adjusting orthosis; COP, conventional orthosis; SD, standard deviation. 

 

As summarised in Table 33, the results suggested there was no significant difference between 

the two groups at baseline and 1-year follow-up in all aspects of SRS-22r. Their difference of 

the SRS-22r results in the domain of mean, function, self-image and mental health were <0.2 at 

both baseline and 1-year follow-up. At baseline, the SRS-22r pain score was 0.5 higher in the 

PO group than the CO group, and the score was 0.2 higher in the PO group at the 1-year follow-

up. And the SRS-22r satisfaction score was 0.6 less in the PO group at baseline and 0.7 less at 

1-year follow-up as compared with the CO group. 
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Table 33 Comparisons of SRS-22r results between the PO and COP groups 

 PO Group (n=5) COP Group (n=6) 
p 

Mean ± SD Mean ± SD 

SRS-22r Mean 

Baseline 4.3 ± 0.2 4.3 ± 0.4 0.644 

1-year follow-up 4.1 ± 0.2 4.2 ± 0.3 0.405 

Baseline - 1-year follow-up 0.2 ± 0.3 0.1 ± 0.5 0.690 

SRS-22r Function 

Baseline 4.8 ± 0.2 4.7 ± 0.3 0.698 

1-year follow-up 4.7 ± 0.4 4.5 ± 0.4 0.573 

Baseline - 1-year follow-up 0.2 ± 0.4 0.2 ± 0.5 0.690 

SRS-22r Pain 

Baseline 4.9 ± 0.3 4.4 ± 0.7 0.159 

1-year follow-up 4.6 ± 0.3 4.4 ± 0.5 0.711 

Baseline - 1-year follow-up 0.3 ± 0.6 0.0 ± 0.3 0.198 

SRS-22r Self-image 

Baseline 3.7 ± 0.2 3.9 ± 0.6 0.916 

1-year follow-up 3.6 ± 0.3 3.7 ± 0.4 0.509 

Baseline - 1-year follow-up 0.1 ± 0.3 0.2 ± 0.9 0.690 

SRS-22r Mental Health 

Baseline 4.2 ± 0.3 4.2 ± 0.8 0.514 

1-year follow-up 4.1 ± 0.2 4.2 ± 0.3 0.638 

Baseline - 1-year follow-up 0.1 ± 0.4 0.0 ± 0.6 0.782 

SRS-22r Satisfaction 

Baseline 3.7 ± 0.8 4.3 ± 0.8 0.260 

1-year follow-up 3.5 ± 0.6 4.2 ± 0.5 0.082 

Baseline - 1-year follow-up 0.2 ± 0.6 0.2 ± 0.5 0.923 

PO, pressure-adjusting orthosis; COP, conventional orthosis (in the PO project); SD, standard 

deviation. 
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SCOLIOSIS APPEARANCE QUESTIONNAIRE (SAQ) 

The score of SAQ indicates the perception of the appearance of patients with AIS, the higher 

the score, the worse self-perception of the appearance. The 20 items of SAQ were analysis in 

the following three main domains including total (items 1-7, items 9-16, and item 19); 

appearance (items 1-7); and expectation (item 9-16). And it was addressed in the following 9 

domains including general (item 9-10 and 19); curve (item 1); prominence (item 2- 3); trunk 

shift (item 4- 5); waist (item 11-13); shoulders (item 6 and 16); kyphosis (item 7); chest (item 

14-15). The open questions (item 8 and 20) and question 17 about scar after surgery (not 

applicable to the patients) were not included in the calculation.  

As summarised in Table 34, no significant changes have been observed within the PO group 

and the COP group from baseline to 1-year follow-up. There were four domains of the SAQ 

score worsen in the PO group including total, expectation, waist and shoulder. There were two 

domains of the SAQ score worsen in the COP group including appearance and the curve.  

 

Table 34 Intra-group comparisons of SAQ score within the PO and COP groups 

 Baseline 1-year follow-up 
p 

Mean ± SD Range Mean ± SD Range 

SAQ Total (score range 16 – 80) 

PO group (n=5) 41.2 ± 13.0 22.0 – 56.0 46.6 ± 9.5 37.0 – 59.0 0.498 

COP group (n=6) 50.3 ± 5.8 42.0 – 58.0 47.3 ± 5.8 38.0 – 53.0 0.463 

SAQ Appearance (score range 7 – 35) 

PO group (n=5) 13.4 ± 2.0 11.0 – 16.0 13.4 ± 1.5 11.0 – 15.0 1.000 

COP group (n=6) 13.2 ± 2.9 8.0 – 16.0 13.8 ± 2.8 10.0 – 17.0 0.330 

SAQ Expectation (score range 8 – 40) 

PO group (n=5) 24.6 ± 12.3 7.0 – 39.0 28.4 ± 8.3 20.0 – 40.0 0.102 

COP group (n=6) 33.8 ± 6.7 23.0 – 40.0 30.8 ± 5.8 22.0 – 40.0 0.500 

SAQ General (score range 3 – 15) 

PO group (n=5) 10.4 ± 1.1  9.0 – 12.0 10.0 ± 2.2 7.0 – 13.0 0.414 
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COP group (n=6) 12.2 ± 1.0 11.0 – 13.0 11.0 ± 2.5 8.0 – 14.0 0.336 

SAQ Curve (score range 1 – 5) 

PO group (n=5) 2.2 ± 0.4 2.0 – 3.0 2.0 ± 0.0 2.0 – 2.0 0.317 

COP group (n=6) 1.8 ± 0.4 1.0 – 2.0 2.3 ± 0.5 2.0 – 3.0 0.083 

SAQ Prominence (score range 2 – 10) 

PO group (n=5) 3.8 ± 0.4 3.0 – 4.0 3.8 ± 0.4 3.0 – 4.0 1.000 

COP group (n=6) 3.7 ± 1.0 2.0 – 5.0 3.7 ± 1.2 2.0 – 5.0 1.000 

SAQ Trunk shift (score range 2 – 10) 

PO group (n=5) 3.8 ± 0.4 3.0 – 4.0 3.8 ± 0.4 3.0 – 4.0 1.000 

COP group (n=6) 3.7 ± 1.0 2.0 – 5.0 3.7 ± 1.2 2.0 – 5.0 1.000 

SAQ Waist (score range 3 – 15) 

PO group (n=5) 9.8 ± 4.1 6.0 – 15.0 11.4 ± 3.9 6.0 – 15.0 0.180 

COP group (n=6) 13.2 ± 1.8 10.0 – 15.0 11.5 ± 2.6 7.0 – 15.0 0.176 

SAQ Shoulder (score range 2 – 10) 

PO group (n=5) 5.2 ± 1.9 2.0 – 7.0 6.4 ± 1.1 5.0 – 8.0 0.102 

COP group (n=6) 6.2 ± 1.3 4.0 – 8.0 6.2 ± 0.4 6.0 – 7.0 1.000 

SAQ Kyphosis (score range 1 – 5) 

PO group (n=5) 1.8 ± 0.4 1.0 – 2.0 1.6 ± 0.5 1.0 – 2.0 0.317 

COP group (n=6) 2.0 ± 0.9 1.0 – 3.0 1.7 ± 0.5 1.0 – 2.0 0.317 

SAQ Chest (score range 2 – 10) 

PO group (n=5) 6.8 ± 2.3 4.0 – 10.0 6.0 ± 2.9 2.0 – 10.0 0.102 

COP group (n=6) 7.7 ± 2.3 4.0 – 10.0 7.3 ± 2.1 4.0 – 10.0 0.705 

PO, pressure-adjusting orthosis; COP, conventional orthosis (in the PO project); SD, standard 

deviation. 

 

As indicated in Table 35, no significant difference was observed between the PO and COP 

groups in the two appointments except the general score at baseline (p<0.05). It indicates that 

the general score at baseline was 1.8 statistically significantly better in the PO group than the 

COP group (p<0.05) and at 1-year follow-up the score was one better in the PO group 
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Table 35 Comparisons of SAQ score between the PO and COP groups 

 PO Group (n=5) COP Group (n=6) 
p 

Mean ± SD Mean ± SD 

SAQ Total (score range 16 – 80) 

Baseline 41.2 ± 13.0 50.3 ± 5.8 0.169 

1-year follow-up 46.6 ± 9.5 47.3 ± 5.8 0.714 

Baseline - 1-year follow-up -5.4 ± 12.3 3.0 ± 9.4 0.272 

SAQ Appearance (score range 7 – 35) 

Baseline 13.4 ± 2.0 13.2 ± 2.9 0.854 

1-year follow-up 13.4 ± 1.5 13.8 ± 2.8 0.579 

Baseline - 1-year follow-up 0.0 ± 1.2 -0.7 ± 1.8 0.304 

SAQ Expectation (score range 8 – 40) 

Baseline 24.6 ± 12.3 33.8 ± 6.7 0.143 

1-year follow-up 28.4 ± 8.3 30.8 ± 5.8 0.646 

Baseline - 1-year follow-up -3.8 ± 7.4 3.0 ± 8.0 0.193 

SAQ General (score range 3 – 15) 

Baseline 10.4 ± 1.1  12.2 ± 1.0 0.032* 

1-year follow-up 10.0 ± 2.2 11.0 ± 2.5 0.462 

Baseline - 1-year follow-up 0.4 ± 1.1 1.2 ± 2.4 0.780 

SAQ Curve (score range 1 – 5) 

Baseline 2.2 ± 0.4 1.8 ± 0.4 0.176 

1-year follow-up 2.0 ± 0.0 2.3 ± 0.5 0.174 

Baseline - 1-year follow-up 0.2 ± 0.4 -0.5 ± 0.5 0.054 

SAQ Prominence (score range 2 – 10) 

Baseline 3.8 ± 0.4 3.7 ± 1.0 0.916 

1-year follow-up 3.8 ± 0.4 3.7 ± 1.2 0.846 

Baseline - 1-year follow-up 0.0 ± 0.7 0.0 ± 1.1 0.763 

SAQ Trunk (score range 2 – 10) 

Baseline 3.8 ± 0.4 3.7 ± 1.0 0.916 

1-year follow-up 3.8 ± 0.4 3.7 ± 1.2 0.846 

Baseline - 1-year follow-up 0.0 ± 0.7 0.0 ± 1.1 0.763 

SAQ Waist (score range 3 – 15) 

Baseline 9.8 ± 4.1 13.2 ± 1.8 0.156 
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1-year follow-up 11.4 ± 3.9 11.5 ± 2.6 0.925 

Baseline - 1-year follow-up -1.6 ± 2.6 1.7 ± 2.7 0.061 

SAQ Shoulder (score range 2 – 10) 

Baseline 5.2 ± 1.9 6.2 ± 1.3 0.388 

1-year follow-up 6.4 ± 1.1 6.2 ± 0.4 0.750 

Baseline - 1-year follow-up -1.2 ± 1.6 0.0 ± 1.4 0.258 

SAQ Kyphosis (score range 1 – 5) 

Baseline 1.8 ± 0.4 2.0 ± 0.9 0.686 

1-year follow-up 1.6 ± 0.5 1.7 ± 0.5 0.827 

Baseline - 1-year follow-up 0.2 ± 0.4 0.3 ± 0.8 0.609 

SAQ Chest (score range 2 – 10) 

Baseline 6.8 ± 2.3 7.7 ± 2.3 0.510 

1-year follow-up 6.0 ± 2.9 7.3 ± 2.1 0.355 

Baseline - 1-year follow-up 0.8 ± 0.8 0.3 ± 2.3 0.924 

*p<0.05; PO, pressure-adjusting orthosis; COP, conventional orthosis (in the PO project); SD, 

standard deviation. 

 

BRACE QUESTIONNAIRE (BRQ) 

The score of BrQ indicates explicitly the perception of orthotic treatment for the patients with 

AIS, the higher the score indicating the better perception. As summarised in Table 36, the 

results suggested there was no significant difference between two groups at 1-year follow-up 

from in all domains of BrQ. Generally, the scores were higher in the PO group than the COP 

group from all domains of BrQ, except physical functioning. 
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Table 36 Comparisons of BrQ results between the PO and COP groups at 1-year follow-up 

 PO Group (n=5) COP Group (n=6) 

p 

Mean ± SD Range Mean ± SD Range 

Total 80.4 ± 9.4 71.2 – 95.3 76.0 ± 10.1 58.8 – 88.8 0.584 

General health 70.0 ± 7.1 60.0 – 80.0 66.7 ± 12.1 50.0 – 80.0 0.253 

Physical functioning 69.2 ± 17.3 60.0 – 100.0 70.0 ± 7.2 62.9 – 80.0 0.189 

Emotional functioning 73.6 ± 15.6 60.0 – 100.0 727. ± 11.7 56.0 – 92.0 0.852 

Self-esteem aethetics 64.0 ± 15.2 50.0 – 90.0 56.7 ± 16.3 40.0 – 80.0 0.851 

Vitality 72.0 ± 16.4 60.0 – 100.0 58.3 ± 14.7 40.0 – 80.0 0.780 

School activity 92.0 ± 11.0 73.3 – 100.0 74.5 ± 20.0 40.0 – 100.0 0.641 

Bodily pain 92.7 ± 8.9 80.0 – 100.0 92.8 ± 11.6 73.3 – 100.0 0.690 

Social functioning 87.4 ± 11.7 77.1 – 100.0 85.3 ± 14.3 62.9 – 100.0 0.925 

PO, pressure-adjusting orthosis; COP, conventional orthosis (in the PO project); SD, standard 

deviation. 

 

- Lin, Y.*, Lou, E. H. M., Lam, T. P., Cheng, J. C. Y., Sin, S. W., Kwok, W. K., Wong, 

M. S. The intelligent pressure-adjustable orthoses for patients with adolescent 

idiopathic scoliosis (AIS): a bi-center randomized controlled trial. Spine. (Under 

review). 

 

4.5 DISCUSSION 

The study finds that patients with AIS tended to wear the orthosis with sub-optimal interfacial 

pressure. Applying the pressure-adjustable orthosis (PO) could significantly improve the 
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wearing quality and achieve better control against curve progression than the conventional 

orthosis (COP) in this short-term study.  

4.5.1 PATIENTS’ COMPLIANCE 

The patients with AIS wore the orthosis 14.9 hours per day in this studied period, which was 

64.8% of the prescribed treatment protocol. The wearing quantity reported by this current study 

is comparable to the previous reports, ranging from 42% to 75% (Nicholson et al., 2003, 

Takemitsu et al., 2004, Helfenstein et al., 2006, Korovessis et al., 2007). No patient wholly 

adhered to the prescribed treatment protocol by the orthopaedic surgeons and the orthotists. 

Only two patients wore the orthosis >20 hours daily, and the minimal wearing duration was 

7.7 hours per day. 

As suggested in the previous study, the orthosis wearing hours tended to be guaranteed during 

school hours (Nicholson et al., 2003, Korovessis et al., 2007).  The possible reason was 

suggested that the school uniform was able to cover the orthosis reported by the parents. 

However, in the current study, the orthosis wearing showed different pattern as the previous 

studies. The orthosis wearing hours were AM (7:00 – 15:00) < PM (15:00 – 23:00) < night-

time (23:00 – 7:00) among the patients in the current study (F (1, 32) = 16.128, p =0.000, ηp
2 

=0.374). The adolescents in the current study wore about 4.0 hours during school hours and 

6.0 hours during the evening. One of the possible reasons is that the patients care about the 

fashion issue (Lindman, 1999, Matsunaga et al., 2005) and thus preferred to wear the orthosis 

at home. Besides, school activities like the sports lessons might not be avoidable, which might 

cause inconvenience doing and doffing during in the school. The results of the correlation 

between the QoL and wearing quantity also support this presumption that high or moderate 

correlation has been observed between the QoL result and wearing quantity. 
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However, the results also indicate that the patients often wore the orthosis with inadequate 

interfacial pressure as the prescribed treatment protocol. This study provided a more scientific 

method to measure both wearing quantity and wearing quality. The orthosis wearing quantity 

in this study is comparable to the pilot study that the patients wore 12.9 hours per day (Lou et 

al., 2016). However, the wearing quality was much less in the current study than the previous 

study (25.5% vs. 55%) (Lou et al., 2016). One of the reasons is that the replacement of the torn 

straps because the follow-up duration was with a 6-month interval in the current study. The 

loosen straps might reduce the interfacial pressure (Wong et al., 2000).  

Furthermore, the results revealed that the patients with AIS are not adhered to the treatment 

protocol by the orthotists, including the wearing quantity and wearing quality. The wearing 

quantity was positively correlated to the QoL, that if the patients have a better QoL, they tend 

to wear the orthosis more frequently or with longer duration. On the other hand, the wearing 

quality is negatively correlated with the wearing quality. It suggests that the patients tended to 

tighten the straps harder if they hold a worse self-perception about the appearance. A possible 

explanation is that the patients may have more motivation to follow the instructions if they took 

the disease situation more seriously. Existing studies have conducted to imply counselling to 

improve the wearing quantity as prescribed (Karol et al., 2016b). Thus, mindfulness 

intervention may be a possible solution to enhance the patients’ compliance. 

4.5.2 THE EFFECTIVENESS OF THE PRESSURE-ADJUSTABLE ORTHOSIS 

The study aimed to provide an intelligent automatic device to the orthosis for patients with AIS 

that can monitor and maintain a consistent interfacial biomechanical environment, and thus, to 

provide better curve control. The results of the current study indicate that the PO can manage 

the curve in the short-term orthotic treatment and do no harm to the quality of life.  
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Though orthotic treatment is generally considered as a standard treatment modality for 

immature patients with mild to moderate scoliosis , its effectiveness could be influenced by 

many factors, such as the initial maturity level , curve (Lonstein et al., 1984, Katz et al., 2001), 

in-orthosis correction (Upadhyay et al., 1995, Clin et al., 2010b), and wearing quantity 

(Landauer et al., 2003, Weiss et al., 2011, Karol et al., 2016b). What is more, lumbar curves 

are generally considered less progression risk than the thoracic curve (James, 1954, Bunnell, 

1986), and easier to be corrected comparing to thoracic curves. In this study, the initial 

demographic parameters and primary curve were comparable between groups. Both the PO 

and COP achieved effective in-orthosis correction (41.8% vs. 37.9%) superior to the 25% of 

correction threshold in the previous study (Katz et al., 2001). Besides, the wearing quantity 

was similar between the PO and COP groups. Therefore, the short-term Cobb angle examined 

without orthosis were assumed to be similar between the two groups.  

However, with 33.4% significantly better wearing quality (p<0.001), the PO group showed 

16.7% better results on curve control. None of the patients in the PO group had curve 

progression while 2 out of 12 patients in the CO group progressed after one year of orthotic 

treatment (Χ2 ≥2.008, p=0.156). Wong’s team provided the same type of orthosis to AIS with 

a smaller initial Cobb (24.8°) as the current study (Wong et al., 2008). Comparing the survival 

rate at 1-year follow-up of the previous study(Wong et al., 2008) to the current one, it was 

slightly superior to the CO group (95.0 vs. 83.3%) while slightly less than the PO group (95.0 

vs. 100%). 

In clinical practice, putting markings on the straps of spinal orthosis are commonly used by 

clinicians to indicate proper strap tension level in order to maintain interfacial correcting 

pressure. However, it is still a patientive method, and patient’s compliance could be an issue. 

The PO was designed to automatically offset the inappropriate interfacial pressure out of 

inadequate or excessive strapping tension which could lead to pressure sore (Lyder, 2003). The 
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results find the PO can provide a more consistent in-orthosis biomechanical correcting 

environment and improve the treatment outcome within the study period. 

The biomechanical corrective effect on scoliotic spine has been suggested to be generated by 

passive correction from spinal orthosis and active correction from spinal muscle contractions 

(Wynarsky et al., 1991, Kotwicki et al., 2008). Galante’s team proposed that the correction of 

spinal deformity were mainly derived from passive correction (Galante et al., 1970). This study 

also demonstrated the importance of maintaining the consistency of passive biomechanical 

corrective effect.  

4.5.3 THE INFLUENCE OF ORTHOSIS WEARING QUANTITY AND QUALITY 

Researchers and clinicians considered the amount of orthosis wearing was an important factor 

of effectiveness from the 1980s. Several studies suggested that orthotic treatment effectiveness 

was positively related to the amount of orthosis wearing (Rowe et al., 1997a, Rahman et al., 

2005, Aulisa et al., 2014, Rivett et al., 2014, Karol et al., 2016a). The patients who wear the 

orthosis with more significant amount of time has less likelihood of curve progression or rate 

of surgery comparing to the patients with poor compliance. While a recent meta-analysis on 20 

studies with 1910 patients suggested that there was a significantly higher success rate in 

patients with longer wearing quantity (Rowe et al., 1997a). General speaking, it was suggested 

to commit full-time orthotic treatment (Negrini et al., 2015b). 

Conversely, other studies suggested that part-time orthotic treatment (12 hours to 19 hours per 

day) were equally effective when compared with full-time wearing (Green, 1986, Allington et 

al., 1996, Dolan et al., 2007, Peltonen et al., 2009). In a study by Green, a 16-hour daily orthotic 

wearing was suggested sufficient to prevent curve progression. The limitation of this study was 

mixing Boston and Milwaukee orthosis making with minimal follow-up making it difficult for 
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wearing amount comparison. Another study suggested patients who wore <12 hours per day, 

12-16 hours per day and >16 hours had similar treatment outcome (Konieczny et al., 2017).  

A recent study suggested wearing quality could contribute to orthotic treatment effectiveness 

in addition to wearing quantity (Mak et al., 2008, Lou et al., 2016). In the current study, better 

curve control performance was observed with better wearing quality. Hence, it revealed that 

putting an orthosis on without consideration of appropriate corrective pressure may not be able 

to achieve sufficient corrective effect. Furthermore, lacking information on orthosis wearing 

quality may partially explain a significant variation of treatment outcomes and controversy of 

the importance of sufficient wearing quantity.  

The overall temperature based daily wearing amount was similar to 15.4 hours vs. 14.3 hours, 

while the wearing amount with a prescribed range of interfacial pressure in the PO group was 

5.4 hours significantly higher than the COP group (p<0.001). Wong and his team (2000) has 

reported a strong correlation among standing Cobb, interfacial pressure and the straps tensions 

(r≥0.873, p<0.001). These results indicated that inadequate straps tightness might result in 

insufficient interfacial pressure or in-orthosis correction. During daily orthotic wearing, it is 

difficult to control the orthotic wearing amount nor the quality of wearing. If the patients 

usually tight the straps loosely, it results in invalid orthotic treatment under inadequate in-

orthosis biomechanical correction effect. To the best of the knowledge, the current study is the 

first attempt to provide a scientific method to maintain consistent interfacial biomechanical 

correction effect for orthotic management of AIS.  

4.5.4 QUALITY OF LIFE (QOL) 

The rejection rate of this study was 17.2%, and the drop-out rate in the PO group was 8.3%. 

The self-reported reason of rejection was (1) unacceptance of the bulky appearance of the 

pressure-adjustable device; (2) doubt of the effectiveness of the PO and even orthotic treatment; 
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(3) concern of convenience and safety issued of electronic components. Besides, special care 

is needed for the PO that the battery needs to be charged every week.  

Some studies suggested scoliosis was likely to impact the quality of life and orthotic treatment 

might influence the quality of life (Matsunaga et al., 2005, Sapountzi-Krepia et al., 2006, Pham 

et al., 2008). However, it was surprising to show no significant difference between the 

perception between the two groups.  The hypothesis was that the patients in PO group might 

tend to wear less duration of the orthosis and might have a decreasing trend of the quality of 

life comparing to COP group because of the bulky attachment of the controller unit. However, 

it is surprising to find the wearing duration was slightly longer among patients in the PO group 

than the COP group. However, no significant difference of QoL nor the perception towards 

orthotic treatment was found between the PO and COP groups. Besides, all patients in both 

groups had a similar quality of life, and it did not decrease during orthotic treatment. For the 

attitude towards orthosis, it is surprising to found that patients who were wearing bulky 

attachment on the orthosis showed a similar attitude with the conventional orthosis user. The 

wearing quantity was even slightly longer in the PO group than the COP group. Besides, no 

decreasing trend of QoL was observed in both groups. These results suggested that the attached 

pressure-adjustable device would not result in a deduction of QoL nor wearing quantity. 

The possible reason was that the appearance of the PO covered by clothes showed no visible 

difference comparing to the COP (Figure 55). Besides, 8 out of 11 patients in the PO group 

verbally reported comfortable feeling at the corresponding corrective area because the 

corrective pressure was provided via inflatable air bladder with soft texture instead of the foam 

padding material. However, another possible reason contributing to this observation is the 

participants’ initial acceptance towards the PO being higher compared to those who rejected 

the study. 
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4.5.5 LIMITATIONS 

There are some limitations to this study. Technical improvements of the devices are necessary 

for future clinical application. The dimension of the device should be smaller, and the battery 

capacity can be increased for better acceptance.  

To enlarge the sample size, this study considered the adjusted recruitment criteria with a lower 

Cobb angle threshold as referenced from the SRS (25-40°)  and SOSORT (20±5°) (Negrini et 

al., 2012) recommendations. Considering ethical issues and to implement the randomization of 

the current study, many of the eligible patients were excluded due to the overlapping of another 

study project in the limited recruitment period. Thus, the small sample size and the short 

follow-up duration are still essential limitations, and hence, further studies are warranted in this 

innovative orthosis. 

During the clinical evaluation period, some of the data could not be retrieved on-site from the 

sensor because of the battery issue. Thus, replacement of the sensors was necessary for the 

follow-up appointments. The technical issues need to be improved for further application of 

the sensors and device in the clinical use. Besides, the compliance, QoL might be influenced 

by the different perception towards the orthoses in the PO and COP groups, due to the difference 

of dimension. The same pressure-adjustable device should have been provided to both groups 

to avoid this confounding factor. Though no significant difference has been observed in terms 

of BrQ. 

Furthermore, the orthosis wearing quantity was analysed based on temperature results which 

might be influenced by the environmental temperature. Due to the relatively high temperature 

in summer, especially in Hong Kong, a city in the subtropical area. The high temperature may 

not be the skin temperature but from the environment, and thus the analyses based on 

temperature may cause type I error. The current study recorded the daily maximum 
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environmental temperature as threshold and analysed the daily wearing duration to avoid the 

confounding factor by the environment. 

4.5.6 Future study 

The current study suggested the patients tended to wear the orthosis with sub-optimal 

interfacial pressure. With the automated pressure-adjustable spinal orthosis, the wearing 

quality significantly improved, and better prevention of curve progression was obtained in 1 

year. Larger sample size with longer follow-up till two years after maturity is worthwhile to 

study this innovative application.  

Combination of mindfulness, application of sensors and this kind of automatic pressure 

adjustment system may be able to improve the patients’ compliance. Thus, it may further 

enhance treatment effectiveness.  

 

4.6 CONCLUSION 

Patients with adolescent idiopathic scoliosis (AIS) seldom adhere to the treatment protocol in 

terms of wearing quantity and quality. They tend to wear the orthosis in night-time than 

daytime. The pressure-adjustable orthosis could provide a more prolonged duration of 

consistent interfacial biomechanical corrective pressure compared to the conventional one. 

With this function, it showed a relatively better trend of curve control during the studied period 

without harming the quality of life nor the wearing quantity. A study for monitoring the 

corrective pressure for the whole treatment period is warranted to confirm the actual benefit of 

this pressure-adjustable orthosis for the management of AIS.



 

201 

 

CHAPTER 5 OVERALL DISCUSSION 

The overall study aimed to improve the orthotic management of adolescent idiopathic scoliosis 

(AIS). State-of-the-art technologies were applied in the design, fabrication, and daily 

application of the spinal orthosis and the relevant evidence of treatment effectiveness was 

investigated. 

Several studies reported that the orthosis wearing quantity was an essential factor affecting the 

orthotic treatment outcome, and they had found positive correlations between daily wearing 

duration with the orthotic treatment effectiveness, it meant that the longer the patients wear the 

orthosis, the better the curve control. However, some studies suggested that part-time orthotic 

treatment or night-time wearing could provide similar treatment outcome as full-time wearing 

(Allington et al., 1996, Peltonen et al., 2009).  

Lou and his colleagues (Lou et al., 2004a) conducted a study to investigate the correlation 

between orthosis quantity and treatment outcome as well as between orthosis wearing quality 

and treatment outcome. The orthosis wearing duration with prescribed pressure-level by 

orthotists can be considered as the orthosis wearing quality. 

Patient’s compliance refers to how a patient following the treatment protocol instructed by a 

clinician. For the current study, the patient’s compliance is considered as to how long a patient 

wears an orthosis daily (quantity – vs. prescribed duration) and how tight the orthosis is worn 

(quality vs. prescribed tightness).  

Though orthotic treatment is commonly considered effective to treat patients with adolescent 

idiopathic scoliosis (AIS), its treatment effectiveness is affected by different factors, including 

the orthotic design and patients’ compliance. Thus, this research aimed to enhance treatment 
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effectiveness. Applications of 3D printing technology and pressure-adjustable system have 

been demonstrated promising clinical results. To eliminate the uncertain factors affecting the 

study results, this research applied two approaches individually and conducted the clinical 

evaluation in two groups of patients.  

Applying 3D printing technology could allow more accurate fabrication and avoid manual 

fabrication errors. And the pressure-adjustable system could improve the wearing quality 

factually. A further study combining these two technologies in orthotic management should be 

considered, that to build in the physical space of the pressure-adjustable system in the 3D model 

and fabricate using 3D printing technology. With these, the 3D-printed pressure-adjustable 

spinal orthosis may be able to achieve more accurate fabrication and smaller size of the 

pressure-adjustable system, thus, to improve the acceptance and further improve the treatment 

outcome. 

There are different kinds of orthoses all over the world, such as Boston Brace, Milwaukee 

Brace, Providence Brace, etc. Though the aim of various designs of orthosis is curve control, 

the principle of curve correction is different. For example, there are symmetric and asymmetric 

designs. This research utilised 3D printing technology in symmetric designed spinal orthoses 

derived from underarm thoracic-lumbar-sacrum orthosis and proved to be effective for 

immediate in-orthosis correction. However, the investigations on the application of 3D printing 

technology in other spinal orthoses are also deserved. 

Wearing the orthosis does not mean it could provide an effective correction during the whole 

orthosis wearing period. The treatment effectiveness can be affected by inadequate patient’s 

compliance. This project showed the pressure-adjustable spinal orthosis could significantly 

improve the orthosis wearing duration at the prescribed correcting pressure. It tends to have 

better treatment effectiveness in a longer-term of treatment via improvement of wearing quality. 
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This study provided fundamental information on selection of 3D printing materials and 

techniques to design and fabricate spinal orthosis for AIS. It suggested that FDM and Nylon 

12 can be applied to fabricate 3D-printed spinal orthosis. The wearing quantity was slightly 

improved with the 3D-printed spinal orthosis. The findings of this project suggested the 3D-

printed spinal orthosis can provide similar clinical effectiveness as compared with the 

conventional spinal orthosis but with lighter in weight and less thickness. The patient’s self-

perception (according to the TAPS results) was slightly better with the 3D-printed spinal 

orthosis. These would help improve the wearing quantity thus the treatment outcome. 

The overall goal of the study is to investigate the treatment outcome of the spinal orthosis via 

two attempts: 1) to improve the wearing quantity via application of 3D printing technology; & 

2) to improve the wearing quality using the pressure-adjustable system. Both attempts offered

effective curve control and could have the potential for better treatment outcome. However, 

due to the small sample size and short follow-up time in this current study, a solid conclusion 

could not be drawn.  

With swift technological developments, the cost and fabrication time of 3D printing technology 

could be further improved.  It would become more feasible to utilise 3D printing technology in 

various clinical applications. Further integration of computer-aided design and computer-aided 

manufacture (CAD/CAM) including 3D printing, with the finite element modelling, the clinical 

practice could have more technological support for better improvement of clinical effectivness.
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CHAPTER 6 OVERALL CONCLUSION 

Two state-of-the-art technologies were applied in orthotic treatment to enhance treatment 

service for the patients with AIS and evaluate their clinical effectiveness in this study. The 

results of the attempt in the fabrication of spinal orthoses have shown that the 3D-printed 

orthoses were lighter and thinner and could provide effective in-orthosis correction. 

Furthermore, according to the results of the attempt in patients’ compliance have found that 

the wearing quality could be improved with the pressure-adjustable function and achieve better 

mid-term curve control. The present research appeared to be the first fundamental study 

bridging technological and clinical areas to apply 3D printing technology in the fabrication of 

orthoses for patients with AIS. More solid conclusion about the treatment effectiveness could 

be drawn with a larger sample size and longer follow-up until bone maturity as this is a 

continuous study. Notwithstanding this constraint, this study provided deep insight into the 

enhancement of orthotic treatment service for patients with AIS via two scientific and objective 

approaches. More significant efforts are needed to make these technologies more practical and 

applicable to orthotic design, fabrication and practice in order to enhance the treatment 

outcome for the patients with AIS.
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APPENDIX I QUESTIONNAIRES FOR CHAPTER 3 

Part I. SRS-22r, Scoliosis Research Society – 22r  

Part II. TAPS, Trunk Appearance Perception Scale  

Part III. BrQ, Brace Questionnaire 

 

根德公爵夫人兒童醫院 義肢矯形部 

 

 

參加者問卷 Questionnaire for Patient 

第一部份  (SRS-22) 

此部份我們正在小心評估你背部的情況，因此問卷上的每一條問題必須由你親自回答。 

請在每一條問題所提供的選擇中，小心圈出你認為最正確的一個答案。 

1. 以下哪一項最能夠準確描述你在過去六個月所感受到痛楚的程度？ 

① 無痛楚     ② 輕微          ③ 中等    ④ 中等至嚴重     ⑤ 嚴重 

 

2. 以下哪一項最能夠準確描述你在過去一個月所感受到痛楚的程度？ 

① 無痛楚        ② 輕微          ③ 中等    ④ 中等至嚴重     ⑤ 嚴重 

 

3. 整體來說，在過去六個月期間你有感到十分焦慮嗎？ 

① 完全沒有      ② 小部份時間     ③ 有時   ④ 大部份時間     ⑤ 全部時間 

 

4. 如果你必須在背部維持現狀不變的情況下繼續生活，你會有甚麼感受？ 

姓名:                  

填寫人: 本人填寫    日期  

Official Used Only 

Follow Up Visits                time  

Study Subject Code  3DPO-      -        
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① 十分愉快    ② 某程度上愉快       ③ 沒有愉快或不愉快 

④ 某程度上不愉快   ⑤ 十分不愉快  

 

5. 你現時的活動能力如何？ 

① 只限於床上                   ② 基本上不能活動      ③ 些微的運動及勞動 

④ 有限度的運動及勞動    ⑤ 活動不受限制 

 

6. 你在穿上衣服後的外觀如何？ 

① 很好          ② 好             ③ 可以接受   ④ 差勁           ⑤ 十分差勁 

 

7. 在過去六個月期間你曾感到十分沮喪以至於任何事物也不能讓你開懷嗎？ 

① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

8. 你在休息時背部有感到疼痛嗎？ 

① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

9. 你現時在工作/學校的活動能力為多少？ 

① 正常的 100%   ② 正常的 75%  ③ 正常的 50%    ④ 正常的 25%     ⑤ 正常的 0% 

 

10. 以下哪一項最能夠描述你軀幹的外觀？(軀幹的定義為人的身體除去頭部及四肢) 

① 很好          ② 好  ③ 可以接受  ④ 差勁  ⑤ 十分差勁 

 

11. 下例哪一項最能準確地描述你因背部疼痛而所需要服用的藥物？ 

① 沒有        ② 一般止痛藥 (每星期服用一次或更少)     ③ 一般止痛藥 (天天服用)  

④ 特效止痛藥 (每星期服用一次或更少)      ⑤ 特效止痛藥 (天天服用)       

     

12. 你的背部疼痛有否影響你做家務的能力？ 

① 沒有          ② 少許           ③ 某程度上有    ④ 很大程度上有   ⑤ 經常有 

13. 整體來說，你在過去六個月期間有感到安寧和平靜嗎？ 
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   ① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

14. 你有否感到你背部的狀況對你的人際關係構成影響？ 

   ① 沒有          ② 少許           ③ 某程度上有    ④ 很大程度上有  ⑤ 經常有 

 

15. 你以及/或你的家人有否因為你背部的問題而在經濟方面遇到困難？ 

   ① 極有         ② 大程度上有   ③ 某程度上有    ④ 少許           ⑤ 沒有 

 

16. 整體來說，在過去六個月期間你有否感到失落和灰心？ 

   ① 完全沒有      ② 很少數時間   ③ 有時          ④ 大多數時間     ⑤ 經常 

 

17. 在過去三個月期間你有否因背痛而向學校/公司請假？如有，共有多少天？ 

   ① 零天       ② 一天        ③ 兩天         ④ 三天        ⑤ 四天或以上  

 

18. 你背部的狀況有否阻礙你和家人/朋友外出？ 

   ① 從來沒有      ② 很少數時間    ③ 有時         ④ 大多數時間     ⑤ 經常 

 

 19. 你現時背部的狀況會否讓你覺得自己仍有吸引力？ 

① 會，很有吸引力   ②  會，某程度上有吸引力    ③  無影響  

④ 否，沒有甚麼吸引力   ⑤  否，完全沒有吸引力  

 

20. 整體來說，你在過去的六個月裏感到愉快嗎？ 

① 完全沒有      ② 很少數時間    ③ 有時          ④ 大多數時間     ⑤ 經常  

 

21. 你對你背部治療的成效感到滿意嗎？ 

① 十分滿意   ②  滿意    ③  不是滿意也不是不滿意 ④  不滿意    ⑤  非常不滿意 

  

22. 如果你的背部再次遇到同類的情況你會否接受同樣的治理？ 

   ① 一定會  ②  可能會   ③ 不清楚        ④ 可能不會       ⑤ 一定不會  
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第二部份 (TAPS) 

請從三個姿勢中分別選擇一個最符合自己的背部狀況： 

第三部份 (BrQ) 

本部份旨於瞭解你在配戴支架時，對自己健康的看法，並不是一個測驗，答案沒有任

何對錯之分。請仔細閱讀每條問題，選取最適當的答案。 

在過去三個月… 從不 幾乎不會 有時 大部分時間 時常 

 A             B           C   D  E 

站立位正面：_____ 

  A             B           C  D  E 

站立位背面：_____ 

 A              B            C      D  E 

彎腰時背部凸起：_____ 
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1 

配戴支架令你感到

不舒適 

□ □ □ □ □ 

2 

你害怕背部情況會

惡化 

□ □ □ □ □ 

在過去三個月你配戴支架時… 

3 你走路時感到疲倦 □ □ □ □ □ 

4 你能跑步 □ □ □ □ □ 

5 

你能在沒有任何協

助下配戴支架 

□ □ □ □ □ 

6 

你能在沒有任何協

助下除下支架 

□ □ □ □ □ 

7 你的胃口不佳 □ □ □ □ □ 

8 你睡得不好 □ □ □ □ □ 

9 你呼吸不順暢 □ □ □ □ □ 

在過去三個月… 

10 

你因支架而感到緊

張 

□ □ □ □ □ 

11 

你因支架而感到擔

心 

□ □ □ □ □ 

12 你感到快樂 □ □ □ □ □
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13 你相信如果不用配

戴支架的話，你會

生活得更好 

□ □ □ □ □ 

14 

你相信支架治療是

有益處的 

□ □ □ □ □ 

在過去一個月… 
從不 幾乎不會 有時 大部分時間 時常 

15 你感到自豪 □ □ □ □ □ 

16 

你為自己的身體感

到滿意 

□ □ □ □ □ 

17 

你感到強壯和充滿

力量 

□ □ □ □ □ 

18 

你因支架而感到疲

倦乏力 

□ □ □ □ □ 

在過去一個月因為支架… 

19 你上課時遇到困難 □ □ □ □ □ 

20 你曾經缺課 □ □ □ □ □ 

21 

你發覺上課時難以

集中精神 

□ □ □ □ □ 

在過去一個月，你

配戴支架時… 
從不 幾乎不會 有時 大部分時間 時常 

22 你需服藥止痛 □ □ □ □ □ 

23 你晚上有痛楚 □ □ □ □ □



Appendix I Questionnaires for Chapter 3 

211 

 

24 你走路時有痛楚  □  □  □  □  □  

25 你坐著時有痛楚  □  □  □  □  □  

26 你上樓梯時有痛楚  □  □  □  □  □  

27 

你的手臂或大腿有被

針刺般的感覺 

 □  □  □  □  □  

 在過去一個月，因為支架… 

28 你不能跟朋友外出  □  □  □  □  □  

29 朋友同情你  □  □  □  □  □  

30 

你覺得自己有別於

同儕 (朋友) 

 □  □  □  □  □  

31 

你跟家人相處有問

題 

 □  □  □  □  □  

32 你相信如果不用配

戴支架的話，你跟

家人或朋友的關係

會更好 

 □  □  □  □  □  

33 

你因感到羞愧而留

在家中 

 □  □  □  □  □  

34 你穿著特別的衣服  □  □  □  □  □  
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APPENDIX II QUESTIONNAIRES FOR CHAPTER 4 

Part I. SRS-22r, Scoliosis Research Society – 22r  

Part II. BrQ, Brace Questionnaire  

Part III. SAQ, Scoliosis Appearance Questionnaire  

 

威爾斯親王醫院 骨科及義肢矯形部 

 

 

 

參加者問卷 Questionnaire for Patient 

 

此部份我們正在小心評估你背部的情況，因此問卷上的每一條問題必須由你親自回答。 

請在每一條問題所提供的選擇中，小心圈出你認為最正確的一個答案。 

 

1. 以下哪一項最能夠準確描述你在過去六個月所感受到痛楚的程度？ 

① 無痛楚     ② 輕微          ③ 中等    ④ 中等至嚴重     ⑤ 嚴重 

 

2. 以下哪一項最能夠準確描述你在過去一個月所感受到痛楚的程度？ 

① 無痛楚        ② 輕微          ③ 中等    ④ 中等至嚴重     ⑤ 嚴重 

 

3. 整體來說，在過去六個月期間你有感到十分焦慮嗎？ 

① 完全沒有      ② 小部份時間     ③ 有時   ④ 大部份時間     ⑤ 全部時間 

Name:                  

Questionnaire completed by: self-completed 

                     on  

(Official used only) 

Follow Up Visits            time  

Study Subject Code  SAIS            
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4. 如果你必須在背部維持現狀不變的情況下繼續生活，你會有甚麼感受？ 

① 十分愉快    ② 某程度上愉快       ③ 沒有愉快或不愉快 

④ 某程度上不愉快   ⑤ 十分不愉快  

 

5. 你現時的活動能力如何？ 

① 只限於床上                   ② 基本上不能活動      ③ 些微的運動及勞動 

④ 有限度的運動及勞動    ⑤ 活動不受限制 

 

6. 你在穿上衣服後的外觀如何？ 

① 很好          ② 好             ③ 可以接受   ④ 差勁           ⑤ 十分差勁 

 

7. 在過去六個月期間你曾感到十分沮喪以至於任何事物也不能讓你開懷嗎？ 

① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

8. 你在休息時背部有感到疼痛嗎？ 

① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

9. 你現時在工作/學校的活動能力為多少？ 

① 正常的 100%   ② 正常的 75%  ③ 正常的 50%    ④ 正常的 25%     ⑤ 正常的 0% 

 

10. 以下哪一項最能夠描述你軀幹的外觀？(軀幹的定義為人的身體除去頭部及四肢) 

① 很好          ② 好  ③ 可以接受  ④ 差勁  ⑤ 十分差勁 

 

11. 下例哪一項最能準確地描述你因背部疼痛而所需要服用的藥物？ 

① 沒有        ② 一般止痛藥 (每星期服用一次或更少)     ③ 一般止痛藥 (天天服用)  

④ 特效止痛藥 (每星期服用一次或更少)      ⑤ 特效止痛藥 (天天服用)    

        

12. 你的背部疼痛有否影響你做家務的能力？ 
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① 沒有          ② 少許           ③ 某程度上有    ④ 很大程度上有   ⑤ 經常有 

 

 

13. 整體來說，你在過去六個月期間有感到安寧和平靜嗎？ 

   ① 經常          ② 大多數時間     ③ 有時          ④ 很少數時間     ⑤ 完全沒有 

 

14. 你有否感到你背部的狀況對你的人際關係構成影響？ 

   ① 沒有          ② 少許           ③ 某程度上有    ④ 很大程度上有  ⑤ 經常有 

 

15. 你以及/或你的家人有否因為你背部的問題而在經濟方面遇到困難？ 

   ① 極有         ② 大程度上有   ③ 某程度上有    ④ 少許           ⑤ 沒有 

 

16. 整體來說，在過去六個月期間你有否感到失落和灰心？ 

   ① 完全沒有      ② 很少數時間   ③ 有時          ④ 大多數時間     ⑤ 經常 

 

17. 在過去三個月期間你有否因背痛而向學校/公司請假？如有，共有多少天？ 

   ① 零天       ② 一天        ③ 兩天         ④ 三天        ⑤ 四天或以上  

 

18. 你背部的狀況有否阻礙你和家人/朋友外出？ 

   ① 從來沒有      ② 很少數時間    ③ 有時         ④ 大多數時間     ⑤ 經常 

 

 19. 你現時背部的狀況會否讓你覺得自己仍有吸引力？ 

① 會，很有吸引力   ②  會，某程度上有吸引力    ③  無影響  

④ 否，沒有甚麼吸引力   ⑤  否，完全沒有吸引力  

 

20. 整體來說，你在過去的六個月裏感到愉快嗎？ 

① 完全沒有      ② 很少數時間    ③ 有時          ④ 大多數時間     ⑤ 經常  

 

21. 你對你背部治療的成效感到滿意嗎？ 
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① 十分滿意   ②  滿意    ③  不是滿意也不是不滿意 ④  不滿意    ⑤  非常不滿意

22. 如果你的背部再次遇到同類的情況你會否接受同樣的治理？

① 一定會 ② 可能會 ③ 不清楚 ④ 可能不會 ⑤ 一定不會

第二部份 (BrQ) 

本部份旨於瞭解你在配戴支架時，對自己健康的看法，並不是一個測驗，答案沒有任

何對錯之分。請仔細閱讀每條問題，選取最適當的答案。 

在過去三個月… 從不 幾乎不會 有時 大部分時間 時常 

1 配戴支架令你感到不舒適 □ □ □ □ □ 

2 你害怕背部情況會惡化 □ □ □ □ □ 

在過去三個月你配戴支架時… 

3 你走路時感到疲倦 □ □ □ □ □ 

4 你能跑步 □ □ □ □ □ 

5 

你能在沒有任何協助下配戴

支架 

□ □ □ □ □ 

6 

你能在沒有任何協助下除下

支架 

□ □ □ □ □ 

7 你的胃口不佳 □ □ □ □ □ 

8 你睡得不好 □ □ □ □ □ 

9 你呼吸不順暢 □ □ □ □ □
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 在過去三個月…       

10 你因支架而感到緊張  □  □  □  □  □  

11 你因支架而感到擔心  □  □  □  □  □  

12 你感到快樂  □  □  □  □  □  

13 你相信如果不用配戴支架的

話，你會生活得更好 

 □  □  □  □  □  

14 你相信支架治療是有益處的  □  □  □  □  □  

 在過去一個月…  
從不 幾乎不會 有時 大部分時間 時常 

15 你感到自豪  □  □  □  □  □  

16 你為自己的身體感到滿意  □  □  □  □  □  

17 你感到強壯和充滿力量  □  □  □  □  □  

18 你因支架而感到疲倦乏力  □  □  □  □  □  

 在過去一個月因為支架… 

19 你上課時遇到困難  □  □  □  □  □  

20 你曾經缺課  □  □  □  □  □  

21 你發覺上課時難以集中精神  □  □  □  □  □  

 

在過去一個月，你配戴支架

時… 

 

從不 幾乎不會 有時 大部分時間 時常 

22 你需服藥止痛  □  □  □  □  □  

23 你晚上有痛楚  □  □  □  □  □  

24 你走路時有痛楚  □  □  □  □  □  

25 你坐著時有痛楚  □  □  □  □  □  
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26 你上樓梯時有痛楚  □  □  □  □  □  

27 

你的手臂或大腿有被針刺般的

感覺 

 □  □  □  □  □  

 在過去一個月，因為支架… 

28 你不能跟朋友外出  □  □  □  □  □  

29 朋友同情你  □  □  □  □  □  

30 

你覺得自己有別於同儕 (朋

友) 

 □  □  □  □  □  

31 你跟家人相處有問題  □  □  □  □  □  

32 你相信如果不用配戴支架的

話，你跟家人或朋友的關係

會更好 

 □  □  □  □  □  

33 你因感到羞愧而留在家中  □  □  □  □  □  

34 你穿著特別的衣服  □  □  □  □  □  

 

第三部份 (SAQ) 

本部份旨於瞭解你對自己身體外型的評價. (請填滿相對應的圓圈，每題只可選擇一個 

1. 身體曲線 2. 肋骨突起 

  

 a. ○  b. ○  c. ○ d. ○  e. ○  a. ○  b. ○  c. ○ d. ○ e. ○ 
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3. 腰部突起 4. 頭胸髖 

  
 a. ○  b. ○  c. ○ d. ○  e. ○  a. ○  b. ○  c. ○ d. ○  e. ○ 

 

 

 

 

5. 頭相對於髖的位置 6. 雙肩高低 

  
 a. ○  b. ○  c. ○ d. ○  e. ○  a. ○  b. ○  c. ○ d. ○  e. ○ 

 

7. 脊柱突起 8. 請在 5 幅圖中選出令你最煩惱的一幅 

  

 a. ○  b. ○  c. ○ d. ○  e. ○  a. ○  b. ○  c. ○ d. ○  e. ○ 

 

 

不正確 

一點點正

確 

有些正確 頗為正確 十分正確 

9.  我希望身形變得更均稱 ○ ○ ○ ○ ○ 

10. 我希望穿衣後的我更好看 ○ ○ ○ ○ ○ 

11. 我希望擁有更均稱的雙髖 ○ ○ ○ ○ ○ 

12. 我希望擁有更均稱的腰部 ○ ○ ○ ○ ○ 
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13. 我希望擁有更均稱的雙腳長

度 

○ ○ ○ ○ ○ 

14. 我希望擁有更均稱的乳房 ○ ○ ○ ○ ○ 

15. 我希望擁有更均稱前胸 ○ ○ ○ ○ ○ 

16. 我希望擁有更均稱肩膀 ○ ○ ○ ○ ○ 

17. 我對手術後所留下的疤痕感

到難堪 (只供曾經進行過脊椎手

術人仕作答) 

○ ○ ○      ○      ○ 

 18. 在問題 10-18 中，哪一項對你最重要？____ 

 19. 你怎樣評價自己的形象?     ○ 很差          ○ 差         ○ 一般         ○ 好         ○ 很好 

 20. 身體那一項外型你最想得到糾正及其原因？ 
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APPENDIX III. INFORMED CONSENT FOR CHAPTER 3 

INFORMATION SHEET 

 Title: Application of 3D Printing Technology in Design and Fabrication of Spinal Orthosis 

for Management of Adolescent Idiopathic Scoliosis (AIS) 

  You are being invited to take part in a research study. Before you decide it is important for 

you to understand why the research is being done and what it will involve. Please take time to 

read the following information carefully and discuss it with parents. Ask us if there is anything 

that is not clear or if you would like more information. Take time to decide if you wish to take 

part. 

What is the Purpose of this Study? 

  Orthotic management is usually prescribed to patients with adolescent idiopathic scoliosis to 

prevent curve progression for patients with adolescent idiopathic scoliosis (AIS). The aim of 

this study is to apply 3D printing technology in design and fabrication of the spinal orthosis 

and to evaluate its clinical effectiveness comparing to the conventional orthosis. 

Why Have I Been Chosen?  

  This project is recruiting 20 female patients with moderate AIS who are newly prescribed for 

orthotic treatment. We are inviting patients with 1) typical scoliosis with right thoracic and left 

lumbar curve; 2) primary curve 25° - 40°; 3) age 10-14 years old. 

  It is up to you to decide whether or not to take part. If you do decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form. If you decide to take 
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part you are still free to withdraw at any time and without giving a reason. This will not affect 

the standard of care you receive. 

What Will Happen and What Should I Do If I Participate? 

  Because we do not know whether the 3D-printed orthosis or the conventional one is better, 

we need to make comparisons. Thus, 20 subjects will be put into two groups and then compared. 

After your agreement, a randomized allocated envelope will be opened to determine whether 

you will be assigned to the conventional orthosis (CO) group or the 3D-printed orthosis (PO) 

group.  

  If you are allocated in PO group, both a CO and a PO will be tailored made for you free of 

charge. Immediate in-orthosis assessments using the biplanar X-ray (EOS) scanning will be 

conducted on the Follow-Up Adjustment day for both orthoses. Then, you will start the orthotic 

treatment with the PO. If you are assigned to CO group, you need to follow the routine 

prescription without additional exams. As routine clinical practice, all subject should wear the 

orthosis at least 20 hours a day.  

  As routine clinical practice, a small size (9x13x4.5mm) temperature sensor will be embedded 

in the orthosis to assess wearing duration. During each of your clinical appointments until 6 

months, it will involve 10 minutes to complete 3 questionnaires.  

Any Risks or Benefits? 

  No additional risks for participating this project. You may feel uncomfortable when wearing 

the orthosis which is common to all the patients. At the beginning, please take some time to 

adjust or tell the orthotist to modify the orthosis if needed. For the patients in PO group, you 

will have two EOS scanning with both PO and CO on the Follow-Up Adjustment day. This 

assessment causes micro dose of radiation which is less than natural background radiation for 

1 day.  
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  You can learn your wearing duration during each follow-up appointment to supervise your 

wearing pattern as to improve the treatment effectiveness. Your medical records can also help 

other children and families like you to have better treatment in the future. If you fall into PO 

group, you can get 1 PO and 1 CO for free. The PO values about 10,000HKD and is lighter 

and thinner. 

Confidentiality 

  You have the rights of access to personal data and publicly available study results, if and when 

needed. 

  Under the laws of Hong Kong (in particular the Personal Data (Privacy) Ordinance, Cap 486), 

you enjoy or may enjoy rights for the protection of the confidentiality of your personal data, 

such as those regarding the collection, custody, retention, management, control, use (including 

analysis or comparison), transfer in or out of Hong Kong, non-disclosure, erasure and/or in any 

way dealing with or disposing of any of your personal data in or for this study. For any query, 

you should consult the Privacy Commissioner for Privacy Data or his office (Tel No. 2827 

2827) as to the proper monitoring or supervision of your personal data protection so that your 

full awareness and understanding of the significance of compliance with the law governing 

privacy data is assured. 

  By consenting to participate in this study, you expressly authorize: 

• the principal investigator and his research team and the ethics committee (Institutional Review

Board of the University of Hong Kong / Hospital Authority Hong Kong West Cluster)

responsible for overseeing this study to get access to, to use, and to retain your personal data

for the purposes and in the manner described in this informed consent process; and
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• the relevant government agencies (e.g. the Hong Kong Department of Health) to get access to

your personal data for the purposes of checking and verifying the integrity of study data and

assessing compliance with the study protocol and relevant requirements.

   If you would like to obtain more information about this study, please contact the principle 

investigator of this study, Dr. CHEUNG Pui Yin, Jason (tel. no.:  2255        ). 

Thank you for your interest in participating in this study. 

Dr. CHEUNG Pui Yin, Jason 

Clinical Assistant Professor 

The Hong Kong University 
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SUBJECT CONSENT FORM 

Title of the Project: Application of 3D Printing Technology in Design and Fabrication of Spinal 

Orthosis for Management of Adolescent Idiopathic Scoliosis (AIS) 

Name of Researcher: Dr. CHEUNG Pui Yin, Jason (Clinical Assistant Professor, HKU) 

Patient Identification Number for this trial: __________ 

1. I confirm that I have read and understood the information sheet dated

___/___/___ for the above study and have had the opportunity to ask

questions.

2. I understand that my participation is voluntary and that I am free to

withdraw at any time, without giving any reason, and without my medical

care or legal rights being affected.

3. I understand that sections of any of my medical notes may be analyzed

and published by responsible individuals from The University of

Hong Kong, the Duchess of Kent Children's Hospital and The Hong

Kong Polytechnic University or may be looked at by form regulatory

authorities where it is relevant to my taking part in research. I give

permission for these individuals to have access to my records.

4. I agree to take part in the above study.

Name of Patient Date Signature 

Name of Legal Guardian Date Signature 

Name of person taking consent Date Signature 

Researcher Date Signature 

研究相關資料 
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研究題目：應用三維打印技術於青少年突發性脊柱側彎矯形器的設計與製作 

 閣下正被邀請參加一項研究項目。在閣下做決定前，了解清楚此實驗目的以及其涉及

的方面是非常重要的。請花少許時間仔細閱讀以下內容并與家長商量。如果閣下對此

實驗有問題或者想查詢更詳細的資訊，歡迎咨詢我們。請閣下慢慢考慮是否願意參加

此研究項目。 

此研究的目的是什麼？ 

 對於治療青少年突發性脊柱側彎，在臨床一般會使用矯形器預防側彎加重。此研究目

的是應用三維打印技術設計與製作脊柱矯形器，並對比傳統矯形器以驗證其臨床治療

效果。 

為何會選中我？ 

  此項研究正在邀請 20 個患有中度脊柱側彎而且即將接受第一次矯形器治療的女患

者。我們會邀請符合研究設定的要求的患者，要求包括：1）脊柱側彎類型為典型的右

胸段側彎以及左腰段側彎；2）主要彎曲為 25度至 40度；3）年齡介乎 10 至 14歲。 

 參加與否全由閣下決定。如果閣下自願參加此項目，您將會收到這張研究相關資料并

簽署一份研究同意書。參加後您仍然有權利隨時、無條件地退出，而且您獲得的基本

治療不會受到任何影響。 

如果我參加，會發生什麼事，我需要做些什麼？ 

 因為我們不清楚究竟三維打印的矯形器和傳統製作方式的矯形器哪個更好，我們需要

做一些比較。因此，這個實驗會邀請 20個患者並分成兩組來比較。在閣下同意參加實

驗後，會隨機抽取一個分組信封來決定閣下會進入到三維打印矯形器組還是傳統矯形

器組。 
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 如果閣下抽取到三維矯形器組，我們會免費為您量身定做三維打印矯形器和傳統矯形

器各一個。在閣下回義肢矯形部覆診調整矯形器當天，將分別佩戴兩個矯形器進行雙

平面 X光掃描(EOS)來看即時佩戴的效果。然後閣下將使用三維打印矯形器進行矯形治

療。如果閣下抽取到傳統矯形器組，您只需遵循常規醫院的治療而不需要接受任何額

外的檢查。依照醫院日常的操作，所有患者每天至少需要佩戴矯形器 20 小時。 

 與日常臨床操作一樣，在矯形器里會放置一個微型溫度傳感器(9x13x4.5mm)來記錄佩

戴的時長。直至佩戴矯形器半年為止，閣下在每一次回醫院覆診將需花費大約 10分鐘

來完成 3份評估問卷。 

任何風險或得益？ 

 參加此項實驗並不會造成額外的風險。閣下佩戴矯形器時可能會感到不舒適，和所有

的脊柱側彎患者一樣，這是很常見的。剛開始佩戴的階段請閣下努力適應，若有需

要，請告訴矯形師將矯形器稍作修改。如果閣下抽到三維矯形器組，您將在調整矯形

器覆診當天分別佩戴兩個矯形器進行低劑量全身雙平面 X光掃描(EOS)。此項掃描只會

產生低於一天日照的輻射量。 

 閣下可以在每次覆診時查閱您佩戴的時長來督促自己的佩戴習慣，從而改善治療效

果。您治療的數據，在將來也可以幫助到其他患有同樣疾病的小童和他們的家庭。而

如果閣下抽取到三維矯形器組，您能免費獲得一個傳統的矯形器，和一個價值大約一

萬港元、更輕更薄的三維打印矯形器。 

資料保密 

  有需要的話，每個研究參與者都有權利獲得其個人的數據以及公開報告的研究結果。 
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  根據香港法律（特別是「個人資料（私隱）條例」，第 486 章），您有權對您個人資

料進行保密，如在本項研究中或與本項研究有關的個人資料的收集、保管、保留、管

理、控制、使用（分析或比較）、在香港內外轉讓、不披露、消除和/或任何方式處

理。如有任何問題，您可以諮詢隱私資料私隱專員或致電到其辦公室（電話號碼：

2827 2827），以適當監管或監督您個人資料保護，以便您能完全認識和瞭解確保遵守

法律保護隱私資料的意義。 

  同意參與該項研究，您明確作出以下授權: 

• 為了監督該項研究，授權主要研究者及其研究團隊和倫理委員 ( 香港大學及醫管局港

島西醫院聯網研究倫理委員會 ) 根據本項研究和本知情同意書規定的方式獲得、使用

並保留您的個人資料，並且

• 為了檢查和核實研究資料的完整性、評估研究協定與相關要求的一致性，授權相關的

政府機構（如香港衛生署）可獲得您個人資料。

  如果閣下希望獲得任何關於此項目的資訊，請聯繫本項目的首席研究員鍾培言醫

生 (電話: 2255         )。 

  謝謝閣下有興趣參與這項硏究。 

鍾培言 醫生 

香港大學 臨床助理教授 
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參與研究同意書 

研究題目： 應用三維打印技術於青少年突發性脊柱側彎矯形器的設計與製作 

研究者姓名: 鍾培言 醫生（香港大學 臨床助理教授） 

項目患者識別編號： __________ 

1. 本人確認我已閱讀並悉知此研究項目的相關資料（日期

___/___/___）且有足夠機會咨詢。

2. 本人明白此為自願參與的研究項目，且可以隨時、無理由地退

出，而且我的治療和法律權利並不會受到任何影響。

3. 本人知悉如果我參加此研究，我的醫療記錄可能被香港大學、根

德公爵夫人兒童醫院、香港理工大學的研究負責人分析及發表，

或被監管部門查閱。我允許上述組織查閱、分析我的記錄。

4. 我同意參加上述研究項目。

患者姓名 日期 簽名 

合法監護人姓名 日期 簽名 

同意書負責人姓名 日期 簽名 

研究員 日期 簽名 
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APPENDIX IV. INFORMED CONSENT FOR CHAPTER 4 

香港中文大學矯形外科及創傷學系(骨科) 

 Department of Orthopaedics & Traumatology 
The Chinese University of Hong Kong 

Information Statement 

Enhancing the Therapeutic Effect of Bracing for Adolescent Idiopathic Scoliosis with an Innovative 

Smart Brace Device – A Randomized Controlled Trial Using SRS Standardized Criteria 

Dear Patients and Parents, 

Introduction 

Scoliosis is a serious deformity of the spine. Adolescent Idiopathic Scoliosis (AIS) predominantly 

affects adolescent girls after the age of 10.  

The only treatment method for mild to moderate AIS is bracing. Previous studies have shown the 

effectiveness of bracing depends on compliance with bracing at the correct pressure of application.  A 

Smart Brace has been developed to maintain the correct pressure of application with an in-built 

inflatable air bladder. It is important to determine whether the Smart Brace is useful or not in enhancing 

the control of curve progression for adolescent idiopathic scoliosis (AIS). 

This study is carried out to find out the role of the Smart Brace in treating AIS. There is no obligation 

for your child to participate in this study. Participation is on a voluntary basis. If you choose not to take 

part in this study, the ongoing medical treatment of scoliosis for your child will not be affected. 

Since the Smart Brace is a conventional rigid brace but with the function to maintain the correct pressure 

of application, the potential risk and discomfort induced to subjects in this study and the risk of wearing 

the Smart Brace will be the same at that wearing the conventional rigid brace, namely allergic skin 

reaction and pressure sores which rarely happen and will be treated promptly when present. 
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Procedures 

1. After agreement of participation signing the consent form, a randomized allocated envelope will be

opened to determine whether your daughter will be treated with a conventional rigid brace or the

Smart Brace.

2. For both groups, an appointment will be given for them to meet our orthotist for fabrication of a

tailor-made brace, ie, the conventional rigid brace for the Conventional Group and the Smart Brace

for the Smart Brace Group. She should wear the brace at least 23 hours a day.  The brace fitting

process is the same for both groups.

3. Both groups will have the same follow up interval of 6 months. During each follow up:-

a. Subject will be clinically assessed by our doctor, much in the same way as in ordinary follow

up at our scoliosis clinic.

b. Plain x-ray of the whole spine is taken for each follow up.

c. Patients will hand in self-administered questionnaires which they have completed at home few

days before follow up.

4. The follow up will last till 2 years after skeletal maturity.

5. Patient's information will be used by the Department of Orthopaedics & Traumatology of The

Chinese University of Hong Kong or the collaborators for this study for scientific research purposes.

Future quotation and presentation of the data will be made in an anonymous way.

Contact Person:- Dr Tsz Ping Lam, Department of Orthopaedics and Traumatology, The 

Chinese University of Hong Kong. Tel:- 2632         (Miss Samantha Sin) 

  2632 For enquiry regarding patient’s right, please contact The Joint CUHK-NTEC CREC by phone          

email to crec@
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香港中文大學矯形外科及創傷學系(骨科) 

 Department of Orthopaedics & Traumatology 
The Chinese University of Hong Kong 

Consent Form 

Enhancing the Therapeutic Effect of Bracing for Adolescent Idiopathic Scoliosis with an Innovative 

Smart Brace Device – A Randomized Controlled Trial Using SRS Standardized Criteria 

I, Name: ___________________________ , HKID No. ________________ , Scoliosis Clinic No. 

_________________agree to participate in the above named research study. I understand that the study 

will be carried out as described in the Information Statement a copy of which I have retained. I realize 

that whether or not I decide to participate will not affect my medical care and treatment for Scoliosis. I 

also realize that I can withdraw from the research study at any time and do not have to give any reason 

for withdrawal. Such a withdrawal from the study will not affect any on-going treatment that I am 

receiving at the hospital. I can gain access to my data file at any time. The identity of myself will not 

be revealed without my consent to anyone other than the investigators conducting the study. Future 

quotation and presentation of the data will be made in an anonymous way. I have had all my questions 

answered to my satisfaction. 

*Delete if appropriate (at 8 locations)

(1) Signature of patient: ______________________________     Date: __________________

Name of Patient: _______________________________       ID No.: _________________ 

Date of Birth: ______________________________________ 

Home Phone No.: ____________________________________ 

(2) Signature of parent: ____________________________   Date: __________________

Name of parent:________________________________  ID No.: ________________ 
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Relationship with the study child: _____________________ 

(3) Signature of Doctor/Researcher: ______________________Date: __________________

Name of Doctor/Researcher: __________________________________ 

Contact Person:- Dr Tsz Ping Lam, Department of Orthopaedics and Traumatology, The 

Chinese University of Hong Kong. Tel:- 2632        (Miss Samantha Sin) 

   For enquiry regarding patient’s right, please contact The Joint CUHK-NTEC CREC by 

phone 3935          or email to crec@
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香港中文大學矯形外科及創傷學系(骨科) 
 Department of Orthopaedics & Traumatology 

The Chinese University of Hong Kong 

參加者須知 

使用智能支具提升支架治療對脊柱側彎病人的療效--根據 SRS 規範標準的隨機對照實驗 

敬愛的受試人和家長： 

前言： 

脊柱側彎是一種嚴重脊柱變形疾病,青少年脊柱側彎是最普遍的一種.病例多在十歲後發生。 

支架治療是輕微至中度脊柱側彎病人的唯一療法。過往研究顯示支具的療效取決於在適當壓力

下佩戴支具的時數。智能支具內置有可充氣氣囊,能夠維持支具與軀幹間壓力。證實智能支具

能否提升控制脊柱側彎的成效非常重要. 

我們計劃邀請脊柱側彎病患者參與此項研究計劃,旨在評估智能支具治療對脊柱側彎控制之療

效. 

請注意:-參加此項計劃純是自願性質,貴女兒並非一定要參與.如果閣下不願意參加,亦絕對不會

影響她日後接受的治療. 

由於智能支具是一種能夠維持支具與軀幹間壓力之支具，其潛在風險與不良後果和一般傳統支

具相同，包括皮膚敏感反應及皮膚壓損, 一般而言不常發生, 若真的發生, 我們亦會提供迅速及

有效治療。 

 方法與步驟： 

1. 家長與女兒同意參加此項目並簽署同意書後，將會隨機抽取裝有分組信息的信封，並憑此

决定貴女兒選用(1)智能支具治療或(2)傳統支具治療.
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2. 兩組病人均須约見支具治療師以便度身製作供阁下配帶之支具. 智能支具組病人佩戴智能

支具,傳統支具組病人佩帶傳統支具。病人需要每日穿戴支具二十三小時.兩組病人支具量

身訂做過程相同。 

3. 不論是“智能支具治療”或“傳統支具治療”,每隔六個月須覆診一次:-

a. 接受医生臨床檢查

b. 兩組均接受 x-光片檢查

c. 病人須於覆診前數天填妥问卷並於覆診日逞交研究員.

4. 跟進治療會在病人骨齡成熟後持續兩年。

5. 病人資料只供香港中文大學矯形及創傷學系或研究合作者作科學研究之用，研究結果將以

不記名方式發表。

如有任何問題、困難或事故，可聯絡：林子平醫生（電話：2632          , 冼曼斯小姐洽談） 

如對病人權益有疑問，請致電 2632            或電郵至 crec@                         聯絡香港中文大學–新界

東醫院聯網臨床研究倫理聯席委員會
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香港中文大學矯形外科及創傷學系(骨科) 

Department of Orthopaedics & Traumatology 
The Chinese University of Hong Kong 

參加者同意書 

使用智能支具提升支架治療對脊柱側彎病人的療效--根據 SRS 規範標準的隨機對照實驗 

本人    ,香港身份証號碼 , 病 歷 卡 號 碼

___________同意參與上列研究計劃.本人明白此計劃將會參照“研究詳情”進行,本人亦擁有一

份“研究詳情”.本人明白參與此項目與否是不會影響 本人將來接受的治療。本人亦明白隨時

可以中途退出這項計劃而不須提供任何理由，并不會影響本人將來的治療。 

本人可以隨時翻閱個人檔案。個人私隱將受到保密。研究結果將以不記名方式發表。 

本人已充份明白是項科研計劃，并且提出的有關問題已獲得滿意答覆。 

(1) 參加者簽名        日期 _______________________ 

    參加者姓名         身份證號碼 _________________  

    出生日期     

    住址 

 電話 

(2) 家長簽名       日期 ________________________ 

家長姓名 ___________________________     身份證號碼 ___________________ 

  與受試者關係 _______________________ 



Appendix IV Questionnaires for Chapter 4 

236 

(3) 醫生/研究員簽名 _____________________  目期______________________ 

        醫生/研究員姓名 

如有任何問題、困難或事故，可聯絡：林子平醫生（電話：2632        , 冼曼斯小姐洽談） 

如對病人權益有疑問，請致電 2632       或電郵至 crec@                聯絡香港中文大學–新界東

醫院聯網臨床研究倫理聯席委員會 
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