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ABSTRACT 

 

Active racket sportswear with novel ergonomic designs that can improve thermal 

and motion comfort during exercises are much desired. They should meet the 

requirements of low moisture accumulation, good convective heat transfer as well as 

low motion pressure, etc. The objective of my PhD project is to develop a new active 

badminton sportswear through a combination of various design elements like spacer 

structure, ventilation pattern and slash design to enhance the physical and 

physiological comfort during heavy exercises. 

 

A ventilation structure, which combines spacers and mesh openings, was designed to 

improve the convective heat transfer and reduce the touch areas between the skin and 

fabrics. A sports T-shirt with the above mentioned ventilation parts was fabricated 

by using a circular knitting machine. The pattern and fabrication process were 

investigated and optimized. The effect of ventilation design was evaluated by the 

Kawabata Evaluation System, the perspiring fabric manikin-Walter and wearer trials. 

Results demonstrated that the ventilation design can significantly increase both air 

circulation next to skin and ventilation cooling effect under windy condition and/or 

active body movement. The T-shirt with ventilation design provides significant 

advantages in wearers‟ thermal comfort, as manifested in reduced heat accumulation, 

lower skin temperature and humidity, better subjective sensation as well as reduced 

energy consumption during exercises.  

 



Abstract 

III 

 

Thin Non-elastic Smooth String (TNSS) method was developed to measure the 

tensile force of sportswear. The tensile force and pressure of sportswear were 

investigated during main badminton actions. According to the tensile and pressure 

test, slashes design was developed for ease of body motion during badminton 

exercise. The slashes were fabricated by laser cutting to reduce the local tension and 

the resultant pressure when the cuts are opened and closed during body movement. 

The effect of slashes was examined and showed a significant influence on reducing 

tensile force. 

 

A new badminton sportswear was designed and developed based on the research, 

which combines ventilation structures and slashes in different parts of the garment. 

The design specifications and production process are introduced in details. The 

effects of the new sportswear on reducing the motion resistance and improving the 

ventilation were measured and evaluated. Comfort satisfaction, thermal and moisture 

sensation, clingy sensation, pressure sensation as well as tensile force sensation were 

assessed in three phases of badminton exercise by players. Compared to commercial 

badminton sportswear, the new sportswear achieved higher degree of wearer 

satisfaction, cooler/dryer sensation and lower sports constriction. 
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Chapter 1 

1 
 

CHAPTER 1 

INTRODUCTION 

1.1  Background 

Sportswear is used in active sports and other occasions. According to the forecast of 

Just-style (2009), the global consumption of active sportswear will reach up to 61 

billion dollars in 2016. The consumption of global active sportswear is mainly in 

North America and Europe, but due to the successful holding of Beijing Olympics in 

2008 (Newbery, 2008), the environment for the world's active sportswear 

consumption has apparently been changed. More and more people in Asia, especially 

in China, need active sportswear with the widespread of national fitness concept, and 

the requirements for garment comfort and appearance have also been increased.  

 

Ergonomic design is a way of considering design options, in which the capabilities 

and limitations of human are taken into account to meet the desired performance. It 

is helpful to ensure that the product is fit for use by the target users. This method has 

been widely used in product development, and also in developing the high 

performance active sportswear. Based on the requirements in active sportswear, the 

designers should have a holistic consideration of various factors including the 

temperature of body and skin, water transportation, activity level, fitness, sensorial 

comfort, aesthetics, etc.  
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Comfort, as a contented enjoyment in physical or mental well-being (physiological 

comfort and psychological comfort), is an important factor in evaluating the 

ergonomic design of garments. As to active sportswear, comfort is essentially 

important not only for the fact that it can reduce the expenditure of energy and 

improve sports performance, but it can also contribute in terms of enhancing 

efficiency. The improvement of comfort can be achieved by the use of functional 

fabric, optimal structure and fitting pattern (International Ergonomics Association, 

2010).  

 

Due to a great amount of people taking part in racket sports, like tennis, badminton, 

squash, etc., the requirements of the sportswear for these activities are even higher. 

Badminton, as a demonstration of racket sports, is used to investigate the motion 

characteristics and to evaluate the developed racket sportswear. However, existing 

products needs improvements in terms of performance and comfort, nevertheless 

there is little research focused on the all-sided consideration of the human factors for 

active badminton sportswear. Hence the main aim of this project is to apply original 

creative methods to develop active badminton sportswear by involving ergonomic 

design, in order to improve their comfort and performance. After evaluating the 

effect of innovative designs, the optimized prototype will be developed and further 

evaluated. 

 

http://dict.youdao.com/w/squash/
http://dict.youdao.com/w/innovative/
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1.2  Objectives 

The specific objectives of this research study are:  

1. To investigate the factors that influence the comfort of active badminton 

sportswear, including perspiration, skin temperature, ventilation, handle, seam 

smoothing and garment fit.  

2. To develop a new design process model as a guidance for the development of the 

new badminton sportswear.  

3. To design a ventilation structure for improving thermal comfort of active 

badminton sportswear.  

4. To investigate the tensile force and pressure of the present commercial 

badminton sportswear. A novel TNSS method is invented for measuring the 

tensile force at the critical locations of the sportswear during the exercise.  

5. To develop slashes design to ease the body motion. To examine the effect of 

slashes on fabric strain by Instron.  

6. To develop the new badminton sportswear prototype which combines the 

ventilation design and slashes design. To evaluate the new badminton sportswear 

by manikin test and wearer trials.  

 

1.3  Project Originality  

During heavy exercises, the deterioration of thermal comfort due to heat stress and 

heavy sweating are the main problems affecting the performance of athletes. The 

fabric tends to stick to the skin after heavy sweating due to the large amount of 

http://dict.youdao.com/w/guidance/
http://dict.youdao.com/w/deteriorate/
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sweating. To solve the problem, a ventilative structure was developed based on the 

rational integration of design elements like spacer structure and mesh openings by 

knitting technique to enhance ventilation and thermo-physiological comfort. On the 

other hand, the active badminton sportswear tends to deform during actions, that may 

cause motion resistance. Hence, a slashes design was developed to ease of body 

motion during exercises.  

 

The stress exerted on the human body by sportswear also affects the comfort of 

athletes. The existing measurement methods are based on the skin deformation or 

pressure of tight garment, there is so far no effective method to measure the stress of 

loose-fitting badminton sportswear during action. In this paper, an original “Thin 

non-elastic smooth string method” was developed to evaluate the degree of 

restriction (or freedom) of sportswear on the wearer during action.  

 

1.4  Project Significance  

The knowledge of active sportswear design from the viewpoint of ergonomics is 

enriched. The study of wearing comfort for the badminton sportswear, particularly 

thermal comfort, tactile comfort and garment fit, based on materials and structures 

will not only lead to a better understanding of the affecting factors, but also 

provision of guidelines for optimizing badminton sportswear design. The novel 

design concept of this sportswear through the interlacement of spacer and mesh 

structures, and the unique slash design can be applied to different kinds of active 

sportswear and activity wear. The developed active badminton sportswear has better 
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ventilation, improved thermo-physiological property and less motion resistance, 

together with light weight, low price and high fabrication efficiency due to fewer 

garment parts and seams required. The developed non-elastic smooth string method 

is easy to operate and less influenced by the properties of the garment, which can be 

used to measure the tensile force of the elastic fabrics and garments during the 

exercise.  

1.5  Structure of the Thesis  

Chapter 1 briefly introduces the background information of the ergonomic design 

and the necessity to improve active sportswear. The statement of existing problems 

put forth the objectives of developing badminton sportswear with good ventilation 

cooling and thermal comfort, good tactile comfort, light weight and ease of body 

motion during the exercise. Finally, the research originality and significance are 

summarized.  

 

Chapter 2 provides a comprehensive literature review regarding the active 

sportswear, ergonomic design and human comfort. The proposed design directions 

for the active sportswear with elevated comfort are also included in this part.  

 

Chapter 3 summarizes the methodology of this research. The new design process 

model is introduced to design the functional garments with a consideration of 

ergonomics. The operational details are also presented on the developmental order. 

 

Chapter 4 designs and evaluates the performances of ventilation design. The spacer 
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structure, mesh openings and knitting method are studied and optimized by 

considering the body character and clothing structure for comfort improvement. The 

evaluation of the ventilation design is also reported by use of KES, sweating thermal 

manikin and wearer trials. 

 

Chapter 5 presents the detailed investigation of tensile force and pressure of 

garments during exercises. A TNSS method that measures the tensile force is 

developed based on the deformation behavior of knitted fabric. The design concept, 

design process and evaluation of slashes design are introduced as a direct and 

effective way to reduce the tensile force of knitted fabrics. 

 

In Chapter 6, a new badminton sportswear prototype with innovative ventilation 

structure and slashes design is developed by circular knitting machine. The comfort 

of the final prototype was evaluated by the tensile stress measurement of the garment, 

manikin tests and wearer trials. 

 

Finally, this thesis is closed with a summarization of the main findings of the study 

in Chapter 7. Suggestions on possible future work are also discussed. 
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 CHAPTER 2 

LITERATURE REVIEW 

2.1  Introduction  

Recently, the requirement of active sportswear has increased significantly. 

Badminton sportswear, as a major active sportswear, has a growing market share 

with the popularity of various racket sports. The development of high-performance 

badminton sportswear has escalated to satisfy customers, especially athletes. 

Ergonomic design is an effective method for the product development to meet 

customers‟ needs by applying the knowledge of kinesiological analysis and human 

anatomy on the design with the goal of optimizing the interaction between the 

garment and human body to enhance comfort and performance (Murrell, 1965; 

Grandjean, 1980; Chapanis, 1996). Comfort plays a key role in the evaluation of 

ergonomic design of garments, in which thermal comfort, tactile comfort, garment fit 

and garment pressure are important aspects for active sportswear design and will be 

systematically reviewed (Choudhury, et al., 2011).  

2.2  Active Sportswear 

Active sports include swimming, tennis, basketball, football, cycling, etc. Good 

active sportswear can improve the comfort and performance of athletes during 
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activities. In recent decades, a lot of investigations have been conducted on active 

sportswear, in which the use of functional fabrics and the design of garment structure 

are two possible approaches (McCann, 2005; Beamel, 2005; Gupta, 2011). 

 

2.2.1  Functional Fabrics  

Functional fabric is an important element when designing sportswear. The 

breakthroughs in functional fabrics usually prompted the development of functional 

active sportswear. Facilitating activities and improvement of thermal and moisture 

performance are important considerations in sportswear design (McCann, 2005; 

Senthilkumar, et al., 2010).  

  

The fabrics made with elastane yarns were widely used to reduce motion resistance 

of garments after elastane fiber was invented in 1937 in Germany. Spandex or 

elastane is a synthetic fiber (Meredith, 1971), better known under their brand names 

such as Lycra (made by Koch subsidiary Invista, previously a part of DuPont), 

Elaspan (also Invista), Creora (Hyosung), ROICA and Dorlastan (Asahi Kasei), 

Linel (Fillattice), and ESPA (Toyobo). Spandex fiber contributes elastic properties in 

fabrics like circular knits, warp knits, flat knits, woven etc. for sportswear. Elastic 

core-spun yarn, covered yarn, elasto twist yarn, two for one twisted yarn, air covered 

yarn and siro- spun yarn with common preparation are used to produce leisure wear 

and sportswear (Sawhney, 1974; Bhata, et al., 2001; Senthilkumar, et al., 2010). 

Spandex plated cotton fabric produced by plating technique is easy to realize the 

stretching properties of fabrics (Marmarali, 2003). Since the fabric getting the 

http://en.wikipedia.org/wiki/Invista
http://en.wikipedia.org/wiki/Hyosung
http://en.wikipedia.org/wiki/Asahi_Kasei
http://en.wikipedia.org/w/index.php?title=Fillattice&action=edit&redlink=1
http://en.wikipedia.org/wiki/Toyobo
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desired stretch properties of sports application requires lower percentages (2-3%) of 

elastane (Senthilkumar, 2011). LYCRA® POWER™ (Li, 2005; Lycra Power, 2012) 

apparel supplies extra directional support to muscle by spandex and unique design, 

which can reduce muscle vibration and avoid additional fatigue in repetitive 

high-intensity exercises.  

 

Moreover, thermal and moisture performance as another important factor in 

sportswear design should be considered in the development of fabrics. Ke and Zhang 

(2007) developed an elastic plated fabric with better moisture comfort. Duenser 

(2003) investigated the production of knits with modal/elastane and lyocell/elastane 

core-spun yarn to improve the thermal comfort of the wearer. CoolMax® fabrics 

provide outstanding breathability and enable moisture to quickly move from inner to 

the outer surface of the fabric by larger surface area of fibers and unique engineered 

fibers (Elena, et al., 2011). Not only can the structure of yarns be designed to 

produce a quickly dry fabric, the structure of the fabric is also designed to enhance 

the moisture permeability. Chen (2011) developed a plant structure to improve the 

moisture management properties of knitted fabric by the simulation of plants-shaped 

branching network. In addition, some leading sports companies have put huge 

investment into the development of garments for improving thermal comfort.  
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Figure 2.1 (a) Nike Sphere Cool, (b) Nike Sphere Dry, (c) Nike Sphere React 

Cool,(d) Nike Sphere React Dry, and (e) Nike Sphere Macro React. (HC 

International Inc, 2011) 
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Nike promoted a series of high-tech products labeled “Nike Sphere Cool/Dry” which 

are with openings and a raised "bumpy" surface between the fabric and the skin so as 

to regulate the skin temperature. “Nike Sphere React Cool/Dry” makes a change 

between perspiration and dry conditions by MRT fiber. The MRT fiber allows holes 

to expand and fabrics to rise so as to increase airflow across the skin and reduce 

cling. “Nike Sphere Macro React” technology makes some laser cut vents that open 

in perspiration and close in dryness to enhance cooling and comfort (HC 

International Inc, 2011). Figure 2.1 shows several techniques of Nike (HC 

International Inc, 2011). However, the surface only raised a small size by yarn factor, 

which is not big enough to make the air free access although the “clingy” discomfort 

may be improved by increasing fiber surface roughness. 

 

2.2.2 Garment Structure  

Although some comfort problems can be solved by using advanced materials, others 

have to be solved by the specific design details of the garment. Special design helps 

to save energy and to improve the performance during exercises. Energy conserving 

garments provide an air cooling system and many body supports combine to improve 

ventilation and performance for use by cyclists (Timothy and William, 1999). 

Michel and Vincent (2009) developed a garment with elastic elements on various 

areas, which can store energy and release them under a second movement of the leg 

(Figure 2.2).  
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Figure 2.2 (a) Energy conserve garments (Timothy and William, 1999) and (b) 

Garment with elasticity elements (Michel and Vincent, 2009). 

 

Some designs contribute to enhance the ventilation and to increase thermal comfort. 

Ho et al. (2008) has found that the positions of openings (Figure 2.3) and ventilation 

panels affect the total thermal insulation and vapor resistance.  

 

Figure 2.3 The design of putting openings at two vertical sides to improve ventilative 

cooling and thermal comfort (Ho et al., 2008). 
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Ho and Fan (2010) developed a ventilation garment with mesh opens and a plurality 

of spacers (Figure 2.4). The spacers are arch-shaped and 0.5-2.5cm in height that 

make a distance from the body of a wearer for the improvement of ventilation. The 

garment is raised to a bigger size to increase air flow and heat lost, but the spacer is 

too big and heavy to do exercises.  

 

Figure 2.4 (a) A ventilation garment and (b) Arch-shaped spacer (Ho and Fan, 2010) 

 

The trends in active sportswear design are to combine and optimize the functional 

fabric and garment structure to stimulate athletes' potential with enhanced comfort, 

minimized exercise-induced muscle damage and decreased friction and resistance. 

The Fastskin swimsuit (Figure 2.5) is a high performance full-body suit, which 

created less total hydrodynamic resistance than normal swimsuits based on the 

science of shark skin (Benjanuvatra, et al., 2002). The super stretched fiber surface 
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of the Fastskin is made to follow the V-shape flat scales of the shark skin surface, 

which can greatly reduce the friction of water flow. In addition, the swimsuit not 

only has good flexibility, but also it simulates the human tendon in the joints, that 

provide power when the athletes are performing back paddle. The designers of 

Fastskin swimsuit meet the key of swimsuit design, which reduces positive area and 

the friction coefficient (Nosowitz, 2012). 

 

 

Figure 2.5 (a) Shark Skin Close-up and (b) Speedo LZR Suit (Nosowitz, 2012). 

http://www.popsci.com/category/popsci-authors/dan-nosowitz
http://www.popsci.com/category/popsci-authors/dan-nosowitz
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Recently, Nike released its latest high-tech product-Nike Pro Turbo Speed 

sportswear (Figure 2.6). The athlete who wore this garment is able to increase the 

overall performance by reducing the wind resistance during running. The design 

concept of this sportswear is from a golf ball‟s dimples. The designer puts dimples 

on shoulder, arms, and leg part to help reducing the aerodynamic drag of the athlete 

(NIKE Inc, 2012).  

 

 

Figure 2.6  Nike Pro Turbo Speed sportswear (NIKE Inc, 2012). 
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Stretchability and thermal comfort are the main considerations when designing 

active sportswear. Recently, high-tech sportswear has flooded the market, new 

properties of the garment are emerging in an endless stream. The new design concept 

and technology have changed the way of athletes and ordinary consumers‟ wearing 

behavior. Hence, the innovative way of improving the performance and comfort 

should be taken into account during the design of active sportswear.  

  

2.2.3 Racket Sportswear 

The active sportswear market can be sub-divided into different kinds of sportswear 

such as, racket sportswear which includes the sportswear for tennis, squash and 

badminton (Chadwick and Walters, 2009). This is a large market, and based on the 

record of Alibaba (2005), traditional patterns pay more attention on the design of 

appearance to differentiate them from other active sportswear. For instance, 

traditional racket sportswear usually adopts the attached collar and adds a line such 

as a blue line or a red line to the outer of sleeves and trousers, but are not designed 

with holistic consideration from human factors. 

 

Recently, considerable work has been conducted on the design of functional racket 

sportswear. Nike Company developed a functional react sportswear-Nike Sphere 

Macro React jersey (Figure 2.7), which featuring Nike Sphere Macro React 

technology helps to keep the athlete cool and comfortable. Laser cut vents place on 

the back of the garment that open when the garment is wet (Nike Sphere Macro 

http://dict.youdao.com/w/innovative/
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React jersey, 2011). This garment considered the characteristic of racket sports that 

there are large amounts of sweating on back area. The opened cells provide better 

ventilation and air permeability, thereby to aid cooling during heavy exercises. But  

heavy sweating makes the clothes stick to the skin, and the openings may also be 

compromised resulting in the difficulty to function properly.  

 

Accordingly, it is necessary to develop an efficient garment structure to improve the 

ventilation cooling during racket sports. Moreover, the garment deformation may 

cause resistance of movement during a wide range of movements on the upper limb; 

hence it is also important to consider the balance between the garment fit and 

pressure.  

 

Figure 2.7  Nike Sphere Macro React jersey (Nike Sphere Macro React jersey, 

2011) 

http://dict.youdao.com/w/characteristic/
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The major racket sports include badminton, squash, table tennis and tennis. A unique 

sizes and shapes of play area, the hurdle, missile and racket are all the characteristic 

of racket sports (Lees, 2003). Racket sports have basic strokes including drive, 

smash, drop, and lob, etc., although the skills are different. The main positions of the 

stroke are overhand, underhand, overhead; forehand and backhand, and all of them 

need the cooperation of the joints of shoulders, elbows and wrists.  

 

Badminton, as one of the popular racket sports, is a high intensity and high 

frequencies game, in which the speed of the ball is the highest of that in other racket 

sports. Besides, badminton has a higher requirements of skill and flexibility that 

results in the demand of well-designed badminton sportswear. Therefore, this study 

will focus on badminton sportswear as a demonstration of racket sportswear.   

2.3  Ergonomic Design 

Murrell (1965, p.xiii) defines ergonomics (or human factors) as “the scientific study 

of the relationship between man and his working environment”. “Fitting the task to 

the man” (Grandjean, 1980, p.ix) is the most important principle of ergonomics. As 

an interdisciplinary research, its theory is based on physiology, psychology, 

anthropometry, and various aspects of engineering. Ergonomics design is a design 

method, in which the information of human factors is applied to the design, 

environments (Chapanis, 1996) and effective human use for the purpose of 

enhancing human performance (Dempsey, et al., 2000). Furthermore, the 

Ergonomics Society (2010), defines ergonomic design as “a way of considering 

http://dict.youdao.com/w/flexibility/
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design options to ensure that people's capabilities and limitations are taken into 

account”, for the aims of comfort, efficiency, productivity and safety, including the 

subjects of anatomy, physiology, psychology and design.  

 

In addition, a successful design of active sportswear considering the human factors 

should be a significant increase in comfort so that it can reduce the energy loss, 

improve sports performances and enhance the efficiency. By analyzing the demands 

of badminton players, there are some important parts related to the comfort during 

exercise. Firstly, the garment deformation may cause resistance of movement during 

a wide range of movement of the upper limb, hence the garment fit and pressure 

comfort should be taken into account together with the study of the kinetic 

characteristic of badminton sports and the physiological features of the human body. 

Secondly, quick venting of perspiration is one of the key factors of badminton 

sportswear contributing to the thermal comfort. The investigation of this factor is 

related to the distribution of human body sweat and the microenvironment between 

the human body and garments. 

2.3.1 Motion Characteristics of Racket Sports and Anatomical 

Analysis 

In order to develop a functional racket sportswear, the physiological structure of 

human and motion characteristics of racket sports should be investigated and 

analyzed together with kinesiology. Kinesiology is the study of human movement 

from the point of view of physical science, which helps to analyze the moments of 

human body and to discover their underlying principles for the improvement of 

http://dict.youdao.com/w/microenvironment/
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performance (Hamilton, et al., 2012). Mechanics, anatomy, and physiology are the 

three fields of foundation for the study of human movement. Description of the 

motor skill performance and anatomical analysis are two important points of 

kinesiological analysis, which also hold implications for sportswear design. The 

motor skill performance, or motion characteristics, as an important factor, was 

investigated in terms of muscle activation onset and offset as well as the sequencing 

of the stabilizing muscles for performance, injury and rehabilitation (William, et al., 

2007). Many works have focused on movement features of the main actions of racket 

sports (Lees, 2003; Lees, et al., 2009; Isabelle, et al., 2009; William, et al., 2007). 

 

The major racket sports have a hand-held racket in common which is used to propel 

a missile. The main motions of racket sports involve overhand, underhand, overhead, 

forehand and backhand, although the actions are different in details, all of the 

motions require the cooperation of the joints such as, shoulders, elbows and wrists 

(Lees, 2003; Lees, et.al., 2009). As the shoulder joint is closely related to the sports 

T-shirt design, the joint and muscles around the shoulder will be concerns for the 

improvement of functional design.  

 

The bones around the shoulder include: humerus – the upper arm bone, scapula – the 

shoulder blade, clavicle – the collarbone, and acromion – a bony process on the 

scapula (Marieb and Mallatt, 1997). Shoulder rotator cuff muscles interact when the 

shoulder joint is moving. Contraction of the supraspinatus muscle moves the arm up 

and away from the body at the shoulder joint during first 30 degree. When the arm is 

raised, subscapularis draws the humerus forward and downward. Infraspinatus is an 

http://en.wikipedia.org/wiki/Scapula
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external rotator of the glenohumeral joint and adductor of the arm. The infraspinatus 

and teres minor laterally rotate the head of the humerus. They also help holding the 

humeral head in the glenoid cavity of the scapula. The major of superficial shoulder 

muscles also provide a support to move. Trapezius moves the scapulae and supports 

the arm. Deltoid is divided into three parts: anterior part flexes and medially rotates 

arm; middle part abducts arm; posterior part extends and laterally rotates arm. 

Pectoralis major adducts and medially rotates the humerus, and draws the scapula 

anteriorly and inferiorly. Serratus anterior protracts and stabilizes scapula, and assists 

in upward rotation (Hamilton, et al., 2012). Figure 2.8 shows the anatomy of 

shoulder areas that are mentioned above. 

  

  
Figure 2.8 (a) The bones around the shoulder; (b) The muscles around shoulder, deep 

layer; (c) The muscles around the shoulder, superficial layer, back view; and (d) The 

muscles around the shoulder, superficial layer, front view (Medical Multimedia 

Group, 2009; Medicalartlibrary, 2006). 

 

By combining the anatomical properties of shoulder areas and motion characteristics 
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of racket sports, some researchers found the characteristics of major actions of racket 

sports. Isabelle et al. (2009) found that anterior and middle deltoid muscles prepare 

the forward swing between the preparation and acceleration phases of the forehand 

drive and the forward shoulder rotation. William et al. (2007) reported the sequence 

of muscles reaction on different cocking phases. Firstly, serratus anterior and upper 

trapezius are active in the early cocking phase, while lower trapezius is activated in 

the late cocking phase just before the acceleration phase (Figure 2.9). Secondly, 

anterior deltoid is activated in early cocking, while the posterior deltoid is activated 

later. Teres minor is activated just after the anterior deltoid. Supraspinatus is 

activated in late cocking. Thirdly, infraspinatus is activated in follow-through, and 

lower trapezius is a scapular stabilizer in the elevated rotating arm. The sequence of 

the muscles on different cocking phase is shown in Figure 2.10. 

 

 

Figure 2.9 The relation of serratus anterio, upper trapezius and lower trapezius 

(Sayco performance. 2011) 
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Figure 2.10 The sequence of the muscles on different cocking phase (William et al., 

2007; Hoeven, H. and Kibler, W. B., 2006; Medical Multimedia Group, 2009) 

 

Other researchers focused on the physiological feature of racket sport players. Ann et 

al. (2010) measured elite tennis players and found that more relative muscles were 

significantly greater on the dominant side because more scapular upward rotations 

were found on the dominant side. Upper trapezius and serratus anterior strength were 

significantly higher on the dominant side, whereas middle and lower trapezius 

strength showed no side differences. Anthropometric measurement of pectoralis 

minor (PM) length was shorter on the dominant side (Figure 2.11).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20der%20Hoeven%20H%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kibler%20WB%5Bauth%5D
http://dict.youdao.com/w/physiological/
http://dict.youdao.com/w/feature/
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Figure 2.11 Photograph of the measurement of PM distance (Ann, et al., 2010) 

 

Besides, the motion characteristics of racket sports and anatomy feature should be 

adequately considered during racket sportswear design. Firstly, more allowance may 

be taken into account on the dominant side, for instance, more spaces on neckline 

and shoulder of the dominant side, or more relaxed stretch on the dominant shoulder. 

Secondly, design with more stretch and less resistance is suitable to be placed around 

the shoulder, under the arms and at the middle of back. Thirdly, chest, upper and 

lower back have a relatively small deformation during racket sports, which can be 

designed to stabilize the garment. 

 

2.3.2 Distribution of Sweating 

The regional sweat rate is considered to be one of the important elements that 

influence the design of sportswear for better thermal comfort. Most studies on 

regional sweat distribution focus on males and sweat regulation (Nadel, et al., 1971) 

and the effects of fitness (Inoue, et al., 1999). Inoue et al. (2005) reported an actual 

data for regional female and male sweat rates in passive heating without exercise. 

Havenith et al. (2008) investigated the regional sweat rates on the different sexes on 

http://dict.youdao.com/w/photograph/
http://dict.youdao.com/w/for_instance/
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the upper body, the whole torso skin area and the upper arms. It was found that 

sweating in both sexes during exercises was highest along the spine, and higher on 

the back than the chest. But, the upper arm sweat rate was the lowest among the 

other areas. The pictures of mean regional sweat rate values for male and female 

runners are shown in Figure 2.12. The application of data is suitable for sportswear 

design. No matter female or male, active sportswear should be designed with better 

ventilation and sweat releasing on the back area. 

 

Figure 2.12 Mean regional sweat rate values as ratios to surface weighted mean 

sweat rate of all measured zones for male and female runners (Havenith, et al., 2008) 
 

 

Active sports are vigorous exercise, usually with heavy sweating and high energy 

consumption. Holmes (2000) reported that heat energy was produced by various 

activities and corresponding perspiration rates. It was shown that the work rate and 
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perspiration rate are 300 watts and 115000 g/day
-1

 during active walking, 

respectively. Thus, active racket sports may produce more perspiration and consume 

more energy.  

 

When designing active sportswear, the distribution of sweating should be taken into 

account for the improvement of thermal comfort. The garment, which is designed 

with good moisture management, may need to meet the situation of profuse sweating 

and to reduce the energy consumption. 

2.4  Human Comfort 

Comfort, may be resolved both through aesthetic (handle, drape) and performance 

(thermal, moisture transport) factor (Horrocks, 1985), is a pleasant state of 

physiological, psychological, and physical harmony between a human being and 

environment (Goldman, 1975; Slater, 1986). It depends on such factors like body 

temperature, tactile sensations, neural responses, lung function, body mechanical 

efficiency, blood pressure, visual or aural stimulation, taste or smell sensations, and 

skin hygiene (Slater, 1986). Human comfort, as an important method to evaluate the 

ergonomic design of active sportswear, includes the directions of thermal comfort, 

tactile comfort, and pressure comfort. 

2.4.1 Thermal Comfort 

Thermal comfort is defined as “the condition of mind that expresses satisfaction with 

the thermal environment” by ASHRAE 55 (1992) or “Subjective indifference to the 

thermal environment” by Mercer (2001). The cognitive process of comfort is 
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encompassing many inputs under the influence of physical, physiological, 

psychological, and other processes. From direct temperature and moisture sensations 

from the skin, internal body temperature, and behavioral thermoregulation, the 

conscious mind may judge thermal comfort and discomfort (Hensel, 1973; Hensel, 

1981; Hardy, et al. 1971; Berglund, 1995). Generally, the human body will feel 

comfortable when body temperatures are held within narrow ranges, skin moisture is 

low, and the physiological effort of regulation is minimized (ASHRAE 55, 1992). 

According to Fanger (1970, 1973), thermal comfort depends on six parts: air 

temperature, mean radiant temperature, relative air velocity, vapor pressure in 

ambient air, activity level (i.e. internal heat production), and thermal resistance of 

clothing. 

 

An important function of clothing is to ensure that the heat loss, skin temperature, air 

movement and humidity at the body surface produce a sensation of comfort (Yee, 

1988). Hence, among all the comfort factors, thermal comfort is the primary function 

to aid in maintaining the thermal balance of human body (Hollies and Goldman, 

1975). Within the study of thermal comfort, heat transfer through clothing is an 

important topic in functional clothing design (Chen and Fan, 2003). Clothing 

generally represents a layer of insulation and as a barrier to heat transfer from the 

skin surface (Gavin, 2003). For athletics, heat stress can harmfully affect their sports 

performance (Ruckman, Hayes and Cho, 2001; Williamson and Buirski, 

2002).Therefore, it is crucial to utilize the mechanisms and theory of heat and 

moisture transfer through a clothing assembly to optimize clothing design (Ruckman, 

et al., 1999).  
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2.4.1.1  Heat Exchange  

Conduction, convection, radiation and evaporation are four types of heat exchange 

between the human body and its terrestrial environment. As convection and 

evaporation, heat exchange play a major role when the human wears sportswear 

during activities (Houdas and Ring, 1982; Havenith, 2001; Roberts, et al., 2007), the 

two ways will be described in details in the following.  

 

Conductive heat transfer means that the energy of random motion of molecules of a 

solid or fluid with higher temperature is transferred to molecules of a solid or fluid 

with lower temperature. In general, the amount of conduction heat exchange is very 

small.  

 

Convection heat transfer encompasses the mass transfer between human body 

surface and the surrounding environment. The two major types of convection heat 

transfer are natural convection and forced convection. The first one takes place in 

still air or water without any external forces such as wind. The second type involves 

external forces such as wind, or when the human body is moving through a still 

medium. For the human body, the cooler air adjacent to the human body surface gets 

in touch with warmer human body surface then becomes more buoyant. Such 

phenomenon results in an upward streaming sheath of warmed air over the whole 

human body surface. The thickness of the sheath of warmed air can be reduced by 

strengthened the air convection. For instance, as the overall heat loss from natural 
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convection can be estimated as 3 (m
2
 

0
C W

-1
) for the whole body (Mitchell, 1974; 

Clark and Edholm, 1985), the convective heat transfer is accounted for half of 

human body heat production with value of 24 (m
2
 W

-1
) in resting condition, when a 

human is with 33 
0
C mean skin temperature under 25 ºC ambient temperature. 

However, the convection heat transfer would be increased significantly if the wind 

speed is 5 (ms
-1

), which is about 150 (m
2
 W

-1
) (Wu, 2010). Accordingly, convection 

is an important way of heat transfer during exercises because of the strengthened air 

convection by high speed movement. Convective heat transfer can be expressed by 

following equation: 

 

H conv =h A( Ts-Ta)                       (2-1) 

 

Where H conv is the heat transfer by convection; h is the convective heat transfer 

coefficient depending on the type of convection; A is the surface area; Ts is the skin 

temperature; and Ta is the environment temperature 

 

Electromagnetic radiation is emitted from the surface of an object and absorbed by 

another object due to its temperature, which exchanges heat in such a way without 

physical contact. About 85% of body surface area is an effective radiating surface. 

Based on the prediction model proposed by Lee (1999), the ratio of convective to 

radiation heat loss is about 0.7 for a clothed person in an environment with 

temperature of 20 
0
C. 

 

Evaporation is a process of the conversion of a liquid (water) into a vapor (a gaseous 
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state) usually through the application of heat energy. The rate of evaporation is 

influenced by the water vapor pressure between the surrounding environment and the 

human body skin surface. Generally, evaporation accounts for 25% of total heat loss 

of human body under basal condition (Hey and Katz, 1969). Fanger (1970) 

calculated the heat loss of vapor diffusion through the skin by following equation:  

 

Ed=λ m ADu (Ps-Pa)                    (2-2) 

 

Where m is the permeance coefficient of skin; ADu is the DuBois area; Ps is the 

partial water vapor pressure at human body skin surface temperature; Pa is the partial 

water vapor pressure at environment temperature;λis the heat of vaporization. 

 

There are two kinds of heat loss by evaporation. The first kind is evaporation of 

sweat from the skin surface of human body during sweating. Another is evaporation 

from respiratory tract. According to Burton and Edholm (1995), two third of 

evaporative heat loss is from the body skin surface and one third of evaporative heat 

loss is by the respiratory tract. But, sweating becomes the most important and 

effective way for thermoregulation in human body during heavy exercise (or in very 

hot environment). In this condition, the maximum sweating rate of a human can be 

as high as 600 to 900 (g h
-1

 m
-2

). Hence, for a human with thermal comfort during 

exercise, evaporative cooling with reduced sweating accumulation is an efficient 

way.  

 

2.4.1.2  Heat and Mass Transfer through Clothing 

Assuming a dressed person is standing under a windless environment, the system of 
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heat and mass transfer can be illustrated as a simple clothing system in Figure 2.13 

(Qian, 2005; Wu, 2010) 

 

 
Figure 2.13 Simple clothing model for heat and mass transfer 

 

 

The heat generated by human body metabolism will be transferred from body to 

environment through clothing by conduction, convection, radiation and evaporation. 

The heat transfer by the conduction, convection and radiation are mainly governed 

by temperature difference between body skin surface and environment, whereas the 

evaporative heat transfer He (Wm
-2

) on the skin of human body is affected by the 

water vapor pressure between the human body skin surface and the environment. 

Therefore, the first three ways of heat transfer can be grouped as dry heat transfer or 

direct heat loss Hd (Wm
-2

).  
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Woodcock (1962) assumed that the dry heat transfer Hd (Wm
-2

) and evaporative heat 

transfer He (Wm
-2

) are independent of each other and thus, they can be measured 

independently. And the total heat transfer Ht (Wm
-2

) from human body surface to 

environment through clothing can be expressed as: 

 

Ht = Hd + He                                     (2-3) 

 

Where Ht is total heat transfer. 

 

Then, the thermal insulation of clothing (Rt) and evaporative resistance of clothing 

(Re) can be expressed as following equations: 

 

 ( - )
R = s s e

t

d

A T T

H
                       (2-4) 

 ( - )
=

 

s s e
e

e

A P P
R

H
                        (2-5) 

 

Where Rt is the thermal insulation or total thermal insulation of clothing; Re is the 

evaporative resistance or total evaporative resistance of clothing; As is the skin 

surface area (m
2
); Ts is the area weighted mean skin temperature of manikin (in 

0
C); 

Te is the environment temperature (in 
0
C); Ps is the water vapor pressure of skin 

surface; Pe is the water vapor pressure of environment. 

 

The intrinsic thermal insulation and evaporative resistance of clothing can be 

determined by subtracting the resistance of boundary air layer (Ia) as follows: 
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Where Icl is the intrinsic thermal insulation of clothing; Recl is the intrinsic 

evaporative resistance of clothing; Ia is the thermal insulation of boundary air layer 

in nude condition; Rea is the evaporative resistance of boundary air layer in nude 

condition; fcl is clothing area factor 

 

2.4.1.3  Evaluation of Thermal Comfort 

Thermal insulation and evaporative resistance of clothing can be measured directly 

on human. Holmer and Elnas (1981) developed a method to determine the effective 

evaporative resistance of clothing for both resting and working subjects. Holmer 

(1985) investigated the thermal insulation of two types of clothing ensembles by 

human subject tests. It was found that there is no significant difference in heat 

exchange and thermal insulation of the garments when wool was compared to nylon 

during walking, running, and resting in wet and dry clothing. However, human 

subject tests are relatively costly and not so reproducible, as the subjective sensation 

may change frequently by various reasons. 

 

As a relevant, reliable and accurate method, the thermal manikin method can be used 

to predict the thermal comfort of the overall clothing system (Qian, 2005), especially 

using the perspiring thermal manikin (Meinander, 1999; Matt, 1999; Chen, 2003). It 

measures thermal insulation (Rt) and evaporative resistance (Re) of clothing, which 
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are two major elements influencing thermal comfort. Holmer (2004) stated that the 

thermal manikin was mainly applied to test the thermal characteristics of clothing, so 

that it can assess the influence of thermal environment on human body. However, the 

manikin could not feedback any psychological changes. Wear trial method can relate 

the subjective feeling and objective data (Kar, 2007), hence, the combination of 

thermal manikin and wear trial can be an effective method for the evaluation of 

thermal comfort.  

 

Moisture permeability index (im) was introduced by Woodcock (1962a, 1962b) to 

provide a measure of the ratio of the actual evaporative heat flow capability between 

the skin and the environment to the sensible heat flow capability (ASHRAE, 2009). 

Higher value of moisture permeability index (im) is desirable as it means that the 

clothing system is more breathable under the same thermal insulation. im can be 

calculated by: 

t t
m

e e

R R
i  =  =60.6

0.0165R  R
              (2-8) 

Where It and Re are in ISO standard units, the theoretical range of im is from 0 (for 

the completely impermeable system) to 1 (for the ideally permeable one).  

 

Thermal Manikin 

 
The earliest thermal manikin was produced by United States Army in the early of 

1940s (Belding, 1947; Holmer, 2004). It is a human shape copper thermal manikin, 

which was created by the inspiration of a store fashion manikin. Based on the 

development of thermal manikin, it can be classified into four groups. The first 

http://dict.youdao.com/w/influencing/
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group is the standing and non-perspiring ones (Kerslake, 1963; Fonseca, 1975; 

McCullough, et al., 1989). The second is moveable, but non-perspiring ones such as 

the copper manikin “Charlie” in Germany (Mecheels and Umbach, 1977) and those 

in Denmark (Olesen, et al., 1982) and Japan (Hanada, 1977). The third one is 

non-sweating manikin but simulating sweating by wetted skin. This kind of manikins 

is currently used by Holmer in Sweden, McCullough in USA and Havenith in Britain. 

The fourth group is the perspiring and/or moveable manikin such as “Taro” in Japan 

(Yasuhiko, et al., 1991), “Kem” in Japan (Fukazawa, et al., 2004), “Coppelius” in 

Finland (Meinander, 1999), “Sam” in Switzerland (Mattle, 1999) and “Walter” in 

Hong Kong (Fan and Chen 2002; Qian and Fan 2004). With the development of 

thermal manikin, it served as a reliable and accurate instrument for evaluation of 

thermal factors (Homer, 2004). In particular, in order to measure the thermal 

insulation and evaporative resistance simultaneously, sweating manikin has become 

a preferred instrument.  

 

Wearer Trials 
 

The performance of the garments was subjectively evaluated by wear tests or wearer 

trials. Wearer trial is a realistic and comprehensive evaluation, even if it is relatively 

expensive and inconsistent (Parsons, 1993; Qian, 2005). As an end-use performance 

test, wearer trial is used to collect the subjective sensations of the wearers, especially 

the comfort sensations (Merkel and Miller, 1987). The subjective assessment of 

comfort sensation is in dynamic status and constantly changing with humans 

adjusting to the environmental changes (Kar, 2007); hence it is difficult to record by 

objective approaches. Therefore, a wearer trial is a preferable method for the 
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assessment of clothing comfort.  

 

Moreover, wearer trials can also be applied to subjective evaluation and objective 

measurement under the same experimental conditions. The recorded sensors for 

objective measurement can be attached to the human body during wearer trials 

(Sweeney and Branson, 1990). Statistical analyses can be applied to treatment the 

subjective and objective data obtained via wearer trials. Gonzalez and Gagge (1973) 

found that the skin wetness is a good predictor of thermal discomfort by use of 

wearer trials under a wide range of temperature and humidity conditions. The skin 

wetness and the comfort satisfaction degree were recorded at same time, then the 

correlation and regression analyses were conducted. Fuzek and Ammons (1977) 

applied the random block design and Scheffe‟s paired comparison method to 

analysis subjective evaluation of garments on comfort performance. Li et al. (1988) 

investigated the correlation of physiological responses and psychological sensations 

of subjects under two conditions. The objective measurements were made of 

tympanic membrane (core) and skin temperatures, heart rate, energy expenditure, 

body sweat loss and sweat absorption of the garments, while the subjective 

evaluations were recorded on 19 sensation descriptors via a 1-5 scale questionnaire. 

Ruckman and Murray (1998) evaluated the effectiveness of ventilation systems in 

outdoor jackets by use of wearer trials under a condition simulating fell walking. 

Both of the subjective evaluation on comfort as well as the objective recorded on 

skin temperature and the amount of perspiration were analyzed using two-way 

analysis of variance. 1-4 scale and 1-9 scale questionnaires were used to evaluate 

comfort, wet sensation as well as thermal sensation respectively. Fan and Tsang 

http://dict.youdao.com/w/statistical/
http://dict.youdao.com/w/analysis/
http://dict.youdao.com/w/satisfaction/
http://dict.youdao.com/w/degree/
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(2008) studied the effect of the thermal properties of sportswear on the thermal 

comfort sensation via wearer trials during badminton exercise. Garment samples 

were evaluated in terms of warmth, prickliness, stiffness, roughness and overall 

comfort on a 1–5 scale before and after exercise. The results were analyzed together 

with thermal insulation and evaporative resistance of garments by use of the Pearson 

correlation coefficients method. Hence, the approaches to evaluate the sportswear on 

thermal comfort or total comfort performance are conducting wearer trials under a 

real exercise condition. The statistical analyses are also used to investigate the effect 

and correlation of the recorded parameters. These can be analyzed via combines of 

objective measurements and the subjective assessments, or the results of subjective 

evaluations and the properties of garments.    

 

In additions, to enhance the reliability of the evaluation, the procedures of the wearer 

trial, kinds and handles of garments should be standardized. According to the 

suggestions in ASTM D3181 (2009), below items should be concerned. Firstly the 

purpose of the measurement, the area of study, the rating scale, the definitions of 

satisfactory or comfort, the number of participants, the exact size of garments, as 

well as the percentage or scope of unacceptable data should be identified clearly; 

secondly, number of wearings and a suitable control garment for comparison of 

performance should be decided; thirdly, an appropriate experimental design, 

including considering the time and cost of execution, the potential yield of 

information from statistical analysis of the results should be established; finally, the 

testing garments, e.g. color, style, should be standardized in order to avoid influences 

of the evaluation by aesthetic differences.   

http://dict.youdao.com/w/statistical/
http://dict.youdao.com/w/analysis/
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2.4.2 Tactile Comfort  

Fabric worn next to the skin is thought to influence an individual‟s assessment of 

tactile comfort (Tarafdar, 1995). These sensations such as warmth, chilliness, 

scratchiness, and dampness, which are the most easily discerned when the human 

activity or the microclimate change, are the natural result of human tactile sensibility 

(LaMotte, 1977). Knit fabrics have outstanding comfort qualities, and are selected to 

represent typical T-shirt and sportswear. Chen et al. (1992) tried to quantify the 

relationship between tactile qualities and various knit fabrics which are produced on 

different machines with different patterns and fabric types. The seam of garment is a 

factor leading to scratchiness, which also affects the comfort of clothing and 

high-end active sportswear which adopt seamless technologies such as 

seamless-knitwear and seamless apparel, have been developed in the market (Feng, 

2009). The tactile properties of fabric worn have been investigated in many studies. 

However, the tactile comfort of performing special active sports has not been 

investigated in detail. Thus, the method of reducing the influence of seam on active 

parts of the body merits the consideration in this study. 

 

2.4.3 Garment Fit and Pressure Comfort 

Active sports are strenuous exercises, and the active sportswear should be made to 

let the player feel free, through less resistances and ease of movement. Garment fit 

and pressure, as two interrelated elements, concerns the comfort and appearance. 
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Garment pressure, which is one of the reasons of discomfort, is closely related to the 

space allowance between the body and the garment (Zhang, 2002; Denton, 1972) as 

well as the body shape, mechanical properties of the fabric and the pattern of 

garment (Greenwood, 1971; Gillham, 1995). Meanwhile, the fitness of sportswear is 

also a trend, but most of the present racket sportswear tends to reduce restrictions of 

movement by providing enough space allowance and a little elasticity of fabrics. 

Thus, it is necessary to develop a new method that is able to balance pressure and fit 

for specific active sportswear. 

 

2.4.3.1  Simulation and Prediction  

Currently, many studies focus on pressure simulation and prediction. Zhang et al. 

(2002) published a mechanical model which is based on the theory of dynamic 

contact mechanics for numerical simulations of 3D dynamic garment pressure during 

wear. This computational model can simulate and predict the dynamic mechanical 

behavior of garments during wearing, and the values are close to the magnitude of 

experimental measurements. Wong et al. (2004) reported that the distribution of 

tight-fit sportswear pressure was simulated by using numerical computational 

method. The interaction with sportswear in the wearing process was also investigated. 

It was found that pressure increases significantly around the waist girth until it 

passes through body pelvis during the wearing process and pressure distribution was 

not uniformly distributed. Meanwhile, garment pressure was also related to 

mechanical properties of the fabric. To measure clothing pressure without the sewing 

process, Sonoko et al. (2011) developed a numerical-analysis-based technique, 

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R2MCaGpIoIEIci9OBoO&author_name=Zhang,%20X&dais_id=3323000&cacheurlFromRightClick=no
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R2MCaGpIoIEIci9OBoO&author_name=Wong,%20ASW&dais_id=1192046
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which applies to large deformation to simulate knitted fabric pressure by using a 

rigid mannequin. Senthilkumar et al. (2011) reported that elastic fabrics play a key 

role on sportswear design by freedom of movement for body fitment to achieve 

comfort. This study also reported the characteristics and production method of 

elastane fiber and commercially fabric properties and new testing methods to test the 

elastic products and their applications. Tomoko and Masaru (2009) reported two 

methods for the measurement of clothing pressure of knitted fabrics by using an air 

pack. Based on a fundamental relationship between pressure and tensile load built 

for a curved thin liquid film, the pressure can be predicted. It was found that the 

tensile load-strain curves of the knitted fabrics provided desirable properties to 

produce the comfortable knitted fabrics leading to clothing pressure.  

 

The prediction of wearing pressure and the properties of the fabric are all related to 

comfort and design of pattern size. And researchers try to build a relationship 

between the pressure and comfort. Liu et al. (2011) showed the relationship of 

clothing pressure on the bust and garment bust strain and Young‟s modulus of fabric. 

It was found that the equation can provide a database for the bust size design of 

tight-fit garments with functional pressure comfort. Toshiyuki and Yoshiaki (2004) 

investigated that the relation between pressure values and the feeling of pressure of 

the top part of men‟s socks. It was found that the pressure value of the front surface 

of the leg has a big influence on the comfort and the minimum girth of the lower leg 

and the girth of the heel also influence the comfort of socks. 

 

Although there is already much work conducted on the research of garment pressure 
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and fit, little work has been carried aimed at reducing the tensile stress during racket 

sports. Pressure and tensile stress can be simulated and predicted as close to the real 

situation, but it is also significant to study the methods for measuring the real 

pressure of garment so that a proposed design can be developed to relieve the stress. 

 

2.4.3.2  Measurement of Pressure and Tensile Stress 

Different from other daily used garments, the active sportswear is stretched more 

during heavy exercises. Tensile force will be higher simultaneously, though the 

sportswear is designed with space allowance. Hence during the design of high 

performance sportswear, the method of measuring pressure and tension should be 

seriously considered. 

 

To measure the pressure of garments, several types of pressure sensors can be used. 

Lai et al. (2009) measure the loading generated on the patients' scars through 

additional inserts and pressure garment by Pliance X System. Based on the 

measurement and the evaluation of sensor properties, the results showed that there is 

good discriminated ability in distinguishing different levels of pressure loading on 

patients with scars (p < 0.01) in the clinical trial. It means that the commercially 

available pressure measurement system is suitable for the measurement of low 

interface pressure under static condition. But, the price of the sensor is expensive.  

 

Wang et al. (2011) exploited a fabric pressure sensor that can measuring pressure 

from 0 to 2000 kPa with a pressure sensitivity up to 2.98 x 10
-3

 kPa
-1

. This sensor is 

http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&colName=WOS&SID=R2MCaGpIoIEIci9OBoO&field=AU&value=Lai,%20CHY
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used for measuring the pressure between human body and garments, shoes, beds, and 

chairs. However, the sensor is only suitable to measure the pressure on the touch 

points. Yi et al. (2012) developed a sensor made of conductive particles filled 

composites that is flexible and suitable for large deformation, but the sensor is easily 

affected by temperature and has not yet been commercially produced. 

 

The digital image correlation analysis (DIC) method (Hufenbach, et al., 2011; 

Lomov, et al., 2008; Takano, et al., 2004) is an intuitive way to measure the stretch 

by optical analysis. The method has minimum impact on the object, but it is difficult 

to track on normal fabric.  

 

Few effective methods or tools have been developed to measure the stress and strain 

on sportswear, although it is a key point on the design of the garment for the 

badminton sports with big movements of the upper limb.  

 

2.5  Summary and Research Gaps 

Modern consumers and athletes need more professionally designed active sportswear. 

Badminton sports, as a kind of popular active sports, have a great demand on 

high-performance active sportswear with all-sided consideration of human factors. 

Therefore, it is essential to carry out comprehensive analysis of bones, muscles and 

motion feature of badminton sport on badminton sportswear design. Distribution and 

rate of sweating should also be taken into account for design with comfort and 

safety. 
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The newly designed active sportswear should have superior multifunctional and 

comfort performance to satisfy the wearer‟s physiological and psychological needs. 

A good design of sportswear has novel concepts for the improvement of ventilation 

cooling without any increase of garment parts, and with new methods for balancing 

garment tensile stress and fit. In addition, the measurement methods of sportswear 

tensile stress should also be developed. 

 

Recently, a crucially important trend of sportswear is to be more fashionable. The 

balance between function, aesthetics, and comfort became a new approach in the late 

20
th

 and early 21
st 

century fashion design. In this study, the trend of incorporating 

design and technology will be capitalized to create novel designs for active 

badminton sportswear. Therefore, the following research gaps need to be filled: 

 Thermal comfort affects the performance of athletes during exercises, 

ventilation methods have been developed to improve the thermal comfort of 

sportswear. However, the solution to the “clingy” discomfort resulting from 

the garment sticking to the skin after heavy sweating remains a challenge. 

Hence, there is a need to further investigate the mechanism of ventilation 

cooling in sportswear during badminton sports (heavy exercise) and, on such 

a basis, to develop a more efficient and comfortable badminton sportswear 

without “clingy” discomfort. 

 Based on the review of motion characteristics of badminton sports, it was 

found that the resistance of movement exists in a wide range of actions on 

upper limbs, resulting from the restriction of the garment. Hence, a functional 
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design considering the appropriated characteristics of this sport to reduce the 

motion resistance should be developed. 

 The pressure sensor and DIC analysis method have been used to measure the 

tensile force or deformation of human skin or tightness of sportswear, 

however, these methods lacks accuracy. Furthermore, there is still no 

effective method to measure the above mentioned performance parameters 

for loose-fitting badminton sportswear. Hence, it is desirable to develop a 

simple and effective method to measure the tensile force and strain of 

badminton sportswear. 

 Based on the review of the past research and commercial products, there is a 

lack of holistic design methodology for badminton sportswear to consider all 

the human factors related to thermal and motion comfort. 
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 CHAPTER 3 

DESIGN PROCESS 

3.1  Introduction 

Product development is an interdisciplinary activity (Lee et al., 2001), thus 

anthropometry, kinesiology and thermal comfort need to be considered as a 

theoretical support to conduct the ergonomic design. Objective measurement and 

subjective evaluation (Roger, 2002; Stearn, et al., 1988) will be used to investigate 

the correlativity of the special property of badminton sports, the characteristic of 

human body and comfort sensation. And based on different demands of design, 

various methods will be adopted to create functional patterns.  

 

3.2  Proposed Design Process Model 

An advantageous design process should confine the complexities of design nature 

and thereby achieves optimum performance (Chapman, et al., 1992). In addition, 

many design process models were developed and mutually applied in between 

design fields. Typical design process models consisted of several processes 

organized sequentially and tended to thrown into the next process unidirectional 

(Ulrich and Eppinger, 1995). Integrating the innovative ideas into the design process 

is also an important factor to the successful product strategy (Lee, et al., 2001). 

Therefore the novel design concepts may need to be assessed repeatedly through 
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experiments and to achieve optimal final result. 

 

Rosenblad-Wallin (1985) proposed a user-oriented approach in developing the 

functional clothing. The product design process consists of nine steps as shown in 

Figure 3.1. Consideration of the user‟s demands is the characteristic of this method. 

The important product demands are derived from use-analyses. This model is close 

to the functional sportswear design model, but it is a lack of cyclic parts from the 

solution to design which is a way for modifying the design concept and optimizing 

the solutions.  

 

Figure 3.1 The product design process of functional clothing (Rosenblad-Wallin, 

1985) 
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French (1985) developed a model for engineering design process, in which problem 

analysis should be a small but important part in whole process (Figure 3.2). In the 

conceptual design stage, French suggested that the statement of the problem should 

be taken and then broad solutions can be generated. In addition, there are two 

feedbacks from the conceptual design stage and embodiment of schemes stage so 

that the problems can be reanalyzed for improvement of final product. But the test 

and evaluation phases are not involved in this model.   

 

 

Figure 3.2  A engineering design process (French, 1985) 

 

Cross (2000) developed a four stage design process from the perspective of 
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engineering design (Figure 3.3). This model describes the stages by essential 

activities of designer. And the design proposal is subject to evaluation against the 

goals, constrains and criteria of the design brief. Pangaro (2002) shown a 

goal-action-effect-measurement cycle which is described by a feedback loops. In the 

cycle, actions are taken to accomplish the goals, and then the results will be 

measured to evaluate if the goals are met. In the design process, it is important that 

the repetitious cycle runs to modify the designs and solutions based on the results of 

evaluation. However, ergonomist as a key factor in ergonomic design should be 

indicated in the process model. 

 

Figure 3.3  A four stage design process (Cross, 2000) 

 

 

Erbug (1995) considered ergonomics as an important factor in design and should be 

involved at every phase of design for a successful user-product interaction. In this 

macro-approach ergonomics model (Figure 3.4), it is an integration of different 

fields and encourages a multidisciplinary approach involving designer, ergonomist 

and manufacturer.  

 

 

http://dict.youdao.com/w/macro-approach/
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Figure 3.4 A macro approach of the ergonomics model (Erbug, 1995) 

 



Chapter 3 
 

50 

 

Since the objective of this present study was to develop the active badminton 

sportswear for the improvement of performance during exercises, the product 

development process was adopted by focusing on their special needs in terms of 

comfort and freedom of movement (Lamb and Kallal, 1992; Kaulio, 1998; Tan, et al., 

1998). Based on the above design process models, the design process model aiming 

at specific needs of ergonomic design of active sports is proposed and shown in 

Figure 3.5.  

 

 

 

Figure 3.5  The proposed design process model 
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3.3  Operational Details of Proposed Design Process Model 

3.3.1 Identification of Problem Area and Problem Analysis 

After reviewing the literature on ergonomic design and comfort, in particular that of 

active badminton sportswear design and requirements, the need to improve the 

comfort and performance of active badminton sportswear are identified. Moreover, 

five senior designers, from an international sportswear brands which provided active 

badminton sportswear for national badminton team, took part in a discussion on the 

present problems of the commercial badminton sportswear. They indicated that there 

are two main problems in the current badminton sportswear. One of problems of 

current sportswear is that the fabric tends to stick to the skin during heavy sweating. 

It may hinder heat dissipation and generate discomfort. Another problem is the 

motion resistance from clothing that may be shown on the imbalance of the garment 

after actions. 

 

3.3.2 Formulation of Objective and Design Direction 

This study formulated design briefs including newly developed patterns that can 

improve ventilation and reduce scratchiness and resistance of movement. The 

objectives include the novel design to improve thermal comfort and performance, the 

method to experiment the relation of the movement tension, and the design to reduce 

the motion resistance. 

 

http://dict.youdao.com/w/generate/
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3.3.3 Design Considerations 

By reviewing relevant literature, current development of badminton sportswear, 

motion characteristics of athletic and the human anatomy were examined. The sweat 

distribution, body structure and moving intensity need to be considered as a whole, 

and the anatomy and physiology will also be applied. All human factors will be 

taken into account on the novel design of badminton sportswear. 

 

Thermal comfort, tactile comfort, garment fit and pressure comfort were important to 

badminton player. During the analysis of the design concept, the demands of thermal 

and tactile comfort were considered simultaneously, in addition to garment fit and 

motion resistance.   

 

3.3.4 Design Ideas and Technical Solutions 

This stage will develop original pattern to improve various comfort properties of 

active badminton sportswear by various methods including the followings:  

 

1) Ventilation design achieved by use of novel knitted structure. It was developed to 

improve the thermal comfort without any reduction of tactile comfort. 

  

2) A thin non-elastic smooth string method was developed to measure the garment 

stress and further investigate the relation of garment fit and motion resistance.  
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3) Slashes design were created for ease of body motion. Based on the consideration 

of physiological structure, motion feature and the results of garment stress 

measurement. 

 

3.3.5 Evaluation, Modification and Selection of Prototype 

This stage is to investigate the contribution of the designed patterns in relation to 

their comfort. The tests will include both objective measurement and subjective 

evaluation. Objective measurements include the follow indexes: thermal insulation 

and evaporative resistance were measured to evaluate the spacer and mesh structures 

by the male sweating manikin – “Walter” (Fan and Chen, 2002); the skin 

temperature and relative humidity were recorded by use of temperature and humidity 

sensors; the heart rate and respiratory parameters were measured by use of 

cardiopulmonary diagnostic system (Meta Control 3000, Germany); tensile stress 

were measured to minimize the resistance of movement by the developed TNSS 

method; pressure was tested by “novel.de” single sensor; the strains of fabrics were 

measured by Instron. Subjective evaluation will be recorded by a questionnaire 

survey after wearer trials. The evaluated items included thermal sensation, humidity 

sensation and stress comfort and so on. Analysis of the findings will aim to identify 

and specify the effective models balancing the physiological comfort and 

psychological requirement, and to establish design specifications for further design 

prototyping. After the evaluation and analysis, the prototype may be modified and 

optimized. The stage run as a cycling until the results of evaluation are satisfactory. 

 

http://dict.youdao.com/w/motion/
http://dict.youdao.com/w/feature/
javascript:void(0)
http://dict.youdao.com/w/satisfactory/
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3.3.6 Evaluation of the Final Prototype  

Based on the analyzed data, a prototype of the new badminton sportswear combining 

all of the above functional design are formulated. The final stage is to evaluate the 

final prototype based on both objective measurement and subjective evaluation. The 

tensile force and pressure during actions are recorded. Thermal insulation and 

evaporated resistance of new prototype and normal sportswear were recorded by 

manikin test. During wearer trials, eight healthy men were invited to perform the 

required maneuver wearing the new prototype and normal sportswear respectively. 

Questionnaires survey will be conducted before, during and after the badminton 

exercise so as to investigate the subjective sensations.  

 

 

3.4  Summary 

This chapter introduces the design process model of the active badminton sportswear. 

The operational details of this project were also described. In this study, the specific 

needs of ergonomic design in badminton should be considered in the design process 

such as, to reduce the clingy discomfort during heavy sweating and improve 

ventilation cooling; to reduce the motion resistance during badminton sports. The 

functional design structures and the final badminton sportswear prototype were 

developed and evaluated respectively. The selected optimized designs were 

introduced in later chapters.  

http://dict.youdao.com/w/optimized/
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 CHAPTER 4 

DEVELOPMENT OF VENTILATION 

DESIGN FOR IMPROVEMENT OF 

THERMAL COMFORT 

4.1  Introduction 

Sportswear tends to accumulate more sweat during exercise, which leads to heat 

stress and affects sport performance of athletes. Hence, thermal comfort is an 

important consideration when designing active sportswear. It has been recognized 

that efficient dry and evaporative heat transfer through clothing are critical to 

thermal comfort during exercises (McCullough, et al., 1989; Jones, et al., 1983; Fan, 

1989). Past research revealed that air exchange between clothing microclimate and 

external environment has a significant effect on the wearer‟s evaporative and dry 

heat loss (Havenith, 2001; Havenith, et al., 2008; Hensul, 1981). For a sweating man, 

the convection current accelerates the rate of convective heat transfer and the rate of 

evaporative cooling by wind or by pumping during body motion (Breckenridge,  

1977). Therefore, in order to maintain thermal comfort of the body, it is important to 

improve ventilation cooling by use of ventilation features at appropriate positions of 

garments (Ruckman, 1999; Havenith, et al., 2008).  
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Mesh opening, as a ventilation feature, has been widely applied to garments in order 

to maintain wearer comfort. Previous research showed that mesh opening design 

increases the total heat loss considerably during body movement (Bakkevig and 

Nielsen 1995; Ho, et al., 2008). However, the mesh openings and relatively dense 

fabric areas are normally joined together by seams, which inevitably leads to skin 

friction and “abrasion” discomfort during body motion. Furthermore, the fabric tends 

to stick to the skin (particularly in the chest, shoulder and upper back area of the 

body) after heavy sweating, which creates “clingy” discomfort and hinders the 

convection around the body. Ho and Fan (2011) developed a ventilation garment 

with opening mesh and additional arch-shaped spacer parts to address this problem. 

However, the additional spacers tend to create tactile discomfort for its undesirable 

big size and heavy weight, especially during exercises. Hence, it is desirable to 

further develop sportswear with ventilation features without undue tactile 

discomfort.  

 

In this chapter, a ventilation structure combining spacer and mesh openings was 

developed by knitting technique. Both manikin tests and wearer trials were 

conducted to investigate the effectiveness of the garment in terms of thermal comfort, 

as well as the sweat accumulation, which were related to the potential of 

post-exercise chill. 

4.2  Design Concept 

A novel fabric structure combining spacer and mesh appearance was used in the 

fabrication of sportswear by seamless knitting technique to enhance ventilation and 
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reduce evaporative resistance. This role of the structure (Figure 4.1) is to prop up the 

garment fabric away from the body directly. It provides an aperture for improving air 

flow between the skin surface and fabric layer because the fabric will no longer stick 

to skin even when it is wet. Human body produces a lot of heat and sweat during 

exercise. Hence, buoyancy, which occurs due to a difference in inside-to-outside air 

density resulting from temperature and moisture differences, can create a "chimney 

effect" (Figure 4.2) to drive natural ventilation within a gap between the body and 

garment. 

 

Figure 4.1 Design concept of the ventilation pattern 
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Figure 4.2 Demonstration of the “chimney effect” 
 

The knitted spacer structure was designed on shoulder, chest and upper back areas by 

considering physiological features of human body. Because of the special structure, the 

contact area between the fabrics and skin was reduced (compare to normal T-shirt); 

hence discomfort feeling caused by the sticking of wet fabric is decreased. 

 

4.3  Design Process  

4.3.1 Materials and Processing 

The circular knitting machine enabled combination of different functional structures in 

a piece of cloth, with decreased amount of seams, resulting in elevated tactile comfort. 

The process involved in the fabrication of novel pattern is illustrated in Figure 4.3. 

http://www.iciba.com/decrease/
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Figure 4.3  Flow chart of the fabrication of novel pattern 
 

4.3.2 Knitting Structure of Spacer and Mesh 

The unique structure was derived from the combination of spacer and mesh structures. 

Spacer structure was knitted by successive float (12 courses) on single needle. The 

pattern grid of spacer structure is shown in Figure 4.4. Mesh structure was knitted by 

float plating with elastic yarns. In this instance, spandex covered nylon yarn as ground 

yarn and COOLMAX®/ Cool Plus® as plating yarn. The pattern grid of mesh knitting 

structure is shown in Figure 4.5. 
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Figure 4.4 The pattern grid of spacer structure 
 

 

 

Figure 4.5 The pattern grid of mesh 
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Figure 4.6 Fabric design by combing spacer structure and mesh 

 

It should be noted that the spacer structure should be arranged successively on courses 

for smoothing and balancing the fabric. One of the design patterns with the interlaced 

spacer and mesh structure is shown in Figure 4.6.  

 

4.3.3 Technical Parameters and Product Specifications 

Based on repeated experiments, an optimized knitting and subsequent heat-setting 

process was developed and the knitted structures (e.g. number of stitches and patterns) 

were optimized, the material parameters (e.g. types of yarns) and the condition of 

heat-setting. A set of optimized parameters is clarified in Table 4.1. 

 

The prototypes of the knitted fabric were produced. The appearances of the optimized 

fabrics are shown in Figure 4.7, including the face and back view of spacer structure 

and the combination of spacer, mesh and plain. It was found that the thickness of the 

Spacer 

Mesh 

http://www.iciba.com/that/
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spacer structure was approximately three times larger than that of plain or mesh, which 

demonstrated that the fabric offered a biggish gap between the human skin and 

garments. In addition, the fabrics with the combination of the three structures were 

lighter than regular fabrics, which was beneficial as a lighter sportswear providing a 

better wear comfort.  

 

Table 4.1 A set of optimized parameter for fabrication 

Steps Parameters Tips 

The position of spacer 

and mesh 

A cycle of spacer : 108 needles*52 

course 

A cycle of mesh: 4 *4 

Around the 

shoulder, chest and 

upper back areas. 

Washing (A) Fabrics/water：1/20 

Detergent/water：2g/L 

80℃ 40min 

 

Heat-setting 170℃±5℃, 10min  

Washing (B)  Normal Laundry 

 

http://dict.youdao.com/w/approximately/
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Figure 4.7 Appearance of the optimized fabrics 
 

4.3.4 Prototypes of sports T-shirt 

The prototype of the sports T-shirt was produced. The appearance of the ventilation 

T-shirt is shown in Figure 4.8. The spacer structure lifted up the fabric to reduce the 

contact area and created a gap between the fabric and skin surface. Mesh offered 

some ventilation holes allowing the exchange of warm air in the clothing 

microclimate and cool air in the environment. 
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Figure 4.8 The appearance of the ventilation T-shirt 
 

4.4  Evaluation  

4.4.1 Experiments 

The fabrics were knitted to a plain structure; a spacer structure; a mesh structure; and 

the combination of those structures were tested and evaluated by KES-F. The T-shirts 

with and without the novel ventilation structures were tested by use of sweating fabric 

manikin- Walter as well as wear trials. 

4.4.1.1 Fabrics property test 

Materials 

 

Four kinds of fabric with same yarn but different structures were knitted by circular 

knitting machine.   
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Fabric A was a control fabric without spacers and openings, fabric B had openings but 

no spacers, fabric C had spacers but no openings while fabric D with both spacers and 

openings. Jersey was selected for comparison.  

 

The appearance of fabrics on face and back sides are shown in Figure 4.9. The 

dimensions of all fabrics were 20cm*20cm and they were conditioned according to 

ASTM D1776. 

 
Figure 4.9 Appearance of fabric A, B, C and D 
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Instruments 

 

The air permeability of the four fabrics was examined by a KES-F8-AP-1 air 

permeability tester. The result of air permeability expressed as air resistance (R) was 

recorded in terms of kpa s/m in which a larger value of R indicated poorer air 

permeability. The experiment was repeated for five times and the average data was 

recorded. 

 

Figure 4.10 The Kawabata Evaluation System Fabric (KES-F) 

 

The Kawabata Evaluation System Fabric (KES-F) (Figure 4.10) was used for 

measuring the necessary information for wearability and design specification of the 

developed fabrics, including tensile, shearing, bending, compression and surface 

properties. The tensile properties were the tensile energy (WT), tensile resilience (RT), 

and extensibility (EMT). The bending properties were the bending rigidity (B). The 

shear stiffness (G) reflected the ability of the fabric to resist a shear stress, i.e. the 

rigidity to shear. The surface properties of the samples were evaluated using the 

coefficient of friction (MIU), which reflected the fabric smoothness, roughness, 

crispness and geometrical roughness (SMD). The compression properties were 

http://dict.youdao.com/w/wearability/
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evaluated the fabric thickness at 0.5(To) and 50(Tm) gf/cm
2
 pressure

4.4.1.2 Sweating Manikin Tests 

A sweating fabric manikin-Walter (Fan and Chen, 2003; Fan and Qian, 2004) 

( Figure 4.11) was used to measure the thermal property of different T-shirt samples. 

 

 

Figure 4.11 The sample is tested by the sweating thermal manikin, Walter. 

 

file:///F:/Downloads/Novel+Ventilation+Design+of+Combining+Sp....docx%23_ENREF_5
file:///F:/Downloads/Novel+Ventilation+Design+of+Combining+Sp....docx%23_ENREF_6
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Materials 

 

The three samples (Figure 4.12) were made in the same material, size, and similar 

weight (104±2g), but different fabric structures. Sample A was made of a single 

jersey fabric (Fabric A), which was used as a control sample. Sample B was made of 

a single jersey fabric with spacer structure (Fabric C) at designed areas to make a 

distance from the skin. Sample C was the designed ventilation T-shirt which 

combined spacer structure and mesh opening (Fabric D) at upper trunk area of the 

garment. Before testing, all samples were laundered and air dried to eliminate any 

finishing chemicals in the fabric. In order to maintain consistency during testing, the 

same pair of gym shorts, which was made of 100% polyester knitted fabric, was used 

for all experiments. 
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Figure 4.12 Appearance of the three samples 
 

 

 

Experimental condition 

 

The tests were carried out in a climatic chamber controlled at a temperature of 



Chapter 4 
 

70 

 

20±0.5
0
C and relative humidity of 65±2%. Tests were conducted under three kinds 

of air velocity which are 0.2±0.1 m/s, 1.0±0.1 m/s, and 2.0±0.1m/s. Since the effect 

of body movement on clothing thermal properties bear resemblance to the effect of 

wind on clothing thermal properties, as both increases the convective air exchange, 

from the effect of air velocity, we can also understand the effect of exercise level on 

clothing thermal properties (Qian and Fan, 2006). The mean skin temperature of the 

manikin was set at 35
0
C. Before testing, all samples were conditioned in the chamber 

for 24h. All tests were repeated for three times and the samples were put off and on 

again between repetitions. 

  

Calculations 

 

The thermal insulation was calculated by using the following formula: 

Rc =
As(Ts−Te)

Hd
  (

0
Cm

2
W

-1
)                        (4-1) 

where Rc is the thermal insulation of the garment sample (
0
Cm

2
W

-1
); As is the total 

surface area of the manikin(m
2
); Ts is the core temperature of the manikin(

0
C); Te is 

the environment temperature(
0
C); and Hd is the dry heat loss of the manikin (W). 

The evaporative resistance was calculated by: 

Re =
As(PSS−PasRHa)

He
− Res   (Pam

2
W

-1
)              (4-2) 

He = Qλ   (W)                                  (4-3) 

where Re is the evaporative resistance of the clothing (Pam
2
W

-1
); As is the surface 

area of the manikin(m
2
); Pss is the saturated vapor pressure at the skin 

temperature(Pa); Pas is the saturated vapor pressure at the ambient temperature (Pa) 

and RHa is the ambient relative humidity (%); Res is the moisture vapor resistance of 



Chapter 4 

71 
 

the fabric skin which was calibrated in advance (Res = 8.6 m
2
 Pa W

−1
); He is the 

evaporative heat loss(W);λ  is the heat of evaporation of water at the skin 

temperature (λ = 0.67Wh g
-1

); And Q is the rate of perspiration per hour from the 

manikin(gh
-1

). 

 

Moisture permeability index (im) was calculated by (Qian, 2005): 

im =
Rc

0.0165Re
= 60.6

Rc

Re
                             (4-4) 

where Rc and Re are in ISO standard units, and the theoretical range of im is from 0 

(for the completely impermeable system) to 1 (for the ideally permeable one).  

 

Statistical analysis 

 

One-Way ANOVA analysis was carried out to compare the different clothing 

thermal insulation, evaporative resistance and moisture permeability index on 

different air velocities. 

4.4.1.3 Wearer Trials 

Subjects 

Seven healthy male college students volunteered to take part in this study. Their 

physical characteristics were as follows: age of 22±3, weight of 76±8 kg and 

height of 1.74±0.03m. All subjects were informed of the purpose of the study and 

the procedure of the experiments before the test.  
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Garment samples 

The designed ventilation T-shirt (Sample C) and control sample (Sample A) were 

selected as testing samples to investigate the effect of spacer and mesh structure on 

wearers‟ comfort by recording the physiological changes and human subjective 

sensations during exercises. The same pair of gym shorts, socks and shoes was used 

for all wearer trials. All garments were conditioned in the climatic chamber for 24 h 

prior to the wearer trial.  

 

Instrumentation 

A couple of temperature (RS, Platinum Sensing Resistor-Pt100,UK) and humidity 

(Honeywell, HIH-4000,US) sensors were attached on the chest, shoulder and upper 

back areas of the volunteers to record the thermo-physiological changes every 10 

seconds during the whole testing period. The sensors were connected to the Compact 

FieldPoint System (National Instrument), which automatically received the data and 

recorded on a computer by the data acquisition interface (LabVIEW, v.8.5, National 

Instrument, US). A chest belt and a mask with volume sensor were worn to monitor 

the heart rate and respiratory parameters during the period of running using 

cardiopulmonary diagnostic system (Meta control 3000, Germany). Both direct and 

indirect test data regarding heart rate (HR bpm), oxygen inhalation (VO2 ml/min), 

and energy expenditure (EE/Kg Kcal/d/kg) were saved to the computer by CORTEX 

MetaSoft®. 

 

Questionnaire 

During the experiments, the subjects were asked to report their thermal sensation, 
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skin humidity sensation and clingy sensation in different periods, and both local 

body sensation and overall sensation were recorded. Overall comfort, as an 

important assessment index, was also included in the questionnaire.  

 

Experimental procedure 

The wearer trials were carried out in a climatic chamber at 20 ± 0.5 
0
C and 65.0 

± 5% RH. The testing conditions were designed to mimic the real situation under 

heavy exercise, in which the air flow passes through the garment, and sweat and post 

exercise chill occur. The test was divided into two periods, including 30 minutes run 

and 10 minutes rest. During the running period, the subjects ran on a treadmill 

(Figure 4.13) with a speed of 6km/h and an air velocity of 0.8±0.1ms
−1

 to simulate 

the body movement during exercise. During the rest period, the subjects sat in the 

chamber with an air velocity of 0.1±0.1ms
−1

 to simulate the static condition. 

 

Before experiment, the subjects were pre-conditioned by sitting in the climatic 

chamber for 30 minutes. Then randomly selected garments were worn by the 

subjects, and the recording instruments were attached. During the experiment, core 

temperature was measured by a digital ear infra-red thermometer before running and 

on 30
th

 minute, 35
th

 minute and 40
th

 minute, respectively. All subjects were asked to 

evaluate the subjective perceptions during the course of the experiment (before 

running and on 10
th

 minute, 20
th

 minute, 30
th

 minute, 35
th

 minute and 40
th

 minute, 

respectively).  
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Figure 4.13 A human subject attached sensors ran on a treadmill in a climatic 

chamber. 

 

Variables 

Since individual physiological characteristics vary every day, and this affects the 

temperature and perspiration levels. The change of skin temperature and humidity 

during the experiment was recorded and used to investigate the effect of ventilation 

design. The recorded skin temperature and humidity were used to calculate the 

change of temperature and humidity in percentage by using the formula below: 

                     =
T1,2,3…n−T0

T0
100%                         (4-5) 

          H  i i  =
RH1,2,3…n−RH0

RH0
100%                          (4-6) 

where, T0 is the skin temperature at the initial time point; RH0 is the relative 

http://dict.youdao.com/w/perspiration/
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humidity at the initial time point; and RH1,2,3…n is the relative humidity at the first, 

second…time point. 

 

Statistical analysis 

One-Way ANOVA analysis was carried out to compare the different clothing 

thermal insulation, evaporative resistance and moisture permeability index on 

different air velocities. One-way repeated-measures ANOVA were employed to 

examine the differences in physiology parameters when dressing two samples. 

Paired t-test was also used when investigating the results of questionnaire. All of the 

statistical analyses were performed at a level of 95% statistical significance. 

 

4.4.2 Results and discussion 

4.4.2.1 Fabrics properties 

The air resistance of the four kinds of fabric is shown in Figure 4.14. As a control 

fabric, fabric A shows a small R value of 0.184 kPa s/m. But the value of fabric D is 

only 25% of fabric A. Compared to fabric A; the addition of spacer structure on fabric 

C slightly increased the ventilation. The air resistance of fabric D is about half of 

fabric B. It means that the fabric with both openings and spacer structure increased the 

air permeability significantly. The weight of the four fabrics is summarized in Table 

4.2. Compared to fabric A, the weight of fabric D increased by 15.32%, but the air 

resistance reduced by 75.54%. 
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Figure 4.14  Air resistance of four fabrics 

 

 

The compression property of the fabrics is shown in Table 4.3. It can be found that the 

thickness of fabric C and D is similar, which is approximately two times higher than 

that of fabric A and B at Tm and To, which means that the developed knitted structure 

can prop up a big space between the garment and human body.  

 

The coefficient of friction (MIU) of the fabrics is summarized in Table 4-3. The value 

of MIU increased after the addition of spacer structure, which indicates that the fabric 

surface became less smooth.     

 

The tensile property of the four fabrics was measured by the KES-F system and is 

shown in Table 4-3. The fabric D shows a higher tensile strength (WT) but a lower 

recover ability (RT) than fabric A. But the extensibility (EMT) of fabric B is better 

than fabric A. It means that fabric D needs a lower tensile stress in the same extended 
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length.   

 

The shear rigidity (G) reflects the ability of fabric to resist shear stress as well as the 

subjective handle of fabrics. The G value of fabric D is slightly lower than the other 

three fabrics and it indicates that the handle of fabric D is relatively soft.   

 

The bending rigidity (B) reflects the flexibility of fabrics. The increase in the value of 

B for fabric C and D demonstrates that the spacer structure decreases the flexibility of 

the fabrics and it also influences the fabric‟s drapability and wearability. But the result 

is still acceptable in sportswear design (Postle and Gibson, 1978). 

 

As discussed before, compared to jersey, knitted fabrics with opening and spacer 

structure show much higher air permeability without losing the characteristic of being 

light, soft and elastic. The spacer structure makes the fabric surface slightly rough, but 

it also reduces the contact area and contributes to the improvement of clingy 

discomfort during sweating. 

 

The opening knitting structure demonstrates a lower air resistance; while the spacer 

knitted structure contributes to the improvement of ventilation. The fabric with both 

spacer and opening knitted structures shows higher air permeability without losing the 

superiority in weight, softness and elasticity. The developed fabric can be applied to 

develop new active sportswear, casual wear, work clothes with better thermal comfort. 

 

 

http://trj.sagepub.com/search?author1=Ronald+Postle&sortspec=date&submit=Submit
http://trj.sagepub.com/search?author1=Viki+L.+Gibson&sortspec=date&submit=Submit
http://dict.youdao.com/w/casual/
http://dict.youdao.com/w/wear/
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Table 4.2 Tensile, shearing, bending, surface, and compression properties measured by 

using the KES-F system 

 

KES-F properties Fabric A Fabric B Fabric C Fabric D 

Tensile 

WT 

(gf.cm/cm2) 
8.52 10.52 7.83 9.42 

RT (%) 58.6 56.45 57.86 55.53 

EMT (%) 48.23 59.12 45.2 53.83 

Shearing 
G 

(gf/cm.deg) 
0.33 0.29 0.31 0.27 

Bending 
B 

(gf.cm2/cm) 
0.0057 0.006 0.023 0.027 

Surface MIU 0.29 0.31 0.37 0.37 

Compression 

To (mm) 0.81 0.93 2.04 2.07 

Tm (mm) 0.63 0.64 1.26 1.21 

Weight g/m2 117.5 100.5 154.75 135.5 
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4.4.2.2 Evaporative Resistance (Re) 
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Figure 4.15 Evaporative resistances (Re) of the three samples on different air velocity 

The evaporative resistances (Re) of the three samples under different air velocities 

are shown in Figure 4.15, and the results of statistical analysis of One-Way ANOVA 

are shown in Appendix III. On the air velocity of 0.2 m/s, there were no significant 

differences (F2,9=2.6, p=0.129) for the Re values among the three samples, although 

Sample C had a lowest Re value. However, under the wind velocity of 1m/s, the 

differences of Re value of the three samples were statistically significant (F2,12=4.3, 

p=0.039). The results of post hoc t-tests revealed that Sample C had significant lower 

Re values compared to Sample A (p=0.02) and Sample B (p=0.036). Under the wind 

velocity of 2m/s, there were no significant (F2,12=3.2, p=0.076) differences for Re 

value among the three samples, however, the results of the post hoc t-tests showed 

that the Re value of Sample C was also significant lower (p=0.029) than that of 
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Sample A. It means that the spacer structure slightly improved the moisture vapor 

transfer at upper trunk, and the combination of spacer and mesh knitted structure 

further enhanced the evaporative heat transfer.  

 

4.4.2.3  Thermal Insulation (Rc) 
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Figure 4.16 Thermal insulation (Rc) of the three samples on different air velocity 

 

The thermal insulation (Rc) of the three samples under different air velocities are 

shown in Figure 4.16, and the results of statistical analysis of One-Way ANOVA are 

shown in Appendix IV. Sample C had the lowest Rc value among the three samples 

under the air velocity of 0.2m/s and 1m/s, however, the difference was not 

statistically significant (p>0.05). On the other hand, there were statistically 

significant differences (F2,12=6.3, p=0.013) of Rc value under the wind velocity of 

2m/s between the three samples. At this speed, the Rc values of Sample C appears to 
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be higher (p=0.004) than that of Sample A, but the difference was not significant 

(p=0.108) between Sample C and B. The fabrics for T-shirt were thin and light; 

therefore, Rc value of the samples was very small especially under higher wind speed. 

Hence, there was no significant decrease of Rc value, even if the wind speed 

continuously increased. However, with the increase of wind speed, the single jersey 

fabric tended to cling to skin surface, the contact area was increased and led to the 

increase of heat conduction. Furthermore, Fabric 3 was a little bit thicker than fabric 

2. It explains that the thermal insulation of Sample A was significantly lower than 

that of Sample C, but not significantly lower than that of Sample B under the air 

velocity of 2.0 m/s.  

 

4.4.2.4  Moisture Permeability Index (im) 

The moisture permeability index (im) of the three samples under different air 

velocities are shown in Figure 4.17, and the results of statistical analysis of One-Way 

ANOVA are shown in Appendix V. The differences in im values for the three 

samples were not significant (F2,9=0.1, p=0.889; F2,12=0.4, p=0.673) under wind 

speeds of 0.2 and 1m/s, but significant (F2,12=6.8, p=0.11) under speed of 2m/s. The 

post hoc t-tests further revealed that im value of Sample C was significantly higher 

than that of Sample A (p=0.003) and Sample B (p=0.043). Moisture permeability 

index (im) provides a measure for the ratio of the actual evaporative heat flow 

capability between the skin and the environment (Woodcock 1962a, 1962b). Higher 

im value means that the clothing system is more breathable under the same thermal 

insulation. The results showed that the combination of spacer and mesh structure 
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improved the moisture transfer of the clothing effectively at wind speed of 2m/s.  
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Figure 4.17 Moisture Permeability Index (im) of the three samples on different air 

velocity 
 

As the results showed above, the effect of spacer and mesh structure on evaporative 

heat loss becomes more significant with the increase of air circulation. When there is 

no air circulation, more warm and moist air may be trapped by the increased air 

space between the fabric and skin, and it is difficult for them to be released from the 

mesh via natural convection (Ho, et al., 2011). However, when air is moving, it is 

easy to ventilate from inside to outside due to the increase of the gap between the 

fabric and skin. Mesh in Sample C further enhances convective heat and moisture 

transfer. Moreover, with the acceleration of the air flow, the impact of ventilation 

parts on evaporative heat transfer is getting increasingly apparent.  

 

 

http://dict.youdao.com/w/evaporative_heat_loss/
http://dict.youdao.com/w/evaporative_heat_loss/
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4.4.2.5  Change of Skin Temperature and Relative Humidity 

Figure 4.18 shows the variation of temperatures with time on chest, shoulder and 

upper back parts of the subjects for the two samples during running and resting 

conditions. Repeated-measures one-way ANOVA results show a significant effect 

(F=920.35, p<0.001) of ventilation design on temperature change of the chest 

(Figure 4.18 (a); Appendix VI) during the whole testing period. At shoulder (Figure 

4.18 (b); Appendix VIII), the temperature also presented a significantly lower 

increase (F=1508.2, p<0.001) during the experiment. Meanwhile, the ventilation 

parts also resulted a significant lower (F= 842.8, p<0.001) humidity increase (Figure 

4.19 (a) ; Appendix VII) on the chest during the testing period. The shoulder 

presented a similar tendency on the variation of humidity (Figure 4.19 (b) ; Appendix 

IX) with chest. The analysis of the results showed a significant (F=108.8, p<0.001) 

effect when dressing the sample with ventilation parts to do exercise. It was found 

that temperature increased with time after running for 10 minutes on chest and 

shoulder area during the running period, but decreased during the rest period, 

regardless of the type of samples. It may be because, with increasing running time, 

heat was constantly produced by the body, then the skin temperature increased due to 

the accumulation of heat. Hence, the lower temperature growth showed that the 

ventilated parts reduced the heat accumulation effectively, the gap and openings 

contributed to heat escape by the body movement. 

 

At back area, the temperature tended to decrease and was lower than the initial value 

most of the time, which can be attributed to the profuse sweating during exercises 



Chapter 4 
 

84 

 

(Figure 4.18 (c); Appendix X). It was found that the decrease in temperature was 

significantly (F=1294.5, p<0.001) smaller when dressing Sample C. The ventilation 

parts reduced the decrease in temperature at the back during the experiment, and the 

effect was highly significant. The tendencies of humidity changes in the two samples 

(Figure 4.19 (c); Appendix XI) were parallel to the changes in temperature. In 

addition, there were significant (F=59.9, p<0.001) differences in moisture 

accumulation. The results showed that the space structure can slightly regulate the 

skin temperature to reduce the chilly discomfort as a result of the fabrics (especially 

the wet fabrics) being stuck to skin by perspiration, both during and after exercise.  

 

The results indicated that the spacer and mesh structure tended to moderate the 

changes in the skin temperature. It avoided high skin temperature increase and 

decrease. Meanwhile, the spacers lifted the fabrics away from the skin surface, 

which caused the moist air escaping easily via the mesh. The ventilation parts 

reduced the accumulation of moisture in fabrics, which regulated the relative 

humidity of the microclimate around the body. 

http://dict.youdao.com/w/perspiration/
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Figure 4.18 Average variations of temperature with time at chest (a), shoulder (b) 

and upper back (c) of seven male subjects for Sample A and C 
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Figure 4.19 Average variation of humidity at chest (a), shoulder (b) and upper back 

(c) of seven male subjects for Sample A and C  
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4.4.2.6  Energy Expenditure 

Figure 4.20 shows the variation of three selected physiology parameters during 

treadmill exercise for Sample A and C. Repeated-measures one-way ANOVA results 

show a significant effect (F=30.8, p<0.001) of ventilation design on energy 

expenditure (EE) (Figure 8(a); Appendix XII), although time has no significant 

effect (F=0.4, p=0.996) on EE. The volume of O2 consumption (VO2) (Figure 8(b) ; 

Appendix XIII) showed a similar result. It was significantly lower (F=28.0, p<0.001) 

when wearing ventilation design, and there was no significant difference (F=0.3, 

p=1.00) over the time. However, no significant difference in the heart rate (F=0.021, 

p=0.886) (Figure 8(c) ; Appendix XIV) between the two samples can be found.  



Chapter 4 
 

88 

 

 

Figure 4.20 Variation of EE/Kg(a), VO2 (b) and HR(c) with time in treadmill 

exercises for Sample A and C 
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4.4.2.7  Subjective Sensations  

Figure 4.21 shows the results of subjective evaluation on thermal, moisture, fabric 

clingy sensations and overall comfort perception. The results of statistical analysis 

by Paired-samples T-test are shown in Appendix XV. It can be seen that there was a 

big change of thermal sensation (Figure 4.21 (a)) during the experiment when the 

subjects were dressed in Sample A. They felt cool before exercise and after 10 

minutes rest, but they felt hot after 30 minutes running. On the other hand, the 

thermal sensation was changed between the normal and warm levels when the 

Sample C was dressed. Meanwhile, the clingy sensation (Figure 4.21 (c)) had a same 

tendency on the two samples. It can be seen that the subjects can hardly feel any 

fabric sticking to their skin when wearing Sample C. However, the results of paired 

t-test showed that there was no significant difference between the two samples on all 

evaluation of thermal and clingy sensations. Compared to Sample C, the subjects felt 

moister when wearing Sample A (Figure 4.21 (b)), especially after running for 20 

minutes. It showed a significant difference (t=-2.521, p=0.045) after 30 minutes 

running. Two samples caused a similar overall comfort perception (Figure 4.21 (d)) 

at the beginning, but the comfort value decreased with time when the subject dressed 

Sample A. Although the value slightly increased during the rest period, the comfort 

of Sample A was still lower than that of Sample C. Particularly after the running, the 

comfort value of Sample C was significantly higher (30th minutes: t=3.286, p=0.017;  

35th minutes: t=2.521, p=0.045; 40th minutes: t=2.521, p=0.045) than that of 

Sample A. It was worth noting that subjects felt hotter, wet and clingier when they 

just finished exercise. Because of that the comfort had a slight reduce at that moment 
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when dressing the regular T-shirt. The ventilation design effectively controlled the 

increase of moisture after 30 minutes running, and efficiently regulated the wearer‟s 

comfort level in the post-exercise phase. 

 

Figure 4.21 Subjective evaluations on thermal sensation (a), moisture sensation (b), 

fabric clingy sensation (c) and overall comfort (d) 

 

4.4.3  Summary of Experimental Findings  

The opening knitting structure demonstrates a lower air resistance; while the spacer 

knitted structure contributes to the improvement of ventilation. The fabric with both 

spacer and opening knitted structures shows higher air permeability without losing 
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the superiority in weight, softness and elasticity. The developed fabric can be applied 

to develop new active sportswear, casual wear, work clothes with better thermal 

comfort. 

 

It can be concluded that the new ventilation T-shirt design, which has a combined 

spacer and mesh structure, can significantly increase the air circulation next to skin 

and ventilation cooling under windy condition and/or active body movement. The 

apparently small, but significant reductions in clothing thermal insulation and 

evaporative resistance of the T-shirt with the new ventilation design provides 

significant advantages in wearers‟ thermal comfort. Under the real exercise situation, 

the sports T-shirt with the new ventilation design contributed to the reduction in heat 

accumulation, the increase of skin relative humidity, and hot and chill discomfort. 

The wearer felt more comfortable when getting dressed in the garment and with the 

new ventilation design during exercise, especially in the post-exercise phase. 

Moreover, the new ventilated design also contributed to the reduction of energy 

expenditure during exercise. 

 

 

 

4.5  Concluding Remarks 

A novel ventilation structure was introduced in this chapter. The design process, 

knitting techniques and optimized appearance were presented in details. A sports 

T-shirt with combined spacer and mesh structures was designed and fabricated. The 

evaluation of the novel fabrics and garment were conducted by use of objective and 

http://dict.youdao.com/w/casual/
http://dict.youdao.com/w/wear/
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subjective method. The effect of the spacer structure, mesh structure and the 

combination of them were tested respectively. The results show that the garment 

with ventilation design has advantages on improvement of comfort and performance. 
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 CHAPTER 5 

DEVELOPMENT OF SLASHES DESIGN 

FOR EASE OF BODY MOTION  

5.1  Introduction 

Garment fit and pressure comfort, in other words, the freedom of skin from pressures 

and restrictions of movement, plays an important role in sportswear design 

(Greenwood, 1971; Wong, et al., 2004). Garment pressure, as one of the reasons of 

discomfort, is closely related to the space allowance between the body and the 

garment during the body movement (Denton, 1972 ； Zhang, et al., 2002). 

Furthermore, it is also related to body shape, mechanical properties of the fabric and 

the pattern of garment (Greenwood, 1971; Partt and Weat, 1995). Hence, the 

pressure and tension should be seriously considered when designing a high 

performance active sportswear. To measure the pressure created by the tension in the 

garments, several types of pressure sensors were used (Lai and Li, 2009; Wong, et al., 

2011). However, these sensors are expensive, poor in reproducibility and sensitivity, 

and the pressure measured cannot reflect the tension or motion resistance created by 

the tension of the garment parts which were not attached to the human skin. There is 

no effective method for the measurement of garment tensile force. Hence, in this 

Chapter, a novel method for measuring the tensile force of sportswear is developed, 
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which is very simple, accurate, and reproducible. 

 

Different from other daily used garments, the active sportswear is stretched more 

during heavy exercises, and the tensile force in sportswear is therefore higher  

though the sportswear is designed with space allowance. The designers of an 

international sportswear brand pointed that the garment tends to deform during 

badminton exercise the badminton sportswear is loose fitting. Hence, there is a 

requirement of extra spaces during actions. Moreover, the extra spaces works during 

actions, but they have less influence on garment fitting. In this Chapter, the slashes 

design is developed to fulfill the demands mentioned above, which set up on the 

required area of the garment for ease of body motions. Finally, the effect of the 

slashes is evaluated. 

 

5.2  Development of Thin Non-elastic Smooth String (TNSS) 

Method 

Knitted fabric is usually used in sportswear for its excellent stretchability. In order to 

investigate the elasticity of the knitted fabric, deformation of the fabric under tensile 

stress should be measured. Thin non-elastic smooth strings can be made by plastic, 

nylon, glass, etc. With its smooth surface, it can be easily moved through the fabric 

without resistance or deformation. In other words, the string can slide freely in the 

elastic knitted fabric. The new method was developed by means of this phenomenon 

to measure the tensile stress of sportswear for the investigation of garment fit and 

motion resistance.  

http://dict.youdao.com/w/deformation/


Chapter 5 

95 
 

 

5.2.1 Materials 

Thin non-elastic smooth string can be easily found in the market. Specifically a 

smooth fishing thread or a plastic optical filament serves the purpose well. In this 

study, a smooth fishing thread with a diameter of 0.3mm was used. Two marker pens 

with different colors were prepared. A ruler or caliper was prepared for the 

measurement of deformation. Figure 5.1 shows the materials mentioned above for 

the measurement of deformation. The dependence of tensile force on strain is 

recorded by Universal Material Tester (Instron 3367) (Figure 5.2). 

 

 

 

Figure 5.1 Materials for the measurement of deformation (Thin non-elastic smooth 

string, mark pens and calliper)  

 

http://dict.youdao.com/w/callipers/
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Figure 5.2 Universal Material Tester (Instron 3367) 

 

5.2.2 Measurement Principle  

TNSS method, as a simple method, is easy to operate. The principle is to make use 

of elasticity and pore of the knit fabric as well as non-elastic and little resistance of 

the string. During stretch, the knit fabric will slide on the thin non-elastic and smooth 

string which has been threaded through the knit fabrics for a fixed position already. 

The deformation of the knit fabric due to stretching can be calculated by recording 

the sliding amount on the string. 

 

5.2.3 Procedure 

The TNSS method is divided into six steps.  
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Step 1 

For preparation, a thin non-elastic smooth string and marker pens in different colors 

to mark on the string are needed. Then, the string is threaded through the testing area 

of the knit fabrics at regular intervals (1 – 2 cm), and 15 – 20 cm on both sides 

allowed as stretching space (Figure 5.3). 

 

Figure 5.3 Schematic: Threaded knit fabrics 
 

Step 2 

The original length of the string in the knitted fabric is marked on both sides in one 

color (Figure 5.4).  

 

Figure 5.4 Schematic: Mark of the original length 
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Step 3 

The tested fabric is stretched (Figure5.5), and then the length of the string in knitted 

fabric is marked after extension in another color (Figure5.6).  

 

Figure 5.5 Schematic: Stretch of the knit fabric 
 

 

 

 

Figure 5.6 Schematic: Mark of the length after extension 
 

Step 4 

The displacement of the string is measured by a ruler, and the extension of the fabric 

is recorded, i.e. the whole displacement is calculated by the sum of displacements at 

both sides (a+b) (Figure5.7).  

 

Figure 5.7 Schematic of the measurement of displacement 
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Step 5 

The fabric is prepared for testing by Instron, i.e. the fabric is cut into 5 cm wide. 

Dependence of tensile force on tensile strain of the fabric was measured and 

recorded (Figure5.8).  

 

Figure 5.8 Schematic of fabric extension by Instron 

 

Step 6  

The tensile force was achieved from the stress-strain curve (Figure5.9). 

 

Figure 5.9 Schematic of calculating of the tensile force  
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5.3  Measurement of Tensile Force and Pressure during 

Main Badminton Actions 

To investigate the motion resistance of the current commercial badminton sports tops, 

tensile force and pressure of the garments in different locations were measured 

during two main badminton actions. The novel TNSS method was used to measure 

the tensile force of the garment. The pressure was recorded by Pliance®-x System. 

The measurements identify areas of the garments with motion stress and provide a 

direction on how garment can be better designed to reduce body motion resistance.  

5.3.1 Experiment 

Subjects 

Three male college badminton team players were selected as subjects. They are aged 

20-23 with a similar body constitution, with a height around 175cm and weight from 

65 to 70 kg.  

 

Materials 

Six commercially available badminton sports tops in the same size were selected as 

test samples, in which three are polo style, and others are T-shirt style. Three of them  

with set-in sleeves, and another three with raglan sleeves. 

 

Instrumentations 

Tensile force of the garments were measured and recorded by the developed TNSS 

method. Pressures of the garments were measured by the Pliance®-x System, as 
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shown in Figure 5.10. 

 

 
 

Figure 5.10 Pliance®-x System. 

 

Testing locations 

During the action of “forehand smash” and “meet-drop”, the tensile forces were 

measured at five locations; while pressures were recorded at three selected points. 

The test areas were described as shown in Table 5.1. 
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Table 5.1 Description of the testing locations 

Action 
Testing locations 

and points 

Illustration of the actions and testing 

locations 

Meet-Drop 

A : From left 

waist to right 

shoulder  point 

through back 

 

B: From left back 

width point to 

right shoulder 

point  

α : Right shoulder 

point 

β : Right sleeve 

opening 

Forehand Smash 

C : From left 

waist to right 

shoulder  point 

through chest 

 

D : Right sleeve 

underarm 

E : Right side 

α' : Right shoulder 

point 

γ : Left shoulder 

point 

 



Chapter 5 

103 
 

Measurement of tensile force 

Firstly, the threaded garments were worn by the subjects who standing naturally and 

the original locations were marked at the test area. Then each action was repeated for 

three times and each action was kept for one or two seconds for marking (Figure 

5.11). The displacements of the testing locations were measured and recorded, and 

all of the testing locations were tested by Instron. Finally, the stress-strain curves of 

each test samples were recorded and the tensile force was achieved from the 

stress-strain curves.  

 

Figure 5.11 Photos of experiment during “Meet-Drop” and marking. 

 

Measurement of pressure 

The tested garments were worn by the subjects and the pressure sensors were 

attached on the test areas (Figure 5.12). Then, actions were taken by the subjects and 

each action was repeated for five times, the average of the five maximum pressure 

values was recorded and computed via computer.  



Chapter 5 
 

104 

 

 

Figure 5.12 Photos of experiment during “Forehand Smash”  
 

5.3.2 Results and Discussion 

Tensile force 

Extension of tested garments at five locations during two actions were measured and 

recorded, and the strains were calculated as shown in Table 5.2. The results show 

that the greater strain was generated at location D; especially garment 5 has the 

largest deformation during “Forehand Smash” action. However, at tested areas, the 

tensile force of the garments does not only depend on the strain, it also relates to the 

tensile properties of the fabrics. After the fabrics were tested by Instron, the 

relevance between tensile force and tensile strain was created. Figure 5.13 and 5.14 

shows the tensile force-tensile strain curves of the garments at location A and B 

during “Meet-Drop” action. Figure 5.15-17 show the tensile force-tensile strain 

curves of the garment at location C, D and E during “Forehand Smash” action. 

According to these tensile force-tensile strain curves, the tensile force was found by 

the measured strain.  
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Table 5.2 Extension and strain of the six garments at five locations during two 

actions 

  
Meet-Drop Forehand Smash 

    A B C D E 

G1 

Extension (cm) 5.4 1.4 1.2 2.3 0.6 

Strain (%) 8.9 3.2 1.9 15.3 3.2 

G2 

Extension (cm) 0.6 0.9 0.4 2.7 1.7 

Strain (%) 1 2.1 0.6 18 8.5 

G3 

Extension (cm) 3.1 0.7 0.6 2.3 1.3 

Strain (%) 5.2 1.6 1.1 15.1 6.3 

G4  

Extension (cm) 2.1 0.6 1 0.4 0.3 

Strain (%) 3.4 1.3 1.7 2.9 1.5 

G5 

Extension (cm) 1.9 0.9 0.7 1.9 1.3 

Strain (%) 3.1 2 1.2 12.4 6.3 

G6 

Extension (cm) 1.4 0.5 0.6 1.2 1 

Strain (%) 2.3 1.1 1.1 7.8 5.2 
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Figure 5.13 The tensile force-tensile strain curves of the garments at location A  
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Figure 5.14 The tensile force-tensile strain curves of the garments at location B  
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Figure 5.15 Tensile force-tensile strain curves of the garments at location C 
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Figure 5.16 Tensile force-tensile strain curves of the garments at location D
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Figure 5.17 Tensile force-tensile strain curves of the garments at location E  
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Figure 5.18 Tensile force of meet drop action at location A and B for six garments 

 

Figure 5.18 shows the tensile force of six badminton sportswear at location A and B 

during meet-drop action. It can be found that the tensile forces at location A for most 

garments are higher than that of the garments at location B. G1 has the highest 

tensile force at both locations during the action, however, the value of 0.96N at 

location A is much higher than that at location B, which is just 0.37N. The results 

indicate that the higher tension is imposed at the location of the garment from the left 

waist to right shoulder through back area with the right arm stretched forth and the 

waist bended forward. Independent T-test shows that there is no significant 

difference (p>0.05) between different styles or different sleeve patterns. 
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Figure 5.19 Tensile force of forehand smash action at location C,D and E for 6 

garments 

 

Figure 5.19 illustrates the tensile force at three locations during forehand smash 

action. The location D and E presented higher force; especially the highest force was 

shown at location E for most of the garment samples. It means that it needs a higher 

tensile force to stretch the fabric under the arm and it is even higher for the underarm 

sleeves. At location D, the highest force 5.2N is achieved for G1, while the value is 

just 3.8N for G2. However, based on the strain result, G2 with mean strain of 18% is 

the highest one. The result suggests that the tensile behavior of the fabric plays an 

important role during sportswear design. The higher strain does not mean higher 

tensile force. Independent T-test shows that the results have no significant difference 

(p>0.05) on different styles or different sleeve patterns. 
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Pressure 

 

 

Figure 5.20 The pressure at location α and β during Meet-Drop action for various 

samples 

 

Figure 5.20 shows the pressure of the garment at location α and β when the 

Meet-Drop action was performed. Most of pressure at shoulder points and sleeve 

openings are lower than 1kPa. Only the G4 presents the highest pressure of 1.447kPa 

at right shoulder point. At β (right sleeve opening) location, the pressure arrived the 

highest value when the right arm is stretched to the highest level . While for the right 

shoulder point, the pressure is increased by repeating the action. The results 

indicated that the pressure on sleeve opening may limit the upper limb movement; 

the pressure on right shoulder point may cause the garments to be out of balance 

during exercise. For example, the fabrics could be twisted with the action, making 

the garment difficult to return to its natural state during continuous movements.  
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The correlation between pressure and tension was examined, and the results are 

shown in Appendix XVI and Appendix XVII. During the Meet-Drop action, a 

significant positive correlation between the pressure at right shoulder point and the 

fabric tension at location A (p<0.05) can be observed and the coefficient of 

correlation is 0.814. Besides, the pressure at right shoulder point and the fabric 

tension at location B is also positively correlated (p<0.05) with a correlation 

coefficient of 0.863. 

 

 

Figure 5.21 The pressure at location α and β during forehand smash action for 

various samples 

 

During forehand smash action, more than half of tested garments show lower 

pressure at right shoulder point than that at left shoulder point (Figure 5.21). Because 
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the left shoulder was lifted in the early cocking phase, more pressure may be 

produced in this phase. It can be seen from the results that a higher pressure is 

generated on the shoulders when Forehand Smash action is taken compared to 

Meet-Drop action because the upward action of arms leads to the pulling of the 

fabric around the arms. And the pressure on shoulder (the supporting points) and 

tensile force under the sleeves were resulted from the deformation of the fabrics even 

if elastic fabrics were used.  

 

5.3.3 Conclusion from measurements of tensile train and 

pressure 

The results demonstrated that a high tensile force was generated at under-arm area 

during the forehand smash action. The action also causes a relative high pressure at 

shoulder points when the arms are raised upward. During the meet-drop action, a 

higher pressure can be observed at the right shoulder point, while the back area of 

the garment also presents relative higher stretch, simultaneously. The pressure and 

tension show a positive correlation relationship at this action. Thus, the badminton 

sportswear design should focus on reducing the tensile force and pressure around the 

under-arm sleeves and back area. At the same time, the garment should be kept in 

balance during actions. 

 

5.4  Design Concept 

As an automatic switch, the slashes can open and close constantly during body 
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motions, not only providing an extra space during motions, but also releasing heat 

and moisture as they were opened. Figure 5.22 shows the design concept of the 

slashes pattern. It also demonstrates that the change of slash shape can reduce the 

stretch resistance of the fabrics and enhance air exchange between the fabric layer 

and the skin surface. Moreover, it can also reduce pressure and enhance the sports 

performance during activity. The slash design has been involved in a china patent: 

201210032139.5. The location of the slashes will be determined based on the 

measurement of tensile stress and pressure of the garment. 

 

 

Figure 5.22 Design concept of the slashes 
 

5.5  Design Process 

The slashes design can be applied on a ready-made garment or cut-parts. The process 

involved in the fabrication of slashes is illustrated in Figure 5.23. 

http://dict.youdao.com/w/ready-made/
http://dict.youdao.com/w/garment/
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Figure 5.23 The fabrication process of slashes 
 

5.5.1 Determining Locations 

 

Figure 5.24 The schematic of potential slashes design locations  

 

Base on the above consideration, more attention should be paid on the under-arm area. 

Besides, the skin of this area also has a large elongated area due to downward to 

http://dict.youdao.com/w/potential/
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upward motion of the arms. Hence, more space and elasticity are needed for under-arm 

area to meet the requirements of movement. Meanwhile, the back of sportswear is 

another area that needs to be considered during the deformation and elongation. Figure 

5.24 shows the locations with higher tension and pressure, which should be the 

potential areas for applying slashes design. 

5.5.2 Coating and Laser Cut 

In order to reinforce the knitted fabrics after cutting, a thin coating is attached onto the 

fabric at designed location before cutting. The coating processes are as follows: Firstly, 

a thin film was cut according to the designed slash patterns (Figure 5.25) with length 

and width of 3cm and 0.5cm, respectively. Then, the film was put on the fabrics, and a 

layer of silicone was coated on fabrics through the pore of the film. The coated 

silicone was dried under the condition of normal temperature (20 
0
C) for 3 hours. And 

the resulting coated fabric shown in Figure 5.26 is prepared for cutting step.   

 

 

Figure 5.25 Photo of the film with cut pattern 
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Figure 5.26 Photo of the coated fabric 

 

A laser engraving machine (GFK FLEXI-150, Spain) (Figure 5.27) was used to cut the 

slashes. The designed pattern was transferred into the computer and all slashes were 

cut by laser at a time. Figure 5.28 shows the appearance of the finished slashes. 

 

 
 

Figure 5.27 Photo of laser engraving machine (GFK FLEXI-150, Spain) 
 

http://dict.youdao.com/w/finished/
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Figure 5.28 The appearance of the slashes on knitted fabric 
 

5.6  Evaluation of the slashes 

To evaluate the effect of slashes on reducing the tensile force of the garment with the 

same strain, four pieces of knit fabric with and without slashes were studied.  

5.6.1 Experiments 

Materials 

In order to highlight the effect of slash cuts, nine type of 100% cotton single jersey 

fabrics which not content elastic fiber were selected to examine the effect of slashes on 

tensile force at different tensile strain levels. Fabric A is a control fabric with 

dimension of 30×5cm; Fabric M1, M2, M3 and M4 has the same dimension and with 

1, 2, 3 and 4 slashes respectively, besides the slashes are uniform distribution. Fabric 

S1, S2, S3 and S4 has the same dimension and with 1, 2, 3 and 4 slashes, respectively, 
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besides the distribution of slashes is concentrated on one side. The patterns of the four 

fabrics are shown in Figure 5.29. 

 

 
 

 

Figure 5.29 Schematics of four types of fabrics with or without flashes 
 

 

Instrumentations 

Universal Material Tester (Instron 3367) was used to measure the mechanical 

behavior of the fabric and achieve the stress-strain curves. 
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5.6.2 Results and Discussion 
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Figure 5.30 Tensile force-tensile strain curves of four fabrics 

 

 

Figure 5.30 shows the tensile force-tensile strain curves of four different fabrics with 

or without slashes. It can be found that the tensile force decreases with the increase 

of slashes on the fabric at the same strain levels. Compared with M1, S1 exhibits a 

lower force during stretching. S2, S3 and S4 have similar tensile force-strain curves, 

which are lower than the curve of M2 and slightly lower than the curve of M3, 

respectively. M4 has the lowest curve of the nine testing fabrics. It means that further 

reduction of tensile force becomes insignificant when there are more than two 

slashes on the fabrics, especially those fabrics with slashes on one side. When more 

than three slashes are clustered together, the effect may less than that when an equal 

number of slashes are evenly distributed. 
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For instance, according to the previous experiments, the highest extension appeared 

on location D of G2, which was about 18% of the original length of the fabrics. 

When the strain is 18%, the corresponding tensile force of control fabric is 7.05 N. 

However, the tensile force decreased to 5.57N of M1, 4.16N of M2, 3.79N of M3 

and 3.37N of M4. It means that the tensile force reduces more than 50% when four 

slashes are added on fabric evenly. Even if there is only one slash on the center of 

fabric, the tensile force still reduces to 79% of the original. Besides, if there is one 

slash on the side of the fabric, the tensile force reduces to 70.6% of the original. It 

indicated that the effect of one slash on the fabric center is less than a slash on the 

side. Similarly the tensile force is reduced 41.1% when there are two slashes on the 

center of the fabric, while the tensile force is reduced 49% when there are two 

slashes on the side. However, the reduction of tensile force become smaller when 

there are more than two slashes on the side. It is only reduced 0.8%/0.5% of the 

control when there are three/four slashes on the side of the fabric.  

 

The tensile force decreases with the increase of slashes no matter if they are evenly 

distributed or not. However, the change is getting small if the slashes are more than 

two at the side. When the number of slashes are the same and less than four, the 

whole reduction of tensile force is reduced more for the side one than that of evenly 

distributed one. With the increase of strain, the effect of slashes on reducing tensile 

force is getting obvious.  

5.6.3 Conclusion on Slash Design 

The tensile force was significantly reduced when the slashes were added on the 

http://dict.youdao.com/w/for/
http://dict.youdao.com/w/instance/
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fabric. The more slashes applied evenly on the fabric, the more tensile force was 

reduced at same strain level. Less slashes on the side of the fabric can reduce more 

tensile force than if they are evenly distributed on the fabric.  

5.7  Summary 

In this chapter, a novel method was developed to measure tensile force of knitted 

sportswear. TNSS method, as a simple method, is easy to operate and very effective 

for the measurement of deformation of loose knitted sportswear in use. An 

experiment was conducted to investigate the tensile force and pressure of the current 

commercial sports tops, and the locations that need to be considered for the release 

of motion resistance were determined. A novel slashes design method was introduced 

to reduce the tensile force of the garment during body motions; the results showed 

that the effect of the slashes on reducing tensile force of garment was very effective. 
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 CHAPTER 6 

PROTOTYPE DEVELOPMENT FOR 

IMPROVEMENT OF COMFORT 

6.1  Introduction 

Based on the work of the ventilation design in Chapter 4 and the slashes design in 

Chapter 5, this chapter reports a combined approach for developing the active 

badminton sportswear. A prototype of new badminton sportswear is developed, in 

which ergonomic features of the human body and the characteristics of badminton are 

both considered. The new badminton sportswear includes the ventilation design and  

slashes design to improve thermal comfort and ease of body motion during badminton 

exercise. 

 

The newly developed samples were evaluated with three types of experiments. The 

effect of the novel design on reducing the motion resistance of the garments will be 

assessed through the tensile force and pressure, using the same experiments setup as 

shown in chapter 5. The thermal properties of the newly designed T-shirt, such as the 

thermal insulation and evaporative resistance, were evaluated by manikin test. The 

comfort sensations of the developed samples during badminton playing were 

subjectively evaluated by a wearer trial. By comparing the results of developed 
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samples with the commercial badminton sports tops, the advantages of the new T-shirt 

were demonstrated in this chapter. 

 

6.2  Design Concept 

 

The significant effect of ventilation structure on the thermal comfort improvement has 

been verified in Chapter 4. Hence, the spacer and mesh structures were combined and 

added into the badminton sportswear in order to release the heat stress from the heavy 

sweating badminton sport. Figure 6-1 shows the design areas of ventilation structures 

for different body types. In this case, the ventilation structure was designed to occupy 

less percentage of the whole garment. This is because of two reasons: Firstly, if the 

experimental results are significantly efficient when less ventilation structures are 

added, it would also be effective on those garments with more ventilation structures; 

Secondly, although the limited ventilation parts are designed on the chest, shoulders 

and upper back, it can also lift up the garment to make the air access freely. Moreover, 

the mesh structures are designed on the centre back, and sides for improvement of 

ventilation and cooling during exercises.  

http://dict.youdao.com/w/efficient/


Chapter 6 
 

124 

 

 

Figure 6.1  The design areas of ventilation structures for different body types 

 

According to the experimental results shown in chapter 5, several locations of the 

garment should be improved for ease of body motion. The under arm area presents a 

higher stress during forehand smash action while the back area produces a marked 

elongation and stress during meet-drop action. Slash patterns are introduced in these 

areas to reduce the stress during badminton exercise. Furthermore, the shoulder points 

also show a noted pressure during two actions; however the release of the pressure 

may be achieved by reducing the tensile force around the arms and back. Hence, there 

are no slashes designed around shoulder points. In addition, there is a 2 cm reduction 

in the sleeves pattern on the upper sleeve opening for the release of pressure during 

meet-drop. 

 

The circular knitting machine enables the different knit structure combining together 

without seams. Hence, it allows an asymmetrical pattern design in mesh pattern design. 

When designing the new sports T-shirt, the knit structure design replaces the 

traditional figure printing and dyeing. In this instance, the mesh structures are placed at 

http://dict.youdao.com/w/furthermore/
http://dict.youdao.com/w/in/
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center back as well as sides for improving ventilation, meanwhile the patterns of the 

mesh are designed in irregular and asymmetric shape. The pattern tends to lean 

towards the dominate side to present a sense of action. Figure 6.2 shows the design 

sketch of the knitted ventilation garment pattern. 

 

 

Figure 6.2 Design sketch of the knitted ventilation garment pattern. 
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6.3 Design Specification 

6.3.1 Production Sketch 

The new T-shirt was designed by combining the ventilation design and the slashes 

design as well as the kinetic pattern design. The production sketch with design details 

is presented in Figure 6.3. 

 

 

Figure 6.3  The production sketch 
 

 

 

6.3.2 Fabrication 

The specifications of the knitted fabrics are shown in Figure 6.4. All knitted fabrics 

were made of 75D/100F COOLMAX
® 

yarn and 20/20D spandex covered nylon yarn. 
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Both right side and wrong side of the spacer structure are presented. The mesh, plain 

and slashes show the right side of the fabrics. 

 

 

Figure 6.4  The specifications of the fabrics 
 

 

 

 

6.3.3 Structure Details and Process 

Three main knit structures are combined in this new sports T-shit. The details of those 

knit structures are presented below:  

 

1) Spacer structure was knitted by successive float (12 courses) on single needle. 

Figure 6.5 shows the knit structure details of the spacer structure. 
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Figure 6.5 The stitch figure of spacer structure 
 

 

2) Mesh structure was knitted by float plating with elastic yarns. In this instance, 

spandex covered nylon yarn as ground yarn and COOLMAX
®
 as plating yarn. 

Figure 6.6 shows the knit structure details of the mesh structure. 
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Figure 6.6  The stitch figure of mesh 
 

 

3) Plain knit is a normal single jersey knit structure. Figure 6.7 shows the stitch figure 

of plain knit. 

 
 

Figure 6.7 The stitch figure of plain knit 
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Fabrication process 

 

 

Figure 6.8 Flow chart of the fabrication of new badminton T-shirt 

 

The new T-shirt was fabricated by using the circular seamless knitting 

machine-SANTONI SM8 TOP2S. Then, the garment was developed by using the 

optimized process as shown in chapter 4. After that, the slashes were fabricated 

according to the process shown in chapter 5. All steps of the fabrication process for the 

new badminton T-shirt are illustrated in Figure 6.8. 

 

The finishing process of the fabrics as well as the projection process of the slashes has 

been showed in chapter 4 and chapter 5. The detailed knitting process is showed as 

follows: 

Step 1 

The designed block pattern is imported into the software (Photon). It is CAD software 

worked with SANTONI machine. The pattern is stretched to the required dimensions, 

and then it is drawn into different colors for different structures. Figure 6.9 shows the 

interface of the drawing pattern in Photon. The dimensions of the pattern are 
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determined by the result of repetition tests. 

 

 

Figure 6.9 The interface of drawing pattern  

 

Step 2 

The knitting structures are designed with different colors. The knitting structures can 

be showed in the plain knit interface (Figure 6.10). The detailed knitting structures is 

zoomed in and presented in Figure 6.11. Then the completed pattern is saved as a .dis 

document. 
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Figure 6.10 The plain knit interface 
 

 

Figure 6.11 The magnified details of the plain knit interface 
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Step 3 

The completed .dis document is imported into the Pulsar. It is computer software 

worked with SANTONI machine. After attaching the trimming value and air jet into 

the knitting program (Figure 6.12), the proper parameters of knitting program can be 

selected (Figure 6.13).    

 

Figure 6.12 Attach the trimming value and air jet 
 

 

Figure 6.13 Select the proper parameters 
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Step 4 

The fingers and colors are coupled, while the project is analyzed by the software 

(Figure 6.14).  

 

Figure 6.14 Project analysis 

 

Step 5 

After project analysis, the document is transformed into the SANTONI 

machine-readable format. Then the fabrics are knitted by use of the SANTONI 

machine. 

6.3.4 Production Measurements and Prototypes 

The size of productions and the prototypes of the new active badminton sportswear 

with invented structures are showed in Figure 6.15, in which the spacer and mesh 

structures were interlaced at the chest, shoulder and upper back areas to benefit the 

space and air exchange. Mesh structure was adopted at the center back and sides of the 

garment for more ventilation while other areas were designed with plain structures. 
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Slashes were designed on right back and under arms areas for reducing the pressure 

and tensile stress during actions. The sports T-shirt in three different sizes were 

produced. 

 

 

 

Figure 6.15 The size and the photos of the prototypes  
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6.4 Product Evaluation 

6.4.1 Introduction  

Firstly, the TNSS method and Pliance®-x System were used to measure the tensile 

force and pressure of the new T-shirt and other commercial samples. Then, the sweat 

manikin-Walter was used to evaluate the thermal properties of the new T-shirt and 

control samples. Then, wearer trials were conducted to evaluate the performance of 

badminton sportswear with novel spacer design, the total comfort, thermal sensation, 

moisture sensation, stick sensation, pressure and stretch feeling of players were 

evaluated by questionnaire on before, after and half-time interval of playing badminton, 

respectively.  

6.4.2 Experiments 

6.4.2.1 Evaluation of Tension and Pressure 

The experimental setup for evaluation of tensile force and pressure is same as that 

shown in chapter 5. 

6.4.2.2 Manikin Test 

A sweating fabric manikin was used (Fan and Chen, 2002 and Kar, et al., 2007) to 

measure the thermal insulation (Rt) and the evaporative resistance (Re) of the garment. 

 

Materials 

A new badminton T-shirt, a normal cotton T-shirt and a commercial badminton sports 

T-shirt with same size are selected for testing. As a control sample, the normal cotton 
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T-shirt is made of 100% cotton single jersey fabric; the commercial badminton sports 

T-shirt is from a famous brand and is made of 100% polyester functional knit fabrics.  

 

Conditions 

The experiment was carried out in a climatic chamber controlled at 20 ± 0.5 
0
C and 

65.0 ± 5% RH with an air velocity of 4 ± 0.1 m s
−1

 so as to simulate the heavy 

badminton exercise. All testing ensembles were conditioned in the chamber for 24 h 

before testing. During the testing, the same pants were coupled for all T-shirts, and all 

tests were repeated for three times. 

 

Statistical analysis 

 

One-Way ANOVA analysis was carried out to compare the thermal insulation, 

evaporative resistance and moisture permeability index for different samples with 

different air velocities. 

6.4.2.3  Wearer Trials 

Subjects 

Eight healthy male college students volunteered to participate in this study. Their 

physical characteristics were age of 25±3years, weight of 75±10 kg and height of 

1.73±0.05m. All subjects were informed about the purpose of the study and the 

procedure of the experiments before test.  

 

Materials 

A commercial badminton sports T-shirt, which has been used in sweat manikin test, 
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was evaluated and compared with the new badminton sports T-shirt.  

 

Experiment process 

During the experiment, the temperature, relative humidity and air velocity of the 

gymnasium was 20 ± 2
0
C, 65± 5% and 0.2 ± 1 m s

-1
, respectively. 

 

The subjects wearing the test samples were conditioned in the gymnasium for 15 

minutes. Then, they played badminton for 60 minutes with a break for 5 minutes in the 

middle, and the questionnaire surveys about the total comfort, thermal sensation, 

moisture sensation, stick sensation, pressure feeling and stretch feeling were conducted 

at the beginning, middle and end of the exercises. Finally, the comfort criteria were 

recorded after 15 minutes resting. Figure 6.16 shows the actions of wearer trial. 

 

Figure 6.16 Actions of wearer trial 
 

http://dict.youdao.com/w/gymnasium/
http://dict.youdao.com/w/gymnasium/
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Questionnaire 

The aim of the questionnaire was to evaluate and compare the skin sensation of the 

new badminton sportswear with the commercial badminton sportswear in terms of 

total comfort, thermal sensation, moisture sensation, clingy sensation, pressure and 

stretch feeling of players. A 7-point scale was adopted for the questionnaire.  

 

The score assignments of comfort were designed from 3 to -3 where 0 represented the 

normal sensation. A positive score represents that subjects are very satisfied with 

comfort. In contrast, the negative scores implied that subjects are very dissatisfied with 

comfort. The larger the score, the more comfort of the samples would be. Moreover, 

the score assignments of thermal sensation were similar to the comfort. A positive 

score represents that thermal sensation be hot, but the negative scores implied that the 

thermal sensation would be cold. 

 

The score assignments of moisture sensation, clingy sensation, pressure and stretch 

feeling were designed from 1 to 7, where 1 represents dry in moisture sensation, no 

clingy in clingy sensation, no pressure and stretch feeling, and no tensile sensation. 

The larger the score, the more moisture, clingy, pressure and tensile force of the 

samples would be. 

 

Statistical analysis 

Paired t-test was used to analysis the results of questionnaire. The statistical analyses 

were performed at a level of 95% statistical significance. 
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6.4.3 Results and Discussion 

6.4.3.1 Tensile Force and Pressure 

 
 

 

Figure 6.17 The tensile force of six commercial sports tops and new T-shirt during 

„meet drop”(a) and “forehand smash”(b) 

 

The comparison of tensile force and pressure of seven samples are showed in Figure 

6.17 and Figure 6.18, respectively. The results of the commercial garments are 

presented in the orange box, which have been introduced in chapter 5. The results of 

new sports T-shirt are showed in the blue box. The results focus on the comparing of 

the new sports T-shirt and commercial garments. The detailed results are sown in 

Appendix XVIII. 
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Figure 6.18  The pressure of six commercial sports tops and new T-shirt during „meet 

drop”(a) and “forehand smash”(b) 

 

Tensile force of seven samples on five locations during two actions is shown in Figure 

6.17. Tensile forces of the new T-shirt are lower than 0.25 N on location A, B, C and E, 

which are lower than most of commercial badminton tops on different locations. G1 

have the lowest force value on location D during forehand smash action, however, it 

has the highest force of the all tested samples on location E during forehand smash 

action. G5 has the lowest force values on location A and C, besides it has a lower force 

value on location B. However, it has a higher force value of 3.88N on location D. G2 

have the lowest force value on location E, however there is higher tensile force on 

location D. Compared to the commercial T-shirts, the new T-shirt has relative lower 

tensile force on each location, and the force distributes averagely. The pressure of 

seven samples on four points is presented in Figure 6.18. The new T-shirt shows the 

lowest pressure values on four points during two actions respectively. The biggest 

pressure on four points of new T-shirt is 0.4N which produces on left shoulder point 

during forehand smash. It means that the new T-shirt has advantages to reduce the 
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stress of garment and keep the garment balanced during motion. The reducing of 

tension and pressure may be due to the light weight of the new T-shirt and the slashes 

design as well as the shorter sleeves. 

 

6.4.3.2 Thermal Insulation 

  

Figure 6.19  Thermal insulation of the three samples 

 

The thermal insulation of the samples was tested by using the sweating fabric manikin 

and compared in Figure 6.19. The detailed results of statistical analysis are shown in 

Appendix XIX. The thermal insulation of new sportswear is 0.039 
0
Cm

2
W

-1
, which is 

22% lower than that of normal cotton T-shirt and 11.4% lower than that of commercial 

badminton sportswear. One-way ANOVA results show a significant (F2,11=138.8, 

p<0.001) difference between the three samples. 
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6.4.3.3 Evaporative Resistance 

 

Figure 6.20  Evaporative resistances of the three samples 

 

The evaporative resistances of the samples are shown in Figure 6.20, and the results of 

statistical analysis are shown in Appendix XX.. The evaporative resistance of the new 

sports T-shirt is just 3.34 Pam
2
W

-1
, being the lowest compared to that of the 

commercial one and normal T-shirt, which is 20.6% lower than that of commercial 

sportswear and 37.7% lower than that of normal T-shirt, respectively. One-way 

ANOVA results also show a significant (F2,11=332.6, p<0.001) difference between 

the three samples. 
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6.4.3.4 The Moisture Permeability Index 

  

Figure 6.21  The moisture permeability index (im) of the three samples 

 

The moisture permeability index (im) of the three samples is shown in Figure 6.21, 

and the results of statistical analysis are shown in Appendix XXI. The results show 

that there is a significant difference (F2,11=28.25, p<0.001) in the im values between 

the three tested samples. The im value of the new T-shirt is 0.71, which is 7.9 % 

higher than that of the commercial badminton T-shirt, and 14.4% higher than that of 

the normal cotton T-shirt. The higher im value means that the clothing system is more 

breathable under the same thermal insulation (Woodcock 1962a, 1962b). The new 

T-shirt presents a significant improved breathability than the commercial badminton 

T-shirt as well as the normal cotton T-shirt. 
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6.4.3.5 Comfort Sensation 

 
 

Figure 6.22  The comfort assessment of sports T-shirts in three phases 

 

Figure 6.22 shows the comfort assessment of three sports T-shirts in three stages of the 

exercise (before play badminton, half-time interval and after the exercise). It can be 

found that the comfort satisfaction decreased with the increase of exercise time, 

regardless of the kind of samples. At the beginning of exercise, the comfort 

satisfaction scores were alike when the subjects dressed the two samples. For the 

commercial sportswear, the satisfaction degree decreased 44.4% after 30 minutes 

badminton exercise, and the value further decreased 66.7% after 60 minutes exercise. 

However, for the new sportswear, the satisfaction in comfort did not decrease after 30 

minutes exercise, and only decreased 11% after 60 minutes badminton exercise. It 
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means that the new sportswear has great advantages in comfort during heavy sweating 

or after strenuous badminton exercise.   

6.4.3.6 Thermal Sensation 

 
 

Figure 6.23  Skin thermal sensations of sports T-shirts in three phases 

 

The results of the thermal sensation based on the analysis of the questionnaires are 

shown in Figure 6.23. The detailed results of statistical analysis are shown in 

Appendix XXII. During heavy sweating badminton exercises, the skin thermal 

sensation for both new sportswear and commercial sportswear increased. Before 
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exercise, the subjects felt a little bit cooler when they were dressed in the new T-shirt. 

During the half time, the scores of thermal sensation on the new T-shirt are significant 

lower than that on the commercial T-shirt at both points on shoulder (t=-2.646, 

p=0.033) and chest (t=-2.393, p=0.048). After playing badminton, the score of the total 

thermal sensation increased more in the last 30 minutes. It indicated that the 

temperature rose more as the intensity of the exercise increased. The subjects felt 

hotter when they were dressed in the commercial one, although there is no significant 

difference between the two samples. It can be seen from the result the ventilation parts 

greatly reduced the chance of heat accumulation during play badminton, especially on 

the shoulder and chest area. That is to say, the wearers feel cooler when they dressed 

the new T-shirt to play badminton. The new T-shirt improved the thermal comfort 

during heavy exercises. 

 

6.4.3.7 Moisture and Clingy Sensation  

 

Figure 6.24 and 6.25 show the moisture and clingy sensation based on the analysis of 

the questionnaires. After heavy sweating exercises, the skin humidity/clingy sensation 

for both new sportswear and commercial sportswear increased, because the increase of 

the sweat affects the humidity of skin surface micro-environmental. Hence，there is a 

common trend in skin moisture sensation and clingy sensation that is due to the 

increase of skin‟s wetness.  
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Figure 6.24  Skin moisture sensations of sports T-shirts in three phases 

 

The detailed results of statistical analysis are shown in Appendix XXIII. Before 

exercise, it was found that there is a significant (t=-2.646, p=0.033) difference of the 

moisture sensation between the two samples. The subjects felt dry when dressed in the 

new sportswear. During the half time, the score of moisture sensation at back is 

significant lower (t=-2.376, p=0.049) on new sportswear. The moisture sensations at 

chest are similar on the two samples. The subjects felt dryer at the shoulder when they 

were dressed in the new one, although the sensations were not significant. After 
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badminton, the moisture sensations increased considerably on commercial sportswear, 

and the scores at chest is significant higher (t=-3.416, p=0.011) than that on the new 

one.  

 
Figure 6.25  Clingy sensations of sports T-shirts in three phases 

 

The detailed results of statistical analysis of the clingy sensation are shown in 

Appendix XXIV, there is no significant difference between the two samples before 

exercise. However, during the half time, the scores of the clingy sensation is 

significant lower on the new sportswear at the shoulder (t=-3, p=0.02) and back 

(t=-3.416, p=0.11). 

After badminton, the differences are more obvious between the two samples. The total 

clingy sensation is significantly lower (t=-3.55, p=0.009) on the new sportswear. 
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Besides, the scores are also significantly lower at the chest (t=-3.667, p=0.008), 

shoulder (t=-4.965, p=0.002) and back (t=-4.583, p=0.003), when the subjects is 

dressed in the new one.  

It was found that more moisture accumulated around the back area during exercise, 

where the fabrics have a greater chance to stick to the skin when the commercial 

sample was worn. Thus, for the commercial sportswear, the value of the clingy 

sensation after 60 minutes exercise was 2.6 times than that at the beginning. However, 

the clingy sensation when dressing in the new sports T-shirt was only a half of the 

commercial one. A relative less amount of moisture accumulation and clingy can be 

observed at the shoulder than those at the back. The chest area showed the lowest 

moisture accumulation and clingy discomfort in the three body locations. There was a 

similar moisture sensation for the two sports T-shirts after 30 minutes of badminton 

exercises, whereas the clingy sensation in the commercial T-shirt was 30% higher than 

that in the new T-shirt. It means that the new T-shirt presents less clingy discomfort 

during the same moisture condition. From the above results, the new sportswear can 

significant decreasing the moisture accumulation at chest and back, and it shows 

greater advantage in reducing the clingy discomfort during badminton. 

 

6.4.3.8 Pressure and Tensile Force Sensation 

The pressure and tensile force sensation were assessed at three phases. Different from 

previous questions, they were open-ended questions. The subjects could point out the 

area where they felt pressure or stretch first, and then they assessed the level of 

pressure or tension. 

http://dict.youdao.com/w/whereas/
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At the beginning, the subjects were asked to move their body and to take „Meet-Drop‟ 

and „Forehand Smash‟ actions for evaluation. At intermission, they were asked to 

evaluate the sensation during the previous 30 minutes badminton exercise. At the end 

of the badminton exercise, they were also asked to write down the sensation level in 

the last 30 minute exercise.  

 
Figure 6.26  Pressure sensations of sports T-shirts in three phases during action 

 

Figure 6.26 and figure 6.27 demonstrate that shoulders and back areas are sensitive to 

pressure and tension. The results of statistical analysis on pressure and tensile 

sensation are shown in Appendix XXV and Appendix XXVI. Before exercise, the 
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scores of pressure sensation are significant smaller (t=-11, p=0.002) at the shoulder on 

the new sportswear. Within 30 minutes, the subjects felt significant less pressure at the 

shoulder (t=-7.348, p=0.005) and back (t=-4.899, p=0.016), when they wore the new 

one. During the last 30 minutes, the scores are also significantly smaller on the new 

sportswear at the shoulder (t=-3.667, p=0.035) and back (t=-3.873, p=0.03). It means 

that the most pressures are produced at the shoulder and back areas, moreover the new 

sportswear can reduce the pressure effectively during badminton actions. 

 

 
 

Figure 6.27  Tensile force sensations of sports T-shirts in three phases during action 
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For the tensile force sensation, the score of the new sportswear is significant lower 

(t=-5, p=0.015) than that of the commercial one at the shoulder before playing 

badminton. In the first 30 minutes, the subjects felt less tensile force when they wore 

the new one, and the differences between the two samples are significant both at 

shoulder (t=-4.899, p=0.016) and back (t=-7.348, p=0.005). In the last 30 minutes, 

there is also a significant smaller (t=-6.789, p=0.007) tensile force at the back on the 

new sportswear. It indicated that the slashes design is effective in lightening the tensile 

force sensation when playing badminton. 

 

The pressure and tensile force sensation demonstrated that the motion resistance can 

be released during the big-stretch-actions when the players wore the new sports T-shirt 

during playing badminton, which means the new T-shirt is less restricting during body 

motion by the use of slashes on designated area.  

 

6.4.4 Conclusion 

The new T-shirt has advantages on both ease of body motion and keeping balance 

during motion. Compared to the commercial badminton sports tops, it presents lower 

tensile forces and pressures during meet-drop and forehand smash action when playing 

badminton. Meanwhile, the new sports T-shirt is effective in improving ventilation 

cooling. The thermal insulation and evaporative resistance of the new sports T-shirt are 

significantly lower than that of commercial ones and the normal cotton T-shirt. During 

badminton exercise, the players feel more comfort, cooler, dryer, less clingy and easier 

to move when the new T-shirt is worn 
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6.5  Summary 

In this chapter, a new badminton T-shirt was designed and developed based on the 

analysis of the previous experimental findings. The design specification and process 

were stated in details. The prototype of the new T-shirt was produced and evaluated. 

The results indicated that the new badminton sports T-shirt has advantages on thermal 

comfort and motion comfort compared to the current commercial badminton tops.
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 CHAPTER 7 

CONCLUSION AND 

RECOMMENDATIONS FOR FUTURE 

WORKS 

7.1  Conclusion 

Based on the study of the functional characteristics adapting to the demand of sports, 

a new sportswear combining innovative ventilation structure and slashes was 

developed, and its performance was evaluated. The new sportswear exhibits a low 

motion resistance, high breathability under heavy exercise condition and improved 

comfort during badminton actions. In the course of the research, several innovations 

that focus on relevant requirements and characteristics of the human body have been 

developed. The major innovations developed in this project are summarized in the 

followings. 

 

1. A design process model, which meets the specific needs of ergonomic design of 

active sports, has been proposed for the development of high performance 

sportswear. The demands of user and human factors are introduced in the design 

process especially focusing on special needs in terms of comfort and free body 

http://dict.youdao.com/w/innovative/
http://dict.youdao.com/w/breathability/
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movement. Each functional requirement is considered and specially designed, 

and each developed functional structure is evaluated and modified for 

improvement. The feedback, as an important step, links the idea creation to 

sample production, is used for the sample optimization.  

 

2. To improve the ventilation and reduce the clingy discomfort during heavy 

exercise, a ventilation design, which has a combined spacer and mesh structure, 

has been developed and evaluated. The fabrics combining plain, spacer and mesh 

knitted structures is created by seamless circular knitting machine. It shows 

higher air permeability without losing the superiority in weight, softness and 

elasticity. According to the body structure, ventilation structures are designed 

around the chest, shoulder and back areas to prop up the fabrics away from the 

skin. Based on the manikin test, the T-shirt with ventilation design can 

significantly increase the air circulation next to skin and ventilation cooling 

under windy condition and/or active body movement. The results of wearer trials 

indicate that the wearer felt more comfortable when wearing the T-shirt with the 

ventilation design to do exercises because of the reduction in heat accumulation, 

skin relative humidity, and hot and chill discomfort. Moreover, the high 

performance T-shirt contributed to the reduction of energy expenditure during 

exercises. 

 

 

3. Based on the elasticity and pore of the knit fabric as well as the nonelastic and 

little resistance of the string, a thin nonelastic smooth string method has been 
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developed and applied to measure the tensile force of the loose fitted knit 

garments. This method is very easy to operate and it also contributes to the 

investigation of the stress and elongation of the garments during body motion. 

 

4. The stress concentration of the sports tops during badminton sport is due to the 

long range of upper limb movement. Hence, a slash design has been developed to 

reduce the stress concentration of sportswear for ease of body movement. The 

constant opening and closing of slashes during body motion, provides an extra 

space and heat and moisture release when needed. Under arms, sides and back 

areas of the body are the locations where higher stress is produced during 

badminton exercises. The effect of the slashes on reducing tensile force has been 

experimentally studied. The results showed that the addition of slashes has a 

significant effect on the reduction of tensile force. 

 

5. A new badminton sports T-shirt, which combines the ventilation structure and 

slashes design as well as a dynamic design concept, has been designed and 

developed with the consideration of the characteristics of human body and 

badminton sports. The prototype of the new sports T-shirt has been developed 

and evaluated. It shows the advantages of less motion stress and high moisture 

permeability and results in a more comfortable experience during badminton 

exercises for the wearers.  

 

 

 

http://dict.youdao.com/w/applied/
http://dict.youdao.com/w/to/
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7.2  Limitations and Recommendations for Future Works 

Because of the limitations in the study of motion feature, pattern and fabrication 

method presented in this thesis, the following aspects are suggested to be studied in 

the future. 

 

1. Study of motion feature 

The racket sports, like tennis, squash, table tennis, etc., have their respective 

motion features. The garment stress for those racket sports can be measured 

during their main actions. Moreover, the solution for each racket sports needs to 

be investigated based on the measurement of stress distribution. 

 

2. Detailed distribution of garment stress 

Based on the investigation of garment stress during two badminton actions, the 

back and under arm areas should be considered for reducing the motion 

resistance. However, the involved areas were only measured on limited sections 

and angles. Besides, the measurement only includes small number of subjects. 

Hence, the distribution of garment stress can be studied in details by adding 

measurements of different sections and angles in the future. And the sample size 

should be increased.  

 

3. Dynamic tension distribution 

In this study, a method for the measurement of garment stress under static 

posture has been developed. However, the dynamic changes of the garment 

http://dict.youdao.com/search?q=motion&keyfrom=E2Ctranslation
http://dict.youdao.com/w/feature/
http://dict.youdao.com/search?q=motion&keyfrom=E2Ctranslation
http://dict.youdao.com/w/feature/
http://dict.youdao.com/w/squash/
http://dict.youdao.com/search?q=motion&keyfrom=E2Ctranslation
http://dict.youdao.com/w/feature/
http://dict.youdao.com/w/solution/
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tension are also worth studying. A simple and accurate technique should be 

further investigated to record the dynamic distribution of the garment stress. 

4. Various design of ventilation pattern 

The ventilation design combining spacer and mesh knit structures are developed 

and fabricated with the application of one curve pattern that in this study. 

However, there are many other kind of patterns can be applied in the garment 

structure to achieve the same effect. The different pattern designs can be 

explored when developing functional garments in the future. 

 

5. Fabrication of slashes 

One of the slash fabrication methods, i.e., cutting by laser after coating, is 

presented in this study. However, there are more than one way to make the 

slashes on the garments. More methods for strengthen and opening of knitted 

garment can be investigated. 
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APPENDIX I  

Questionnaire for Wear Trials of Active 

Sportswear- on Treadmill 
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APPENDIX II 

Questionnaire for Wearer Trials of Active 

Sportswear-Play Badminton 
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APPENDIX III   

Evaporative resistances (Re) of the three 

samples on different air velocity analyzed 

by One-Way ANOVA 

 

Description 

Re 

Air 

Velocity  N Mean SD SE 

The 95% confidence 

interval of the mean 

 Minimum 

 

Maximum 

lower 

Bound 

Upper 

Bound 

.20 Sample A 4 19.2848 .21178 .10589 18.9478 19.6217 19.00 19.49 

Sample B 4 18.6392 .75650 .37825 17.4355 19.8430 17.75 19.37 

Sample C 4 18.1587 .92723 .46362 16.6833 19.6342 17.22 19.20 

Total 12 18.6942 .79685 .23003 18.1880 19.2005 17.22 19.49 

1.00 Sample A 5 5.8900 .24597 .11000 5.5846 6.1954 5.60 6.25 

Sample B 5 5.8460 .18188 .08134 5.6202 6.0718 5.58 6.04 

Sample C 5 5.5140 .23201 .10376 5.2259 5.8021 5.11 5.66 

Total 15 5.7500 .26889 .06943 5.6011 5.8989 5.11 6.25 

2.00 Sample A 5 4.8780 .19486 .08714 4.6361 5.1199 4.69 5.20 

Sample B 5 4.7820 .19829 .08868 4.5358 5.0282 4.58 5.01 

Sample C 5 4.5760 .18270 .08171 4.3491 4.8029 4.35 4.80 

Total 15 4.7453 .22051 .05694 4.6232 4.8675 4.35 5.20 

 

http://dict.youdao.com/w/description/
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ANOVA 

air velocity  Sum of Squares df Mean Square F Significance 

.20 Between groups 2.554 2 1.277 2.594 .129 

Within groups 4.431 9 .492   

Total 6.985 11    

1.00 Between groups .423 2 .211 4.300 .039 

Within groups .590 12 .049   

Total 1.012 14    

2.00 Between groups .238 2 .119 3.227 .076 

Within groups .443 12 .037   

Total .681 14    

 

Post Hoc Test 

LSD 

Air 

Velocity 

 

 (I) A B C (J) A B C MD (I-J) SE Significance 

The 95% confidence 

interval of the mean 

Lower  

Bound 

Upper 

Bound 

.20 A B .64550 .49613 .226 -.4768 1.7678 

C 1.12600* .49613 .049 .0037 2.2483 

B A -.64550 .49613 .226 -1.7678 .4768 

C .48050 .49613 .358 -.6418 1.6028 

C A -1.12600* .49613 .049 -2.2483 -.0037 

B -.48050 .49613 .358 -1.6028 .6418 

1.00 A B .04400 .14020 .759 -.2615 .3495 

C .37600* .14020 .020 .0705 .6815 

B A -.04400 .14020 .759 -.3495 .2615 

C .33200* .14020 .036 .0265 .6375 

C A -.37600* .14020 .020 -.6815 -.0705 

B -.33200* .14020 .036 -.6375 -.0265 

2.00 A B .09600 .12147 .445 -.1687 .3607 

C .30200* .12147 .029 .0373 .5667 

B A -.09600 .12147 .445 -.3607 .1687 

C .20600 .12147 .116 -.0587 .4707 

C A -.30200* .12147 .029 -.5667 -.0373 

B -.20600 .12147 .116 -.4707 .0587 
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Description 

Re 

Air 

Velocity  N Mean SD SE 

The 95% confidence 

interval of the mean 

 Minimum 

 

Maximum 

lower 

Bound 

Upper 

Bound 

.20 Sample A 4 19.2848 .21178 .10589 18.9478 19.6217 19.00 19.49 

Sample B 4 18.6392 .75650 .37825 17.4355 19.8430 17.75 19.37 

Sample C 4 18.1587 .92723 .46362 16.6833 19.6342 17.22 19.20 

Total 12 18.6942 .79685 .23003 18.1880 19.2005 17.22 19.49 

1.00 Sample A 5 5.8900 .24597 .11000 5.5846 6.1954 5.60 6.25 

Sample B 5 5.8460 .18188 .08134 5.6202 6.0718 5.58 6.04 

Sample C 5 5.5140 .23201 .10376 5.2259 5.8021 5.11 5.66 

Total 15 5.7500 .26889 .06943 5.6011 5.8989 5.11 6.25 

2.00 Sample A 5 4.8780 .19486 .08714 4.6361 5.1199 4.69 5.20 

Sample B 5 4.7820 .19829 .08868 4.5358 5.0282 4.58 5.01 

Sample C 5 4.5760 .18270 .08171 4.3491 4.8029 4.35 4.80 

*.The significant level of MD is 0.05. 

http://dict.youdao.com/w/description/
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APPENDIX IV 

Thermal insulations (Rc) of the three 

samples on different air velocity analyzed 

by One-Way ANOVA 

 

 

 

Description 

Rc 

Air 

Velocity  N Mean SD SE 

The 95% confidence 

interval of the mean 

 

Minimum 

 

Maximum 

lower 

Bound 

Upper 

Bound 

.20 Sample A 4 .13050 .005447 .002723 .12183 .13917 .126 .137 

Sample B 4 .12475 .008057 .004029 .11193 .13757 .113 .130 

Sample C 4 .12325 .009500 .004750 .10813 .13837 .113 .134 

Total 12 .12617 .007814 .002256 .12120 .13113 .113 .137 

1.00 Sample A 5 .06321 .005178 .002315 .05679 .06964 .057 .068 

Sample B 5 .06108 .006488 .002901 .05303 .06914 .056 .069 

Sample C 5 .06015 .000367 .000164 .05969 .06061 .060 .061 

Total 15 .06148 .004635 .001197 .05892 .06405 .056 .069 

2.00 Sample A 5 .05777 .000881 .000394 .05668 .05886 .057 .059 

Sample B 5 .05904 .000544 .000243 .05836 .05971 .058 .060 

Sample C 5 .06025 .001601 .000716 .05826 .06224 .058 .062 

Total 15 .05902 .001461 .000377 .05821 .05983 .057 .062 
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ANOVA 

air velocity Sum of Squares df Mean Square F Significance 

.20 Between groups .000 2 .000 .951 .422 

Within groups .001 9 .000   

Total .001 11    

1.00 Between groups .000 2 .000 .536 .599 

Within groups .000 12 .000   

Total .000 14    

2.00 Between groups .000 2 .000 6.333 .013 

Within groups .000 12 .000   

Total .000 14    

 

Post Hoc Test 

LSD 

Air Velocity (I) A B C (J) A B C MD (I-J) SE Significance 

The 95% confidence 

interval of the mean 

Lower  

Bound 

Upper 

Bound 

.20 A B .005750 .005550 .327 -.00681 .01831 

C .007250 .005550 .224 -.00531 .01981 

B A -.005750 .005550 .327 -.01831 .00681 

C .001500 .005550 .793 -.01106 .01406 

C A -.007250 .005550 .224 -.01981 .00531 

B -.001500 .005550 .793 -.01406 .01106 

1.00 A B .002130 .003034 .496 -.00448 .00874 

C .003064 .003034 .332 -.00355 .00967 

B A -.002130 .003034 .496 -.00874 .00448 

C .000934 .003034 .763 -.00568 .00754 

C A -.003064 .003034 .332 -.00967 .00355 

B -.000934 .003034 .763 -.00754 .00568 

2.00 A B -.001268 .000696 .094 -.00279 .00025 

C -.002478* .000696 .004 -.00400 -.00096 

B A .001268 .000696 .094 -.00025 .00279 

C -.001210 .000696 .108 -.00273 .00031 

C A .002478* .000696 .004 .00096 .00400 

B .001210 .000696 .108 -.00031 .00273 

*.The significant level of MD is 0.05. 
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APPENDIX V 

Moisture permeability index (Im) of the 

three samples on different air velocity 

analyzed by One-Way ANOVA 

 

 

 

Description 

Im 

Air Velocity N Mean SD SE 

The 95% confidence 

interval of the mean 

 

Minimum 

 

Maximum 

lower 

Bound 

Upper 

Bound 

.20 Sample A 4 .4102 .02036 .01018 .3778 .4426 .39 .43 

Sample B 4 .4054 .01377 .00689 .3834 .4273 .39 .42 

Sample C 4 .4111 .01908 .00954 .3808 .4415 .39 .44 

Total 12 .4089 .01646 .00475 .3984 .4194 .39 .44 

1.00 Sample A 5 .6518 .06695 .02994 .5687 .7349 .58 .73 

Sample B 5 .6324 .05294 .02367 .5667 .6981 .58 .70 

Sample C 5 .6622 .03299 .01475 .6212 .7031 .64 .72 

Total 15 .6488 .05055 .01305 .6208 .6768 .58 .73 

2.00 Sample A 5 .7187 .03414 .01527 .6763 .7611 .66 .76 

Sample B 5 .7492 .03201 .01432 .7094 .7890 .71 .78 

Sample C 5 .7988 .03755 .01679 .7522 .8455 .77 .86 

Total 15 .7556 .04687 .01210 .7296 .7815 .66 .86 

 

 

 

 

 

 

 

 

 

 

http://dict.youdao.com/w/description/


Appendix V 

 

 

189 
 

ANOVA 

air velocity Sum of Squares df Mean Square F Significance 

.20 Between groups .000 2 .000 .119 .889 

Within groups .003 9 .000   

Total .003 11    

1.00 Between groups .002 2 .001 .409 .673 

Within groups .033 12 .003   

Total .036 14    

2.00 Between groups .016 2 .008 6.810 .011 

Within groups .014 12 .001   

Total .031 14    

 

Post Hoc Test 

LSD 

Air Velocity (I) A B C (J) A B C MD (I-J) SE Significance 

The 95% confidence 

interval of the mean 

Lower  

Bound 

Upper 

Bound 

.20 A B .00485 .01270 .711 -.0239 .0336 

C -.00092 .01270 .944 -.0297 .0278 

B A -.00485 .01270 .711 -.0336 .0239 

C -.00577 .01270 .660 -.0345 .0230 

C A .00092 .01270 .944 -.0278 .0297 

B .00577 .01270 .660 -.0230 .0345 

1.00 A B .01937 .03341 .573 -.0534 .0922 

C -.01039 .03341 .761 -.0832 .0624 

B A -.01937 .03341 .573 -.0922 .0534 

C -.02976 .03341 .391 -.1026 .0430 

C A .01039 .03341 .761 -.0624 .0832 

B .02976 .03341 .391 -.0430 .1026 

2.00 A B -.03047 .02191 .190 -.0782 .0173 

C -.08010* .02191 .003 -.1278 -.0324 

B A .03047 .02191 .190 -.0173 .0782 

C -.04963* .02191 .043 -.0974 -.0019 

C A .08010* .02191 .003 .0324 .1278 

B .04963* .02191 .043 .0019 .0974 

*.The significant level of MD is 0.05. 
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APPENDIX VI 

Change of Skin Temperature on the Chest 

Analyzed by Repeated-measures ANOVA 

 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min .21359449140 .491955733024 3252 

11-20 min 1.02173965531 .985289682964 3252 

21-30 min 1.44231084068 1.151928492845 3252 

31-35 min 1.19973512536 1.727038884210 1467 

36-40 min 1.03136278864 1.947669441204 1250 

Total .94258930600 1.267432970316 12473 

Sample A 0-10 min .22729083086 .957822964010 3252 

11-20 min .96813440342 1.954348639013 3252 

21-30 min 1.96897685711 2.198947018761 3252 

31-35 min 2.13081678348 2.108364764623 1467 

36-40 min 1.81316663750 1.912969172610 1250 

Total 1.25735605865 1.983767765386 12473 
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Tests of Within-Subjects Effects 

 

Source 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. Partial Eta Squared 

Sample Sphericity Assumed 1006.256 1 1006.256 920.354 .000 .069 

Greenhouse-Geisser 1006.256 1.000 1006.256 920.354 .000 .069 

Huynh-Feldt 1006.256 1.000 1006.256 920.354 .000 .069 

Lower-bound 1006.256 1.000 1006.256 920.354 .000 .069 

Sample 

* Time 

Sphericity Assumed 855.983 4 213.996 195.727 .000 .059 

Greenhouse-Geisser 855.983 4.000 213.996 195.727 .000 .059 

Huynh-Feldt 855.983 4.000 213.996 195.727 .000 .059 

Lower-bound 855.983 4.000 213.996 195.727 .000 .059 

Error 

(Sample) 

Sphericity Assumed 13631.716 12468 1.093    

Greenhouse-Geisser 13631.716 12468.000 1.093    

Huynh-Feldt 13631.716 12468.000 1.093    

Lower-bound 13631.716 12468.000 1.093    

 

 

 

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 30033.489 1 30033.489 8150.593 .000 .395 

Time 8686.278 4 2171.570 589.328 .000 .159 

Error 45942.365 12468 3.685    
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APPENDIX VII 

Change of Relative Humidity on the Chest 

Analyzed by Repeated-measures ANOVA 

 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min -1.42334169520 1.617435113587 2168 

11-20 min -.20902935348 3.904126677236 2168 

21-30 min 7.36085593402 5.474279552937 2168 

31-35 min 15.57308098758 7.643979044039 1100 

36-40 min 12.34862702409 8.562691185478 1000 

Total 4.86963869617 8.198725380615 8604 

Sample A 0-10 min 1.74876475044 1.583952351655 2168 

11-20 min 4.28545842697 2.520851004443 2168 

21-30 min 7.86559858599 3.728502642049 2168 

31-35 min 16.39756864933 9.387189655433 1100 

36-40 min 13.35435601490 9.067373438908 1000 

Total 7.15091760951 7.176084329071 8604 
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Tests of Within-Subjects Effects 

 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta

 Squared 

Sample Sphericity Assumed 15189.111 1 15189.111 842.815 .000 .089 

Greenhouse-Geisser 15189.111 1.000 15189.111 842.815 .000 .089 

Huynh-Feldt 15189.111 1.000 15189.111 842.815 .000 .089 

Lower-bound 15189.111 1.000 15189.111 842.815 .000 .089 

Sample 

* Time 

Sphericity Assumed 11571.922 4 2892.981 160.526 .000 .069 

Greenhouse-Geisser 11571.922 4.000 2892.981 160.526 .000 .069 

Huynh-Feldt 11571.922 4.000 2892.981 160.526 .000 .069 

Lower-bound 11571.922 4.000 2892.981 160.526 .000 .069 

Error 

(Sample) 

Sphericity Assumed 154970.122 8599 18.022    

Greenhouse-Geisser 154970.122 8599.000 18.022    

Huynh-Feldt 154970.122 8599.000 18.022    

Lower-bound 154970.122 8599.000 18.022    

 

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 907357.033 1 907357.033 24813.445 .000 .743 

Time 540324.605 4 135081.151 3694.057 .000 .632 

Error 314440.940 8599 36.567    
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APPENDIX VIII 

Change of Skin Temperature on the 

Shoulders Analyzed by Repeated-measures 

ANOVA 

 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min -.04314061819 .630178479303 3252 

11-20 min .38613947448 .959811900846 3252 

21-30 min 1.09452280574 1.418279539713 3252 

31-35 min 1.25600062635 1.863620282635 1465 

36-40 min .89071896157 1.667515138335 1250 

Total .61167990253 1.340461067277 12471 

Sample A 0-10 min -.08848510148 .723976749498 3252 

11-20 min .65056477877 1.084557457682 3252 

21-30 min 1.62827352420 2.141210324937 3252 

31-35 min 1.97390561487 2.405463187807 1465 

36-40 min 1.65138967288 2.021407055668 1250 

Total .96857007683 1.823157230362 12471 
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Tests of Within-Subjects Effects 

 

Source 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. Partial Eta Squared 

Sample Sphericity Assumed 1035.128 1 1035.128 1508.208 .000 .108 

Greenhouse-Geisser 1035.128 1.000 1035.128 1508.208 .000 .108 

Huynh-Feldt 1035.128 1.000 1035.128 1508.208 .000 .108 

Lower-bound 1035.128 1.000 1035.128 1508.208 .000 .108 

Sample 

* Time 

Sphericity Assumed 525.205 4 131.301 191.309 .000 .058 

Greenhouse-Geisser 525.205 4.000 131.301 191.309 .000 .058 

Huynh-Feldt 525.205 4.000 131.301 191.309 .000 .058 

Lower-bound 525.205 4.000 131.301 191.309 .000 .058 

Error 

(Sample) 

Sphericity Assumed 8555.784 12466 .686    

Greenhouse-Geisser 8555.784 12466.000 .686    

Huynh-Feldt 8555.784 12466.000 .686    

Lower-bound 8555.784 12466.000 .686    

 

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 18368.844 1 18368.844 5107.308 .000 .291 

Time 9939.645 4 2484.911 690.909 .000 .181 

Error 44834.971 12466 3.597    
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APPENDIX IX 

Change of Relative Humidity on the 

Shoulders Analyzed by Repeated-measures 

ANOVA 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min -.43001480010 4.018904255879 2168 

11-20 min .99601551346 4.623428951629 2168 

21-30 min 7.24654256172 7.493708254760 2168 

31-35 min 8.41142184645 10.378619671291 1100 

36-40 min 4.81841332489 8.635505427322 1000 

Total 3.60397154537 7.635616538320 8604 

Sample A 0-10 min 1.76350604015 2.446603713940 2168 

11-20 min 4.67886135913 3.965786326173 2168 

21-30 min 7.26010979300 3.982142177898 2168 

31-35 min 9.20622796614 7.053847827792 1100 

36-40 min 2.88281304765 4.163868355211 1000 

Total 4.96474132534 4.956628437715 8604 
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Tests of Within-Subjects Effects 

 

Source 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. 

Partial Eta

 Squared 

Sample Sphericity Assumed 3424.738 1 3424.738 108.864 .000 .013 

Greenhouse-Geisser 3424.738 1.000 3424.738 108.864 .000 .013 

Huynh-Feldt 3424.738 1.000 3424.738 108.864 .000 .013 

Lower-bound 3424.738 1.000 3424.738 108.864 .000 .013 

Sample 

* Time 

Sphericity Assumed 14173.306 4 3543.327 112.634 .000 .050 

Greenhouse-Geisser 14173.306 4.000 3543.327 112.634 .000 .050 

Huynh-Feldt 14173.306 4.000 3543.327 112.634 .000 .050 

Lower-bound 14173.306 4.000 3543.327 112.634 .000 .050 

Error 

(Sample) 

Sphericity Assumed 270514.17

4 

8599 31.459 
   

Greenhouse-Geisser 270514.17

4 

8599.00

0 

31.459 
   

Huynh-Feldt 270514.17

4 

8599.00

0 

31.459 
   

Lower-bound 270514.17

4 

8599.00

0 

31.459 
   

 

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 333056.579 1 333056.579 10272.663 .000 .544 

Time 149456.378 4 37364.095 1152.443 .000 .349 

Error 278793.680 8599 32.422    
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APPENDIX X 

Change of Skin Temperature on the Back 

Analyzed by Repeated-measures ANOVA 

 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min -.10298566489 .709540113550 3252 

11-20 min -.84030196113 1.671662229149 3252 

21-30 min -1.39233127598 2.825376606134 3252 

31-35 min -1.61680149746 3.756612173474 1650 

36-40 min -1.16121525128 3.719830112124 1500 

Total -.93018580637 2.558727799367 12906 

Sample A 0-10 min -.90337712915 .889251918999 3252 

11-20 min -1.66053312783 1.624551171887 3252 

21-30 min -2.06249910491 2.395709114197 3252 

31-35 min -1.56465271167 3.319522930172 1650 

36-40 min -.99557737038 3.015258781867 1500 

Total -1.48149126567 2.231529837801 12906 
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Tests of Within-Subjects Effects 

 

Source 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. Partial Eta Squared 

Sample Sphericity Assumed 978.789 1 978.789 1294.481 .000 .091 

Greenhouse-Geisser 978.789 1.000 978.789 1294.481 .000 .091 

Huynh-Feldt 978.789 1.000 978.789 1294.481 .000 .091 

Lower-bound 978.789 1.000 978.789 1294.481 .000 .091 

Sample 

* Time 

Sphericity Assumed 927.385 4 231.846 306.625 .000 .087 

Greenhouse-Geisser 927.385 4.000 231.846 306.625 .000 .087 

Huynh-Feldt 927.385 4.000 231.846 306.625 .000 .087 

Lower-bound 927.385 4.000 231.846 306.625 .000 .087 

Error 

(Sample) 

Sphericity Assumed 9754.759 12901 .756    

Greenhouse-Geisser 9754.759 12901.000 .756    

Huynh-Feldt 9754.759 12901.000 .756    

Lower-bound 9754.759 12901.000 .756    

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 34460.243 1 34460.243 3354.237 .000 .206 

Time 5531.073 4 1382.768 134.594 .000 .040 

Error 132540.310 12901 10.274    
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APPENDIX XI 

Change of Relative Humidity on the Back 

Analyzed by Repeated-measures ANOVA 

 

Descriptive Statistic 

 

Time Mean SD N 

Sample C 0-10 min 1.24030634617 9.094443748095 2168 

11-20 min 14.65095203926 18.934513544621 2168 

21-30 min 24.51916175636 17.464990691413 2168 

31-35 min 29.36352851113 18.669171409774 1100 

36-40 min 25.31989147955 21.954473571257 1000 

Total 16.87930773003 19.856282733936 8604 

Sample A 0-10 min 4.00051320652 10.067232980766 2168 

11-20 min 19.58875857209 21.100398258283 2168 

21-30 min 27.13726783689 19.466576812367 2168 

31-35 min 29.00491305782 19.054111054212 1100 

36-40 min 20.31307121588 25.041050201275 1000 

Total 18.85095461017 20.946876696356 8604 
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Tests of Within-Subjects Effects 

 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta S

quared 

Sample Sphericity Assumed 3721.584 1 3721.584 59.928 .000 .007 

Greenhouse-Geisse

r 

3721.584 1.000 3721.584 59.928 .000 .007 

Huynh-Feldt 3721.584 1.000 3721.584 59.928 .000 .007 

Lower-bound 3721.584 1.000 3721.584 59.928 .000 .007 

Sample 

* Time 

Sphericity Assumed 38000.287 4 9500.072 152.979 .000 .066 

Greenhouse-Geisse

r 

38000.287 4.000 9500.072 152.979 .000 .066 

Huynh-Feldt 38000.287 4.000 9500.072 152.979 .000 .066 

Lower-bound 38000.287 4.000 9500.072 152.979 .000 .066 

Error 

(Sample

) 

Sphericity Assumed 534002.433 8599 62.101    

Greenhouse-Geisse

r 

534002.433 8599.000 62.101 
   

Huynh-Feldt 534002.433 8599.000 62.101    

Lower-bound 534002.433 8599.000 62.101    

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 5782062.077 1 5782062.077 9986.490 .000 .537 

Time 1615949.880 4 403987.470 697.747 .000 .245 

Error 4978721.554 8599 578.988    
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APPENDIX XII 

Variation of EE/Kg with Time Analyzed by 

Repeated-measures ANOVA 

Descriptive Statistic 

 Time(min) Mean SD N 

Sample C 1 101.45628143 14.013957215 7 

2 115.98542157 16.382841770 7 

3 119.03284429 13.080317327 7 

4 119.46522857 10.936691147 7 

5 122.48174486 14.240253590 7 

6 116.50755843 11.147697265 7 

7 120.46373571 11.629442933 7 

8 115.83068214 10.980928634 7 

9 116.31162857 10.411497525 7 

10 120.11605929 12.089267770 7 

11 118.67559214 8.868705705 7 

12 117.18460786 5.702667135 7 

13 119.92800000 11.627057474 7 

14 120.40592914 11.722019327 7 

15 117.72300943 10.565882183 7 

16 114.44036943 7.526001206 7 

17 115.52320786 8.562755461 7 

18 118.90091057 9.024693835 7 

19 117.49219214 9.245583230 7 

20 117.61676429 10.529995953 7 

21 121.96199929 7.639042965 7 

22 121.44336714 10.265157237 7 

23 117.68399657 8.748762262 7 

24 121.01201443 9.205605036 7 

25 118.87150057 9.103255528 7 

26 116.82580986 10.976252665 7 

27 119.69257143 8.617981444 7 

28 117.81862857 8.659038865 7 

29 116.17573986 7.290128888 7 

30 114.92557429 8.016725726 7 

Total 117.73176566 10.393728889 210 
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Descriptive Statistic 

 Time(min) Mean SD N 

Sample A 1 98.55906857 16.390338574 7 

2 119.05817771 19.713208401 7 

3 121.34445571 19.594982832 7 

4 121.29779086 18.849499537 7 

5 125.06558857 18.164121695 7 

6 123.69901771 19.389190540 7 

7 122.40139857 17.498049470 7 

8 121.78617014 14.980681338 7 

9 119.71717871 17.654013125 7 

10 122.52640086 14.627554997 7 

11 122.88184643 14.292669178 7 

12 124.40559857 13.425411396 7 

13 123.28065500 12.271840851 7 

14 121.42139086 11.251532816 7 

15 119.47319486 9.914927041 7 

16 122.32799771 12.628398403 7 

17 120.13837571 8.303951319 7 

18 119.36783957 12.414811791 7 

19 121.64497943 14.616679402 7 

20 122.81052229 14.581428686 7 

21 124.07462929 11.655702758 7 

22 122.68015429 7.248795449 7 

23 124.64335500 9.265963502 7 

24 124.92753714 8.418051872 7 

25 124.39864014 9.677684863 7 

26 123.19720714 10.419714305 7 

27 124.89153000 14.192475874 7 

28 124.17969886 10.450465574 7 

29 123.61956786 8.902944881 7 

30 122.11789929 9.799810635 7 

Total 121.73126223 13.673384238 210 
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Tests of Within-Subjects Effects 

 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta S

quared 

Sample Sphericity Assumed 1679.577 1 1679.577 30.840 .000 .146 

Greenhouse-Geisser 1679.577 1.000 1679.577 30.840 .000 .146 

Huynh-Feldt 1679.577 1.000 1679.577 30.840 .000 .146 

Lower-bound 1679.577 1.000 1679.577 30.840 .000 .146 

Sample 

* Time 

Sphericity Assumed 666.183 29 22.972 .422 .996 .064 

Greenhouse-Geisser 666.183 29.000 22.972 .422 .996 .064 

Huynh-Feldt 666.183 29.000 22.972 .422 .996 .064 

Lower-bound 666.183 29.000 22.972 .422 .996 .064 

Error 

(Sample

) 

Sphericity Assumed 9802.967 180 54.461    

Greenhouse-Geisser 9802.967 180.000 54.461    

Huynh-Feldt 9802.967 180.000 54.461    

Lower-bound 9802.967 180.000 54.461    

 

 

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 6020966.881 1 6020966.881 24349.905 .000 .993 

Time 6675.628 29 230.194 .931 .572 .130 

Error 44508.348 180 247.269    
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APPENDIX XIII 

Variation of VO2 with Time Analyzed by 

Repeated-measures ANOVA 

Descriptive Statistic 

 Time(min) Mean SD N 

Sample C 1 .9360145971 .24816492513 7 

2 1.1929106914 .21325592540 7 

3 1.2121420571 .27603768354 7 

4 1.2165166914 .29871936003 7 

5 1.2347972786 .29069918475 7 

6 1.1814912914 .29541301919 7 

7 1.2198205429 .29802066280 7 

8 1.1772037557 .29822886474 7 

9 1.1892211571 .30754829256 7 

10 1.2088445571 .31855605592 7 

11 1.2170514471 .31164923023 7 

12 1.1969613286 .28889720216 7 

13 1.2194052229 .29133392992 7 

14 1.2076122714 .29481279438 7 

15 1.1858228243 .28943945784 7 

16 1.1543509814 .29322207819 7 

17 1.1875759200 .31472788829 7 

18 1.2015642943 .28558560036 7 

19 1.1922002100 .30478831364 7 

20 1.2130942043 .32023047409 7 

21 1.2430147286 .29805661898 7 

22 1.2313176643 .31850511170 7 

23 1.1974110929 .29261282111 7 

24 1.2423315529 .31140168334 7 

25 1.2020159500 .33100729860 7 

26 1.2120834571 .30834421493 7 

27 1.2078268143 .28561925893 7 

28 1.1993797214 .25450370307 7 

29 1.1798192571 .26635095175 7 

30 1.1737820286 .28139794195 7 

Total 1.1944527864 .27763806948 210 
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Descriptive Statistic 

 Time(min) Mean SD N 

Sample A 1 1.0164189071 .21262595154 7 

2 1.2362621714 .28581274720 7 

3 1.2458053286 .30592946391 7 

4 1.2409989857 .31119991797 7 

5 1.2742944714 .31616915984 7 

6 1.2543379571 .29905763203 7 

7 1.2372396629 .29861044215 7 

8 1.2344950214 .27117280131 7 

9 1.2163969000 .29296084212 7 

10 1.2438549057 .30088846958 7 

11 1.2463652571 .26934922274 7 

12 1.2578726500 .25832477177 7 

13 1.2421923000 .26527374588 7 

14 1.2195435857 .24771190448 7 

15 1.2073886214 .27817852947 7 

16 1.2373162943 .25423522829 7 

17 1.2159852000 .25945870423 7 

18 1.2082153857 .25725811814 7 

19 1.2331489000 .27379996555 7 

20 1.2518931757 .28898850000 7 

21 1.2596339571 .26403242178 7 

22 1.2523599429 .27727428811 7 

23 1.2668768000 .26257827215 7 

24 1.2667768629 .23394600326 7 

25 1.2642290000 .26562764520 7 

26 1.2535644143 .26876965054 7 

27 1.2704153243 .26441969284 7 

28 1.2613854857 .26469710973 7 

29 1.2680781857 .27567008668 7 

30 1.2458497057 .26014835740 7 

Total 1.2376398453 .25796683926 210 

 

 

 

 

 

 

 



Appendix XIII 

 

207 
 

 

 

Tests of Within-Subjects Effects 

 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta S

quared 

Sample Sphericity Assumed .196 1 .196 28.013 .000 .135 

Greenhouse-Geisser .196 1.000 .196 28.013 .000 .135 

Huynh-Feldt .196 1.000 .196 28.013 .000 .135 

Lower-bound .196 1.000 .196 28.013 .000 .135 

Sample 

* Time 

Sphericity Assumed .055 29 .002 .270 1.000 .042 

Greenhouse-Geisser .055 29.000 .002 .270 1.000 .042 

Huynh-Feldt .055 29.000 .002 .270 1.000 .042 

Lower-bound .055 29.000 .002 .270 1.000 .042 

Error 

(Sample

) 

Sphericity Assumed 1.258 180 .007    

Greenhouse-Geisser 1.258 180.000 .007    

Huynh-Feldt 1.258 180.000 .007    

Lower-bound 1.258 180.000 .007    

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 621.083 1 621.083 4025.968 .000 .957 

Time .937 29 .032 .209 1.000 .033 

Error 27.768 180 .154    
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APPENDIX XIV 

Variation of HR with Time Analyzed by 

Repeated-measures ANOVA 

Descriptive Statistic 

 Time(min) Mean SD N 

Sample C 1 101.91765667 8.705131739 6 

2 105.26313933 9.574915227 6 

3 106.59003867 9.035640145 6 

4 107.48362333 9.549907845 6 

5 108.65855017 9.676681003 6 

6 109.48946500 10.096897991 6 

7 110.27978833 11.029640646 6 

8 110.85204233 10.477622209 6 

9 110.37603650 11.328386208 6 

10 111.18149667 11.349281464 6 

11 111.62524417 11.854394042 6 

12 112.23763900 12.395966673 6 

13 112.46289700 11.570170457 6 

14 112.38495900 11.190708212 6 

15 113.50258800 11.572510961 6 

16 112.69952433 10.706250112 6 

17 112.39145083 11.954754467 6 

18 113.22174400 10.179641101 6 

19 111.38198000 9.811909027 6 

20 112.31980833 10.763649158 6 

21 113.01581933 11.188819119 6 

22 112.86794833 12.314102696 6 

23 112.32287750 9.994437589 6 

24 113.22559183 9.749189029 6 

25 113.01309983 9.286618852 6 

26 113.10808567 8.782272080 6 

27 114.01298500 9.939060300 6 

28 114.60554400 8.988681266 6 

29 114.65570000 8.852992204 6 

30 116.47337017 12.316526863 6 

Total 111.45402311 10.088866545 180 
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Descriptive Statistic 

 Time(min) Mean SD N 

Sample A 1 103.01502500 5.702776489 6 

2 104.42465917 6.973623854 6 

3 106.21083317 7.226031188 6 

4 106.31032650 8.043449080 6 

5 108.62668583 8.174232989 6 

6 109.75721650 8.268598146 6 

7 110.36527167 8.293673768 6 

8 110.25439267 10.037937107 6 

9 110.27119833 8.275763567 6 

10 109.79768517 9.032656076 6 

11 110.87459833 9.635394231 6 

12 111.52043667 8.462772976 6 

13 113.15859900 7.953181897 6 

14 111.82519517 8.070347107 6 

15 111.98665083 8.545476852 6 

16 113.43365400 8.268155531 6 

17 114.22760500 7.571675746 6 

18 112.16041567 8.224698640 6 

19 112.79163667 7.473363882 6 

20 111.74674400 9.193405622 6 

21 112.24775500 8.854604353 6 

22 113.03525150 8.501867674 6 

23 114.01419750 7.255678760 6 

24 114.44695800 7.597568193 6 

25 114.99073583 8.425461342 6 

26 114.22762467 8.386315536 6 

27 115.03498000 8.056990567 6 

28 115.12907833 7.497107913 6 

29 115.29309500 8.445007778 6 

30 114.56616900 8.040755408 6 

Total 111.52482247 8.138291530 180 
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Tests of Within-Subjects Effects 

 

Source 

Type III Sum 

of Squares df 

Mean 

Square F Sig. 

Partial Eta S

quared 

Sample Sphericity Assumed .451 1 .451 .021 .886 .000 

Greenhouse-Geisser .451 1.000 .451 .021 .886 .000 

Huynh-Feldt .451 1.000 .451 .021 .886 .000 

Lower-bound .451 1.000 .451 .021 .886 .000 

Sample 

* Time 

Sphericity Assumed 97.989 29 3.379 .156 1.000 .029 

Greenhouse-Geisser 97.989 29.000 3.379 .156 1.000 .029 

Huynh-Feldt 97.989 29.000 3.379 .156 1.000 .029 

Lower-bound 97.989 29.000 3.379 .156 1.000 .029 

Error 

(Sample

) 

Sphericity Assumed 3258.776 150 21.725    

Greenhouse-Geisser 3258.776 150.000 21.725    

Huynh-Feldt 3258.776 150.000 21.725    

Lower-bound 3258.776 150.000 21.725    

 

 

Tests of Between-Subjects Effects 

Transformed Variable: Average 

Source 

Type III Sum 

of Squares df Mean Square F Sig. Partial Eta Squared 

Intercept 4474760.902 1 4474760.902 28623.734 .000 .995 

Time 3268.716 29 112.714 .721 .848 .122 

Error 23449.566 150 156.330    
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APPENDIX XV 

Subjective Evaluation Analyzed by 

Paired-samples T-test 

Paired sample statistics 

Phases Mean N SD SE  Mean 

 Before Pair 1 Sample C Q1-1 -.29 7 1.113 .421 

Sample A Q1-1 -.86 7 1.069 .404 

Pair 2 Sample C Q1-2 -.14 7 .690 .261 

Sample A Q1-2 -.14 7 .900 .340 

Pair 3 Sample C Q1-3 -.29 7 1.254 .474 

Sample A Q1-3 -.29 7 .951 .360 

Pair 4 Sample C Q1-4 -.14 7 1.069 .404 

Sample A Q1-4 -.43 7 .976 .369 

Pair 5 Sample C Q2-1 1.00 7 .000 .000 

Sample A Q2-1 1.29 7 .488 .184 

Pair 6 Sample C Q2-2 1.00 7 .000 .000 

Sample A Q2-2 1.29 7 .488 .184 

Pair 7 Sample C Q2-3 1.00 7 .000 .000 

Sample A Q2-3 1.29 7 .488 .184 

Pair 8 Sample C Q2-4 1.00 7 .000 .000 

Sample A Q2-4 1.29 7 .488 .184 

Pair 9 Sample C Q3-1 1.00 7 .000 .000 

Sample A Q3-1 1.14 7 .378 .143 

Pair 10 Sample C Q3-2 1.00a 7 .000 .000 

Sample A Q3-2 1.00a 7 .000 .000 

Pair 11 Sample C Q3-3 1.14a 7 .378 .143 

Sample A Q3-3 1.14a 7 .378 .143 

Pair 12 Sample C Q3-4 1.00 7 .000 .000 

Sample A Q3-4 1.14 7 .378 .143 

Pair 13 Sample C Q4 1.29 7 1.380 .522 

Sample A Q4 1.29 7 1.380 .522 

a. unable to calculate the correlation coefficient and t, because the difference between the standard error is 0.  
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Paired sample statistics 

Phases Mean N SD SE  Mean 

After 

10min run 

Pair 1 Sample C Q1-1 .57 7 .787 .297 

Sample A Q1-1 -.14 7 1.215 .459 

Pair 2 Sample C Q1-2 .71 7 .488 .184 

Sample A Q1-2 .00 7 .816 .309 

Pair 3 Sample C Q1-3 .43 7 .787 .297 

Sample A Q1-3 -.14 7 1.345 .508 

Pair 4 Sample C Q1-4 .86 7 .378 .143 

Sample A Q1-4 .14 7 1.069 .404 

Pair 5 Sample C Q2-1 1.43 7 .535 .202 

Sample A Q2-1 1.29 7 .488 .184 

Pair 6 Sample C Q2-2 1.43 7 .535 .202 

Sample A Q2-2 1.43 7 .535 .202 

Pair 7 Sample C Q2-3 1.43 7 .535 .202 

Sample A Q2-3 1.29 7 .488 .184 

Pair 8 Sample C Q2-4 1.43 7 .535 .202 

Sample A Q2-4 1.43 7 .535 .202 

Pair 9 Sample C Q3-1 1.29 7 .488 .184 

Sample A Q3-1 1.29 7 .488 .184 

Pair 10 Sample C Q3-2 1.14a 7 .378 .143 

Sample A Q3-2 1.14a 7 .378 .143 

Pair 11 Sample C Q3-3 1.43 7 .535 .202 

Sample A Q3-3 1.57 7 .976 .369 

Pair 12 Sample C Q3-4 1.43 7 .535 .202 

Sample A Q3-4 1.43 7 .787 .297 

Pair 13 Sample C Q4 1.57 7 .976 .369 

Sample A Q4 1.29 7 1.496 .565 

a. unable to calculate the correlation coefficient and t, because the difference between the standard error is 0.  
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Paired sample statistics 

Phases Mean N SD SE  Mean 

After 

20min run 

Pair 1 Sample C Q1-1 .71 7 .488 .184 

Sample A Q1-1 .71 7 .951 .360 

Pair 2 Sample C Q1-2 .57 7 .535 .202 

Sample A Q1-2 .86 7 .690 .261 

Pair 3 Sample C Q1-3 .57 7 .976 .369 

Sample A Q1-3 .86 7 1.069 .404 

Pair 4 Sample C Q1-4 .86 7 .690 .261 

Sample A Q1-4 .86 7 .900 .340 

Pair 5 Sample C Q2-1 1.57 7 .787 .297 

Sample A Q2-1 2.00 7 .577 .218 

Pair 6 Sample C Q2-2 1.57 7 .787 .297 

Sample A Q2-2 1.86 7 .690 .261 

Pair 7 Sample C Q2-3 1.57 7 .787 .297 

Sample A Q2-3 1.86 7 .900 .340 

Pair 8 Sample C Q2-4 1.86 7 .690 .261 

Sample A Q2-4 2.29 7 .488 .184 

Pair 9 Sample C Q3-1 1.29 7 .488 .184 

Sample A Q3-1 1.71 7 .756 .286 

Pair 10 Sample C Q3-2 1.14 7 .378 .143 

Sample A Q3-2 1.57 7 .787 .297 

Pair 11 Sample C Q3-3 1.43 7 .535 .202 

Sample A Q3-3 1.71 7 .951 .360 

Pair 12 Sample C Q3-4 1.57 7 .535 .202 

Sample A Q3-4 1.86 7 .690 .261 

Pair 13 Sample C Q4 1.43 7 1.134 .429 

Sample A Q4 .86 7 1.574 .595 
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Paired sample statistics 

Phases Mean N SD SE  Mean 

After 

30min run 

Pair 1 Sample C Q1-1 1.00 7 .816 .309 

Sample A Q1-1 1.71 7 .488 .184 

Pair 2 Sample C Q1-2 1.00 7 .816 .309 

Sample A Q1-2 1.29 7 .756 .286 

Pair 3 Sample C Q1-3 1.14 7 .900 .340 

Sample A Q1-3 1.29 7 1.113 .421 

Pair 4 Sample C Q1-4 1.29 7 .756 .286 

Sample A Q1-4 1.43 7 .535 .202 

Pair 5 Sample C Q2-1 1.57 7 .535 .202 

Sample A Q2-1 2.43 7 .976 .369 

Pair 6 Sample C Q2-2 1.43 7 .535 .202 

Sample A Q2-2 1.86 7 .690 .261 

Pair 7 Sample C Q2-3 1.71 7 .756 .286 

Sample A Q2-3 2.43 7 .976 .369 

Pair 8 Sample C Q2-4 2.00 7 .577 .218 

Sample A Q2-4 2.57 7 .787 .297 

Pair 9 Sample C Q3-1 1.43 7 .535 .202 

Sample A Q3-1 2.43 7 1.397 .528 

Pair 10 Sample C Q3-2 1.29 7 .488 .184 

Sample A Q3-2 2.00 7 1.528 .577 

Pair 11 Sample C Q3-3 1.43 7 .787 .297 

Sample A Q3-3 2.29 7 1.380 .522 

Pair 12 Sample C Q3-4 1.86 7 .690 .261 

Sample A Q3-4 2.29 7 1.380 .522 

Pair 13 Sample C Q4 1.43 7 1.272 .481 

Sample A Q4 .57 7 1.272 .481 
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Paired sample statistics 

Phases Mean N SD SE  Mean 

After 

5min rest 

Pair 1 Sample C Q1-1 .57 7 .535 .202 

Sample A Q1-1 .29 7 .756 .286 

Pair 2 Sample C Q1-2 .43 7 .535 .202 

Sample A Q1-2 .43 7 .787 .297 

Pair 3 Sample C Q1-3 .43 7 .535 .202 

Sample A Q1-3 .57 7 .976 .369 

Pair 4 Sample C Q1-4 .57 7 .535 .202 

Sample A Q1-4 .43 7 .976 .369 

Pair 5 Sample C Q2-1 1.29 7 .488 .184 

Sample A Q2-1 2.14 7 1.345 .508 

Pair 6 Sample C Q2-2 1.14 7 .378 .143 

Sample A Q2-2 1.86 7 1.464 .553 

Pair 7 Sample C Q2-3 1.14 7 .378 .143 

Sample A Q2-3 1.71 7 1.113 .421 

Pair 8 Sample C Q2-4 1.43 7 .535 .202 

Sample A Q2-4 2.14 7 1.345 .508 

Pair 9 Sample C Q3-1 1.00 7 .000 .000 

Sample A Q3-1 1.57 7 1.134 .429 

Pair 10 Sample C Q3-2 1.00 7 .000 .000 

Sample A Q3-2 1.57 7 1.134 .429 

Pair 11 Sample C Q3-3 1.14 7 .378 .143 

Sample A Q3-3 1.71 7 1.254 .474 

Pair 12 Sample C Q3-4 1.14 7 .378 .143 

Sample A Q3-4 1.86 7 1.215 .459 

Pair 13 Sample C Q4 1.71 7 .951 .360 

Sample A Q4 .86 7 1.069 .404 
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Paired sample statistics 

Phases Mean N SD SE  Mean 

After 

10min 

rest 

Pair 1 Sample C Q1-1 .00 7 .577 .218 

Sample A Q1-1 -.14 7 .690 .261 

Pair 2 Sample C Q1-2 .14 7 .690 .261 

Sample A Q1-2 -.29 7 .488 .184 

Pair 3 Sample C Q1-3 .14 7 .690 .261 

Sample A Q1-3 -.29 7 .488 .184 

Pair 4 Sample C Q1-4 .29 7 .756 .286 

Sample A Q1-4 -.14 7 .690 .261 

Pair 5 Sample C Q2-1 1.00 7 .000 .000 

Sample A Q2-1 1.43 7 .535 .202 

Pair 6 Sample C Q2-2 1.00 7 .000 .000 

Sample A Q2-2 1.29 7 .488 .184 

Pair 7 Sample C Q2-3 1.00 7 .000 .000 

Sample A Q2-3 1.43 7 .535 .202 

Pair 8 Sample C Q2-4 1.14 7 .378 .143 

Sample A Q2-4 1.57 7 .535 .202 

Pair 9 Sample C Q3-1 1.00 7 .000 .000 

Sample A Q3-1 1.43 7 .535 .202 

Pair 10 Sample C Q3-2 1.00 7 .000 .000 

Sample A Q3-2 1.29 7 .488 .184 

Pair 11 Sample C Q3-3 1.14 7 .378 .143 

Sample A Q3-3 1.43 7 .787 .297 

Pair 12 Sample C Q3-4 1.00 7 .000 .000 

Sample A Q3-4 1.43 7 .535 .202 

Pair 13 Sample C Q4 2.00 7 1.000 .378 

Sample A Q4 1.14 7 1.069 .404 

  



Appendix XV 

 

217 
 

Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Before Pair 1 Q1-1(Sample C-A) .571 .787 .297 -.156 1.299 1.922 6 .103 

Pair 2 Q1-2(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 3 Q1-3(Sample C-A) .000 1.155 .436 -1.068 1.068 .000 6 1.000 

Pair 4 Q1-4(Sample C-A) .286 .951 .360 -.594 1.165 .795 6 .457 

Pair 5 Q2-1(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 6 Q2-2(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 7 Q2-3(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 8 Q2-4(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 9 Q3-1(Sample C-A) -.143 .378 .143 -.492 .207 -1.000 6 .356 

Pair 12 
Q3-4(Sample C-A) -.143 .378 .143 -.492 .207 -1.000 6 .356 

Pair 13 Q4(Sample C-A) .000 1.155 .436 -1.068 1.068 .000 6 1.000 
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Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

After 

10min 

run 

Pair 1 Q1-1(Sample C-A) .714 1.254 .474 -.445 1.874 1.508 6 .182 

Pair 2 Q1-2(Sample C-A) .714 .951 .360 -.165 1.594 1.987 6 .094 

Pair 3 Q1-3(Sample C-A) .571 1.397 .528 -.721 1.864 1.082 6 .321 

Pair 4 Q1-4(Sample C-A) .714 1.113 .421 -.315 1.743 1.698 6 .140 

Pair 5 Q2-1(Sample C-A) .143 .690 .261 -.495 .781 .548 6 .604 

Pair 6 Q2-2(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 7 Q2-3(Sample C-A) .143 .690 .261 -.495 .781 .548 6 .604 

Pair 8 Q2-4(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 9 Q3-1(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 12 
Q3-4(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 13 Q4(Sample C-A) .286 1.113 .421 -.743 1.315 .679 6 .522 
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Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

After 

20min 

run 

Pair 1 Q1-1(Sample C-A) .000 1.000 .378 -.925 .925 .000 6 1.000 

Pair 2 Q1-2(Sample C-A) -.286 1.113 .421 -1.315 .743 -.679 6 .522 

Pair 3 Q1-3(Sample C-A) -.286 .756 .286 -.985 .413 -1.000 6 .356 

Pair 4 Q1-4(Sample C-A) .000 .577 .218 -.534 .534 .000 6 1.000 

Pair 5 Q2-1(Sample C-A) -.429 .976 .369 -1.331 .474 -1.162 6 .289 

Pair 6 Q2-2(Sample C-A) -.286 .756 .286 -.985 .413 -1.000 6 .356 

Pair 7 Q2-3(Sample C-A) -.286 .951 .360 -1.165 .594 -.795 6 .457 

Pair 8 Q2-4(Sample C-A) -.429 .976 .369 -1.331 .474 -1.162 6 .289 

Pair 9 Q3-1(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 12 
Q3-4(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 13 Q4(Sample C-A) .571 1.397 .528 -.721 1.864 1.082 6 .321 
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Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

After 

30min 

run 

Pair 1 Q1-1(Sample C-A) -.714 .951 .360 -1.594 .165 -1.987 6 .094 

Pair 2 Q1-2(Sample C-A) -.286 1.254 .474 -1.445 .874 -.603 6 .569 

Pair 3 Q1-3(Sample C-A) -.143 1.464 .553 -1.497 1.211 -.258 6 .805 

Pair 4 Q1-4(Sample C-A) -.143 .690 .261 -.781 .495 -.548 6 .604 

Pair 5 Q2-1(Sample C-A) -.857 .900 .340 -1.689 -.025 -2.521 6 .045 

Pair 6 Q2-2(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 7 Q2-3(Sample C-A) -.714 1.113 .421 -1.743 .315 -1.698 6 .140 

Pair 8 Q2-4(Sample C-A) -.571 .787 .297 -1.299 .156 -1.922 6 .103 

Pair 9 Q3-1(Sample C-A) -1.00 1.155 .436 -2.068 .068 -2.291 6 .062 

Pair 12 
Q3-4(Sample C-A) -.429 1.134 .429 -1.477 .620 -1.000 6 .356 

Pair 13 Q4(Sample C-A) .857 .690 .261 .219 1.495 3.286 6 .017 
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Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

After 

5min 

rest 

Pair 1 Q1-1(Sample C-A) .286 1.113 .421 -.743 1.315 .679 6 .522 

Pair 2 Q1-2(Sample C-A) .000 .816 .309 -.755 .755 .000 6 1.000 

Pair 3 Q1-3(Sample C-A) -.143 1.069 .404 -1.132 .846 -.354 6 .736 

Pair 4 Q1-4(Sample C-A) .143 1.069 .404 -.846 1.132 .354 6 .736 

Pair 5 Q2-1(Sample C-A) -.857 1.069 .404 -1.846 .132 -2.121 6 .078 

Pair 6 Q2-2(Sample C-A) -.714 1.113 .421 -1.743 .315 -1.698 6 .140 

Pair 7 Q2-3(Sample C-A) -.571 1.134 .429 -1.620 .477 -1.333 6 .231 

Pair 8 Q2-4(Sample C-A) -.714 1.113 .421 -1.743 .315 -1.698 6 .140 

Pair 9 Q3-1(Sample C-A) -.571 1.134 .429 -1.620 .477 -1.333 6 .231 

Pair 12 
Q3-4(Sample C-A) -.714 1.254 .474 -1.874 .445 -1.508 6 .182 

Pair 13 Q4(Sample C-A) .857 .900 .340 .025 1.689 2.521 6 .045 
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Paired-samples T-test 

Phases 

Difference in pairs 

t df 

Sig. (2 

-tailed) Mean SD 

SE  

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

After 

10min 

rest 

Pair 1 Q1-1(Sample C-A) .143 .900 .340 -.689 .975 .420 6 .689 

Pair 2 Q1-2(Sample C-A) .429 .976 .369 -.474 1.331 1.162 6 .289 

Pair 3 Q1-3(Sample C-A) .429 .787 .297 -.299 1.156 1.441 6 .200 

Pair 4 Q1-4(Sample C-A) .429 .976 .369 -.474 1.331 1.162 6 .289 

Pair 5 Q2-1(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 6 Q2-2(Sample C-A) -.286 .488 .184 -.737 .166 -1.549 6 .172 

Pair 7 Q2-3(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 8 Q2-4(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 9 Q3-1(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 12 
Q3-4(Sample C-A) -.429 .535 .202 -.923 .066 -2.121 6 .078 

Pair 13 Q4(Sample C-A) .857 .900 .340 .025 1.689 2.521 6 .045 
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APPENDIX XVI 

The Correlation between Pressure and 

Tension during Meet-Drop  

Correlation (Meet-Drop) 

 
α1 β A B 

α Pearson Correlation 1 -.380 .814* .863* 

Sig.(2-tailed)  .457 .049 .027 

N 6 6 6 6 

β Pearson Correlation -.380 1 -.521 -.077 

Sig.(2-tailed) .457  .289 .884 

N 6 6 6 6 

A Pearson Correlation .814* -.521 1 .789 

Sig.(2-tailed) .049 .289  .062 

N 6 6 6 6 

B Pearson Correlation .863* -.077 .789 1 

Sig.(2-tailed) .027 .884 .062  

N 6 6 6 6 

*. Correlation is significant at the 0.05 level (2-tailed). 
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APPENDIX XVII 

The Correlation between Pressure and 

Tension during Forehand Smash 

Correlation (Forehand Smash) 

 
α γ C D E 

α‟ Pearson Correlation 1 .139 .119 -.765 .596 

Sig.(2-tailed)  .793 .822 .076 .212 

N 6 6 6 6 6 

γ Pearson Correlation .139 1 .569 .170 .282 

Sig.(2-tailed) .793  .239 .747 .589 

N 6 6 6 6 6 

C Pearson Correlation .119 .569 1 -.034 .052 

Sig.(2-tailed) .822 .239  .949 .922 

N 6 6 6 6 6 

D Pearson Correlation -.765 .170 -.034 1 -.156 

Sig.(2-tailed) .076 .747 .949  .769 

N 6 6 6 6 6 

E Pearson Correlation .596 .282 .052 -.156 1 

Sig.(2-tailed) .212 .589 .922 .769  

N 6 6 6 6 6 
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APPENDIX XVIII 

The tensile force (N) and pressure (Kpa) of 

six commercial sports tops and new T-shirt 

during two actions 

 

The tensile force (N) of six commercial sports tops and new T-shirt on five locations 

 G1 G2 G3 G4 G5 G6 New 

 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

A 0.48 0.32 0.33 0.25 0.38 0.11 0.96 0.34 0.15 0.17 0.49 0.19 0.22 0.03 

B 0.16 0.06 0.20 0.12 0.15 0.08 0.37 0.27 0.20 0.18 0.17 0.09 0.15 0.11 

C 0.30 0.27 0.34 0.25 0.34 0.14 0.42 0.07 0.10 0.15 0.38 0.36 0.17 0.27 

D 0.56 0.06 2.39 1.87 1.50 1.44 5.17 4.26 3.88 1.36 4.33 3.99 0.58 0.19 

E 1.91 0.79 0.16 0.08 0.42 0.05 0.96 0.59 0.57 0.22 1.33 1.28 0.31 0.10 

 

 

The pressure (Kpa) of six commercial sports tops and new T-shirt on four locations 

 
G1 G2 G3 G4 G5 G6 New 

 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

α 0.86 0.70 0.59 0.45 0.81 0.61 1.45 0.59 0.49 0.45 0.40 0.53 0.39 0.30 

β 0.43 0.23 0.50 0.40 0.49 0.17 0.49 0.25 0.79 0.29 0.60 0.33 0.28 0.03 

α' 1.36 1.19 0.61 0.64 0.41 0.12 0.35 0.61 0.61 0.34 0.28 0.48 0.22 0.19 

γ 0.67 0.26 0.43 0.17 0.62 0.12 0.70 0.58 0.49 0.27 0.43 0.38 0.40 0.10 
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APPENDIX XIX 

Thermal Insulations (Rc) of the three 

samples (New T-shirt, Commercial 

Badminton T-shirt and Normal Cotton 

T-shirt) analyzed by One-Way ANOVA 

 

Description 

Rc 

 

N Mean SD SE 

The 95% confidence 

interval of the mean 

 

Minimum 

 

Maximum 

Lower 

Bound 

Upper 

Bound 

New T 4 .039250 .0017078 .0008539 .036532 .041968 .0370 .0410 

Commercial T 4 .044000 .0008165 .0004082 .042701 .045299 .0430 .0450 

Normal Cotton T 6 .050333 .0005164 .0002108 .049791 .050875 .0500 .0510 

Total 14 .045357 .0049397 .0013202 .042505 .048209 .0370 .0510 

 

ANOVA 

Rc 

 
Sum of Squares df Mean Square F Significance 

Between groups .000 2 .000 138.887 .000 

Within groups .000 11 .000   

Total .000 13    
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APPENDIX XX 

Evaporative resistances (Re) of the three 

samples (New T-shirt, Commercial 

Badminton T-shirt and Normal Cotton 

T-shirt) analyzed by One-Way ANOVA 

Description 

Re 

 

N Mean SD SE 

The 95% confidence 

interval of the mean 

 

Minimum 

 

Maximum 

Lower 

Bound 

Upper 

Bound 

New T 4 3.337250 .0771638 .0385819 3.214465 3.460035 3.2340 3.4200 

Commercial T 4 4.208500 .1678978 .0839489 3.941337 4.475663 4.0550 4.4340 

Normal Cotton T 6 5.363167 .1149268 .0469187 5.242558 5.483775 5.1990 5.4930 

Total 14 4.454429 .8926011 .2385577 3.939056 4.969801 3.2340 5.4930 

 

 

ANOVA 

Re 

 
Sum of Squares df Mean Square F Significance 

Between groups 10.189 2 5.095 332.636 .000 

Within groups .168 11 .015   

Total 10.358 13    
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APPENDIX XXI 

Moisture permeability index (Im) of the 

three samples (New T-shirt, Commercial 

Badminton T-shirt and Normal Cotton 

T-shirt) analyzed by One-Way ANOVA 

Description 

Im 

 

N Mean SD SE 

The 95% 

confidence interval 

of the mean 

 

Minimum 

 

Maximum 

Lower 

Bound 

Upper 

Bound 

New T 4 .713374 .0434838 .0217419 .644182 .782567 .6556 .7495 

Commercial T 4 .634369 .0292447 .0146224 .587834 .680904 .6014 .6725 

Normal Cotton T 6 .569037 .0174677 .0071312 .550706 .587368 .5516 .5945 

Total 14 .628942 .0678961 .0181460 .589740 .668145 .5516 .7495 

 

 

ANOVA 

Im 

 
Sum of Squares df Mean Square F Significance 

Between groups .050 2 .025 28.258 .000 

Within groups .010 11 .001   

Total .060 13    
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APPENDIX XXII 

Subjective Evaluation on Thermal 

Sensation in Three Phases Analyzed by 

Paired-samples T-test 

 
Paired sample statistics 

 Mean N SD SE Mean 

Pair 1 Before-Total-New -.13 8 1.126 .398 

Before-Total-Commercial .38 8 .744 .263 

Pair 2 Before-Shoulders-New -.25 8 1.165 .412 

Before-Shoulders-Commercial .50 8 .756 .267 

Pair 3 Before-Chest-New -.25 8 .463 .164 

Before-Chest-Commercial .13 8 .641 .227 

Pair 4 Before-Back-New -.13 8 .991 .350 

Before-Back-Commercial .50 8 .535 .189 

Pair 5 Half-Total-New .38 8 .518 .183 

Half-Total-New .75 8 .707 .250 

Pair 6 Half-Shoulder-New .38 8 .916 .324 

Half-Shoulder-Commercial 1.38 8 .518 .183 

Pair 7 Half-Chest-New .38 8 .518 .183 

Half-Chest-Commercial 1.13 8 .835 .295 

Pair 8 Half-Back-New .88 8 .641 .227 

Half-Back-Commercial 1.38 8 1.061 .375 

Pair 9 After-Total-New 1.00 8 1.069 .378 

After-Total-Commercial 1.63 8 1.061 .375 

Pair 10 After-Shoulder-New 1.00 8 1.069 .378 

After-Shoulder-Commercial 2.00 8 1.069 .378 

Pair 11 After-Chest-New 1.00 8 .756 .267 

After-Chest-Commercial 1.38 8 1.061 .375 

Pair 12 After-Back-New 1.00 8 1.069 .378 

After-Back-Commercial 1.88 8 1.126 .398 
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Paired-samples T-tests 

 
Difference in pairs 

t df Sig.(2-tailed) Mean SD 

SE 

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Pair 1 (Before) (Total)        

New - Commercial 

-.500 1.512 .535 -1.764 .764 -.935 7 .381 

Pair 2  (Before) (Shoulder)       

New - Commercial 

-.750 1.035 .366 -1.615 .115 -2.049 7 .080 

Pair 3  (Before) (Chest)         

New - Commercial 

-.375 .518 .183 -.808 .058 -2.049 7 .080 

Pair 4  (Before) (Back)          

New - Commercial 

-.625 1.061 .375 -1.512 .262 -1.667 7 .140 

Pair 5 (Half) (Total)          

New - Commercial 

-.375 1.061 .375 -1.262 .512 -1.000 7 .351 

Pair 6  (Half) (Shoulder)       

New - Commercial 

-1.000 1.069 .378 -1.894 -.106 -2.646 7 .033 

Pair 7  (Half) (Chest)          

New - Commercial 

-.750 .886 .313 -1.491 -.009 -2.393 7 .048 

Pair 8  (Half) (Back)           

New - Commercial 

-.500 .926 .327 -1.274 .274 -1.528 7 .170 

Pair 9 (After) (Total)         

New - Commercial 

-.625 1.768 .625 -2.103 .853 -1.000 7 .351 

Pair 10  (After) (Shoulder)       

New - Commercial 

-1.000 1.773 .627 -2.482 .482 -1.595 7 .155 

Pair 11  (After) (Chest)         

New - Commercial 

-.375 1.061 .375 -1.262 .512 -1.000 7 .351 

Pair 12  (After) (Back)          

New - Commercial 

-.875 1.642 .581 -2.248 .498 -1.507 7 .175 
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APPENDIX XXIII 

Subjective Evaluation on Moisture 

Sensation in Three Phases Analyzed by 

Paired-samples T-test 

 
Paired sample statistics 

 Mean N SD SE Mean 

Pair 1 Before-Total-New 1.00 8 .000 .000 

Before-Total-Commercial 1.50 8 .535 .189 

Pair 2 Before-Shoulders-New 1.00 8 .000 .000 

Before-Shoulders-Commercial 1.38 8 .518 .183 

Pair 3 Before-Chest-New 1.00 8 .000 .000 

Before-Chest-Commercial 1.38 8 .518 .183 

Pair 4 Before-Back-New 1.00 8 .000 .000 

Before-Back-Commercial 1.38 8 .518 .183 

Pair 5 Half-Total-New 1.88 8 .835 .295 

Half-Total-New 2.25 8 .463 .164 

Pair 6 Half-Shoulder-New 1.75 8 .707 .250 

Half-Shoulder-Commercial 2.25 8 .707 .250 

Pair 7 Half-Chest-New 1.75 8 .707 .250 

Half-Chest-Commercial 1.75 8 .463 .164 

Pair 8 Half-Back-New 1.88 8 .641 .227 

Half-Back-Commercial 2.50 8 .926 .327 

Pair 9 After-Total-New 3.00 8 1.069 .378 

After-Total-Commercial 4.00 8 1.604 .567 

Pair 10 After-Shoulder-New 2.50 8 1.195 .423 

After-Shoulder-Commercial 3.63 8 1.923 .680 

Pair 11 After-Chest-New 1.88 8 .835 .295 

After-Chest-Commercial 3.13 8 1.126 .398 

Pair 12 After-Back-New 2.75 8 1.035 .366 

After-Back-Commercial 4.00 8 1.690 .598 
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  Paired-samples T-tests 

 
Difference in pairs 

t df Sig.(2-tailed) Mean SD 

SE 

Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Pair 1 (Before) (Total)            

New - Commercial 

-.500 .535 .189 -.858 -.142 -2.646 7 .033 

Pair 2  (Before) (Shoulder)          

New - Commercial 

-.375 .518 .183 -.722 -.028 -2.049 7 .080 

Pair 3  (Before) (Chest)            

New - Commercial 

-.375 .518 .183 -.722 -.028 -2.049 7 .080 

Pair 4  (Before) (Back)             

New - Commercial 

-.375 .518 .183 -.722 -.028 -2.049 7 .080 

Pair 5 (Half) (Total)              

New - Commercial 

-.375 .744 .263 -.873 .123 -1.426 7 .197 

Pair 6  (Half) (Shoulder)              

New - Commercial 

-.500 1.069 .378 -1.216 .216 -1.323 7 .227 

Pair 7  (Half) (Chest)              

New - Commercial 

.000 .756 .267 -.506 .506 .000 7 1.000 

Pair 8  (Half) (Back)               

New - Commercial 

-.625 .744 .263 -1.123 -.127 -2.376 7 .049 

Pair 9 (After) (Total)                 

New - Commercial 

-1.000 2.138 .756 -2.432 .432 -1.323 7 .227 

Pair 10  (After) (Shoulder)              

New - Commercial 

-1.125 2.167 .766 -2.577 .327 -1.468 7 .185 

Pair 11  (After) (Chest)             

New - Commercial 

-1.250 1.035 .366 -1.943 -.557 -3.416 7 .011 

Pair 12  (After) (Back)              

New - Commercial 

-1.250 1.581 .559 -2.309 -.191 -2.236 7 .060 
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APPENDIX XXIV 

Subjective Evaluation on Clingy Sensation 

in Three Phases Analyzed by 

Paired-samples T-test 

Paired sample statistics 

 Mean N SD SE Mean 

Pair 1 Before-Total-New 1.00 8 .000 .000 

Before-Total-Commercial 1.13 8 .354 .125 

Pair 2 Before-Shoulders-New 1.13 8 .354 .125 

Before-Shoulders-Commercial 1.25 8 .463 .164 

Pair 3 Before-Chest-New 1.00a 8 .000 .000 

Before-Chest-Commercial 1.00a 8 .000 .000 

Pair 4 Before-Back-New 1.00 8 .000 .000 

Before-Back-Commercial 1.25 8 .463 .164 

Pair 5 Half-Total-New 1.63 8 .744 .263 

Half-Total-New 2.00 8 .756 .267 

Pair 6 Half-Shoulder-New 1.63 8 .518 .183 

Half-Shoulder-Commercial 2.38 8 .916 .324 

Pair 7 Half-Chest-New 1.25 8 .463 .164 

Half-Chest-Commercial 1.63 8 .518 .183 

Pair 8 Half-Back-New 2.00 8 .756 .267 

Half-Back-Commercial 2.63 8 .916 .324 

Pair 9 After-Total-New 1.88 8 .835 .295 

After-Total-Commercial 3.38 8 1.302 .460 

Pair 10 After-Shoulder-New 1.63 8 .744 .263 

After-Shoulder-Commercial 3.88 8 .991 .350 

Pair 11 After-Chest-New 1.50 8 .535 .189 

After-Chest-Commercial 2.88 8 1.126 .398 

Pair 12 After-Back-New 2.25 8 .707 .250 

After-Back-Commercial 4.50 8 1.512 .535 

a. unable to calculate the correlation coefficient and T, because the difference in the standard error is 0. 
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  Paired-samples T-tests 

 
Difference in pairs 

t df Sig.(2-tailed) Mean SD SE Mean 

The difference 

of the 95% 

confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Pair 1 (Before) (Total)            

New - Commercial 

-.125 .354 .125 -.421 .171 -1.000 7 .351 

Pair 2  (Before) (Shoulder)          

New - Commercial 

-.125 .641 .227 -.661 .411 -.552 7 .598 

Pair 4  (Before) (Back)             

New - Commercial 

-.250 .463 .164 -.637 .137 -1.528 7 .170 

Pair 5 (Half) (Total)              

New - Commercial 

-.375 .518 .183 -.808 .058 -2.049 7 .080 

Pair 6  (Half) (Shoulder)              

New - Commercial 

-.750 .707 .250 -1.341 -.159 -3.000 7 .020 

Pair 7  (Half) (Chest)              

New - Commercial 

-.375 .744 .263 -.997 .247 -1.426 7 .197 

Pair 8  (Half) (Back)               

New - Commercial 

-.625 .518 .183 -1.058 -.192 -3.416 7 .011 

Pair 9 (After) (Total)                 

New - Commercial 

-1.500 1.195 .423 -2.499 -.501 -3.550 7 .009 

Pair 10  (After) (Shoulder)              

New - Commercial 

-2.250 1.282 .453 -3.322 -1.178 -4.965 7 .002 

Pair 11  (After) (Chest)             

New - Commercial 

-1.375 1.061 .375 -2.262 -.488 -3.667 7 .008 

Pair 12  (After) (Back)              

New - Commercial 

-2.250 1.389 .491 -3.411 -1.089 -4.583 7 .003 
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APPENDIX XXV 

Subjective Evaluation on Pressure 

Sensation in Three Phases Analyzed by 

Paired-samples T-test 

Paired sample statistics 

 Mean N SD SE Mean 

Pair 1 Before-Shoulders-New 1.0000 4 .00000 .00000 

Before-Shoulders-Commercial 3.7500 4 .50000 .25000 

Pair 2 Before-Chest-New 1.0000 4 .00000 .00000 

Before-Chest-Commercial 1.2500 4 .50000 .25000 

Pair 3 Before-Back-New 1.2500 4 .50000 .25000 

Before-Back-Commercial 1.5000 4 .57735 .28868 

Pair 4 Half-Shoulders-New 1.5000 4 .57735 .28868 

Half-Shoulders-Commercial 4.5000 4 .57735 .28868 

Pair 5 Half-Chest-New 1.5000 4 .57735 .28868 

Half-Chest-Commercial 1.5000 4 .57735 .28868 

Pair 6 Half-Back-New 1.7500 4 .95743 .47871 

Half-Back-Commercial 3.7500 4 .50000 .25000 

Pair 7 After-Shoulders-New 1.7500 4 .95743 .47871 

After-Shoulders-Commercial 4.5000 4 .57735 .28868 

Pair 8 After-Chest-New 1.2500 4 .50000 .25000 

After-Chest-Commercial 1.5000 4 1.00000 .50000 

Pair 9 After-Back-New 1.7500 4 .95743 .47871 

After-Back-Commercial 4.2500 4 .50000 .25000 
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Paired-samples T-tests 
 

 Difference in pairs 

t df 

Sig. 

(2 -tailed) Mean SD 

SE 

Mean 

The difference of 

the 95% confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Pair 1 (Before) (Shoulders)   

New - Commercial 

-2.75000 .50000 .25000 -3.54561 -1.95439 -11.000 3 .002 

Pair 2  (Before) (Chest)   

New - Commercial 

-.25000 .50000 .25000 -1.04561 .54561 -1.000 3 .391 

Pair 3  (Before) (Back)   

New - Commercial 

-.25000 .95743 .47871 -1.77348 1.27348 -.522 3 .638 

Pair 4  (Half) (Shoulder)   

New - Commercial 

-3.00000 .81650 .40825 -4.29923 -1.70077 -7.348 3 .005 

Pair 5  (Half) (Chest)    

New - Commercial 

.00000 .81650 .40825 -1.29923 1.29923 .000 3 1.000 

Pair 6  (Half) (Back)     

New - Commercial 

-2.00000 .81650 .40825 -3.29923 -.70077 -4.899 3 .016 

Pair 7  (After) (Shoulder)   

New - Commercial 

-2.75000 1.50000 .75000 -5.13683 -.36317 -3.667 3 .035 

Pair 8  (After) (Chest)   

New - Commercial 

-.25000 1.25831 .62915 -2.25225 1.75225 -.397 3 .718 

Pair 9  (After) (Back)   

 New - Commercial 

-2.50000 1.29099 .64550 -4.55426 -.44574 -3.873 3 .030 
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APPENDIX XXVI 

Subjective Evaluation on Tensile Sensation 

in Three Phases Analyzed by 

Paired-samples T-test 

Paired sample statistics 

 
Mean N SD SE Mean 

Pair 1 Before-Shoulders-New 1.5000 4 1.00000 .50000 

Before-Shoulders-Commercial 4.0000 4 .00000 .00000 

Pair 2 Before-Chest-New 1.0000 4 .00000 .00000 

Before-Chest-Commercial 1.2500 4 .50000 .25000 

Pair 3 Before-Back-New 1.0000 4 .00000 .00000 

Before-Back-Commercial 1.2500 4 .50000 .25000 

Pair 4 Half-Shoulders-New 2.2500 4 .50000 .25000 

Half-Shoulders-Commercial 4.2500 4 .50000 .25000 

Pair 5 Half-Chest-New 1.0000 4 .00000 .00000 

Half-Chest-Commercial 1.5000 4 .57735 .28868 

Pair 6 Half-Back-New 1.2500 4 .50000 .25000 

Half-Back-Commercial 4.2500 4 .95743 .47871 

Pair 7 After-Shoulders-New 2.2500 4 .50000 .25000 

After-Shoulders-Commercial 3.5000 4 .57735 .28868 

Pair 8 After-Chest-New 1.0000 4 .00000 .00000 

After-Chest-Commercial 1.2500 4 .50000 .25000 

Pair 9 After-Back-New 1.5000 4 .57735 .28868 

After-Back-Commercial 4.7500 4 1.25831 .62915 
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Paired-samples T-tests 

 

 
Difference in pairs 

t df 

Sig. 

(2 -tailed) Mean SD 

SE 

Mean 

The difference of 

the 95% confidence 

interval 

Lower 

Bound 

Upper 

Bound 

Pair 1 (Before) (Shoulders)   

New - Commercial 

-2.50000 1.00000 .50000 -4.09122 -.90878 -5.000 3 .015 

Pair 2  (Before) (Chest)   

New - Commercial 

-.25000 .50000 .25000 -1.04561 .54561 -1.000 3 .391 

Pair 3  (Before) (Back)   

New - Commercial 

-.25000 .50000 .25000 -1.04561 .54561 -1.000 3 .391 

Pair 4  (Half) (Shoulder)   

New - Commercial 

-2.00000 .81650 .40825 -3.29923 -.70077 -4.899 3 .016 

Pair 5  (Half) (Chest)    

New - Commercial 

-.50000 .57735 .28868 -1.41869 .41869 -1.732 3 .182 

Pair 6  (Half) (Back)     

New - Commercial 

-3.00000 .81650 .40825 -4.29923 -1.70077 -7.348 3 .005 

Pair 7  (After) (Shoulder)   

New - Commercial 

-1.25000 .95743 .47871 -2.77348 .27348 -2.611 3 .080 

Pair 8  (After) (Chest)   

New - Commercial 

-.25000 .50000 .25000 -1.04561 .54561 -1.000 3 .391 

Pair 9  (After) (Back)   

 New - Commercial 

-3.25000 .95743 .47871 -4.77348 -1.72652 -6.789 3 .007 
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