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ABSTRACT 

This research aims to develop sound scientific understanding and engineering 

principles for designing and engineering novel seamless sportswear. Based on 

investigating the characteristics and mechanisms of heat and moisture transfer and 

tensile behavior of elastic knitted fabrics, innovative fabric structures have been 

developed to enhance thermal physiological performance and to satisfy the 

biomechanical requirements of sportswear. A systematic engineering methodology 

for sportswear design and fabrication has been established by integrating appropriate 

textile materials, innovative knitted structures and body mapping design concept 

through advanced seamless knitting technology. 

In stage of fabric engineering, biofunctional properties of elastic knitted fabric were 

investigated, including thermal and moisture transport properties, static and dynamic 

tensile behaviors together with the development of key engineering factors in 

manufacturing sports articles when incorporating various materials and structures. 

To achieve the thermal functional design of sportswear, heat and moisture transfer 

properties of elastic knitted fabric were investigated for different structures under 

different stretch levels. By the inspiration of garment stretch and recovery during 

activities, smart water pumping fabrics were invented with development of novel test 

method to measure their dynamic liquid water transfer behaviour that is critical for 

thermal physiological performance of sportswear.   

To achieve biomechanical functions, static and dynamic tensile behaviours of elastic 

knitted fabric were studied. Firstly, fabric elastic modulus and Poisson ratio were 

studied theoretically and experimentally by developing new testing method and 

investigating the influence of knitting engineering parameters such as loop length 
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and spandex yarn input tension. Based on the research of loop configuration and 

deformation mechanism, fabrics with sectional elastic modulus were developed for 

the compression or injury prevention. Secondly, viscoelastic behaviors of elastic 

knitted fabric were investigated experimentally and theoretically by cyclic loading 

tests and by developing new linear elastic model. Indexes of relaxation (R), inverse 

relaxation (IR), hysteresis (H) and work recovery efficient (RE) were defined based 

on obtained load/time and load/elongation curves. Influence of knitting engineering 

factors on abovementioned indexes was further studied by conducting full factorial 

experiments to optimize the engineering parameters. Phenomenon of inverse 

relaxation (IR) under cyclic load condition was discovered with development of 

theoretical model to explain the mechanisms involved.  

In the stage of garment engineering, a theoretical framework for the biofunctional 

engineering of seamless sportswear has been developed to guide the design and 

fabrication process with systematic integration of functional and aesthetic design 

with seamless knitting technology. To fulfill the multi-functional requirements and 

avoid the distributed bulk seams on sportswear which were resulted in by cut and 

sewn approach of traditional garment making process, seamless knitting technology 

was applied to overcome such limitations. Based on the comprehensive 

understanding of seamless knitting technique, various fabric structures were 

developed by overcoming the difficulties and limitation of combining different 

stitches onto one piece of garment with utilization of CAD and CAM systems.  A 

number of prototypes of sportswear were fabricated and used to support Hong Kong 

Elite athletes from 2008 to 2012 with excellent feedbacks. 
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CHAPTER 1 INTRODUCTION 

1.1 Research Scope 

Growing interest in sports activities and the emergence of new Olympic sports has 

stimulated and increased the consumption and demanding expectations for athletic 

wear. Traditional and commercial sportswear design and fabrication have been 

heavily relied on designer‘s intuition or experiences. However, today‘s consumers, 

especially the professional athletes, demand final products with innovative 

functionalities in term of comfort, protection and support. With the development and 

progress in science, new fibers, textile machinery technology and finishing 

techniques, traditional design and engineering knowledge has become inadequate to 

meet the growing requirements of consumers. Therefore, systematic design 

approaches for sportswear fabric become necessary, the role of fiber yarn and fabric 

engineering parameters on functional attributes of final product should be 

scientifically investigated. Meanwhile, relevant test and evaluation methods are also 

necessary to assess the effectiveness of design. 

In order to enhance the athletes‘ comfort and performances in speed, body control, 

stamina, strength and fatigue recovery, etc., scientific design and development of 

athletic wear with wearing comfort and satisfactory functionality has been 

selectively applied in various professional Olympic sport items and popular 

recreational activities. It is achieved by providing engineered design moisture 

management, thermal-ventilation, support or pressure, and form-fit on targeted areas 

of athletes‘ body, improving not only the well-being and health of the athletes, but 

also their sports performance and records achievement. According to the cope and 

key identified, extensive literature review has been carried out, which is reported in 

Chapter 2. 
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1.2 Research Aim and Objectives 

This research aims to develop sound scientific understanding and engineering 

principles for designing and engineering novel seamless sportswear. On the basis of 

the literature review, a series of knowledge gaps have been identified as reported in 

Chapter 2 (page 62). To fill these knowledge gaps and address the key issues 

involved, the principal objectives of the study are as follows: 

 

1) To establish a multidisciplinary framework of bio-functional seamless sportswear   

(BSS) design and engineering, which illustrates the knowledge, techniques, and 

logical relationship involved in achieving the final products. 

 

2)  To engineer thermal physiological function of BSS through: 

      a. Investigating the heat and moisture transfer properties of different elastic 

knitting structures and the influence of stretch levels. 

      b. Developing innovative moisture management fabric structure based on the 

nature of body movement during sport activities. 

 

3)  To engineer biomechanical function of BSS through: 

      a. Investigating the deformation mechanism and tensile behaviours of elastic 

knitted fabric.  

      b. Investigating the dynamic elastic behaviours and influence factors of elastic 

knitted under cyclic load. 

 

  4) To realize BSS for different sport items by developing a systematic engineering 

methodology based on seamless knitting technology. 
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1.3 Research Methodology 

The research was practice-led and exploratory in nature, and the knowledge was 

produced through creative practices with novel concepts. In order to achieve the 

objectives of this study, the following research methodologies were performed in 

five stages: 

1.3.1 Stage 1 — General consideration of BSS design 

In the initial stage, a literature review was conducted for the general consideration 

of biofunctional seamless sportswear design (Figure1.1). The requirements of 

sportswear were specified in terms of thermal physiological wearing comfort; skin 

sensorial wearing comfort and ergonomic wearing comfort. Mechanisms and 

methods to achieve above aspects was further reviewed and conceived. 

 

 

 

Figure 1. 1 General consideration of BSS design 
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1.3.2 Stage 2 — Thermal physiological function engineering 

In the second stage, based on the research frame of Figure 1.2 for moisture transfer 

properties and Figure 1.3 for thermal transfer properties, develop and evaluate 

innovative knit fabrics with dynamic moisture/thermal management function from 

three aspects of materials, fabric structures and knitting engineering. 

Experiments were conducted to investigate the influence of fabric structure and 

stretch level on thermal/moisture transfer properties of elastic knitted fabrics. Plain, 

mock rib and mesh fabric structures were tested under stretch levels of 0%, 20%, 40% 

and 60%. Experimental dates were analyzed by ANOVA. 

Dynamic water pumping fabric (DWPF) was developed and validated by inspiration 

of body movement during sports activities. 

 

 

Figure 1. 2 Research frameworks for moisture function engineering 
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Figure 1. 3 Research frameworks for thermal function engineering 

 

1.3.3 Stage 3 — Biomechanical function engineering 

In the third stage, based on the research frame of Figure 1.4 for biomechanical 

function engineering, static as well as dynamic elastic behaviours of elastic knitted 

fabric were investigated by proposed model and experiments. Influence of fabric 

structure and knitting engineering parameter setting were examined. 

      



                                                                                      Chapter 1 

 

6 
 

 

Figure 1. 4 Research frameworks for biomechanical function engineering 

 

1.3.4 Stage 4 — Realization of biofunctional seamless sportswear 

Fabric structures developed in previous stages, with desired biofunctional 

requirements, were integrated by means of seamless knitting technique. A multi-

disciplinary framework for biofunctional seamless sportswear design/engineering 

was established. 

1.3.5 Stage 5 — Summary 

Finally, as for the last stage, the research conclusion, limitations, and future work 

were identified. 
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 1.4 Research Significance and Value 

Advanced seamless knitting technology provides the technical means of 3D 

functional design and development of tight-fit garments with use of different fibres 

and yarns on one knitting machine. However, how to utilize this technology to 

design and develop better garments with excellent biofunctional performances have 

not been systematically studied. This proposed PhD study aims to fill this 

knowledge gap and develop sound scientific understanding and engineering 

principles for design and engineering novel seamless knitted garments. The output 

of this research will advance our knowledge for the development of an engineering 

design technology for achieving optimal comfort and functional performance of 

sportswear and relevant devices, which will be valuable for the improvement of 

health of human being, as well as athletes‘ performance. 

 

1.5 Outline of Thesis 

This thesis consists of eight chapters to report the research and outputs of this study. 

The structure of these chapters is shown in Figure.1.5, which demonstrates the flow 

and relationship among the chapters. 
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Figure 1. 5 Thesis structure and contents 

 

Chapter 1 introduces the research background, research aim and objectives, research 

significance and value, and the research methodology adopted for this study. 

 

Chapter 2 presents an extensive literature review in relevant disciplinary areas to set 

up the basic knowledge involved and to identify the knowledge gaps for this study. 

 

Chapter 3 and 4 cover the thermal physiological function engineering of elastic 

knitted fabric. 
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Chapter 3 presents thermal/moisture properties of elastic knitted fabric. 

Thermal/moisture performances of different knitting structure were compared and 

the influence of stretch level was investigated experimentally. 

 

Chapter 4 presents an innovative moisture management fabric—dynamic water 

pumping fabric (DWPF). Its design inspiration and realization method were 

presented. Effect of DWPF was also evaluated through morphological observation 

and MMT testing. 

 

Chapter 5 and 6 cover the biomechanical function engineering of elastic knitted 

fabric. 

Chapter 5 presents the deformation mechanism and tensile behaviours of elastic 

knitted fabrics. Through proposed testing method of Poisson ratio and elastic 

modulus, influence of fabric structure, material, and technical parameters on tensile 

behaviours of elastic knitted fabric was investigated. 

  

Chapter 6 presents the dynamic stretch and recovery behaviours of elastic knitted 

fabrics. A rheological model was proposed to qualitatively interpret the time-

dependent characteristics of elastic knitted fabric tensile deformation under cyclic 

load. The influence of fabric structure and knitting technical parameters on defined 

indexes was investigated by dynamic tensile testing.  

  

Chapter 7 presents a multidisciplinary framework for biofunctional seamless 

sportswear design/engineering. Prototype of seamless cycling sportswear was 
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designed by concept of body mapping and realized through advanced seamless 

knitting technology. 

 

Finally, Chapter 8 concludes this study and makes recommendations for future 

research. 
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CHAPTER 2   LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a literature review in four parts. The first part discloses 

performance factors of high performance sportswear, as well as influence of 

sportswear on athlete performance. The second part introduces a comprehensive 

review of previous literature on clothing comfort, including thermal physiological 

comfort, pressure comfort, sensory comfort and their relevant evaluation methods, 

followed by the fundamentals of heat and moisture transfer through clothing system. 

The third part of the review focuses on the physical and mechanical properties of 

knitted fabric and seamless knitting technique. The last part reviews current situation 

of functional sportswear design and fabrication. 

2.2 Performance factors of high performance sportswear 

2.2.1 Functional requirements of active sportswear 

The human body has an operating temperature of 37°C, which it attempts to maintain 

under varying circumstances. The body temperature rises during physical activity 

and can generate heat that ranges between 100 watts at rest and 1000 watts during 

periods of intense physical activity. Thus, it is necessary to transport heat from the 

body to the environment so as to maintain the body temperature at 37°C. The heat 

transport to the environment is achieved through a dry flux (conduction, convection 

and radiation) and a latent flux produced by perspiration. The body perspiration 

vapour and liquid sweat must have the opportunity to pass immediately away from 

the skin and possibly to the outer surface of the clothing. 

According to Kothari and Sanyal (2003), there are basically three types of sports 

participants and their requirements of sportswear in terms of functionality and other 
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property are different. Top level professionals primarily require functional power 

with aesthetic appeal as they strive for record-breaking performance. The seriously 

competing amateur involved in a sports club as a potential professional athlete needs 

to have sportswear with at least minimum functional effectiveness and at reasonable 

cost. Those who enjoy sports activities for its benefits in respect of health, hobbies 

and social contact need the sportswear materials to provide a minimum/reasonable 

physical function but they are more conscious of comfort and sensitivity. 

Kothari and Sanyal (2003) broadly classified the requirements for active sportswear 

into: 

    ● Functional: for top-level competition active sportswear requires super 

lightweight, low-fluid resistance, super high tenacity and stretch ability. For those 

seeking comfort and healthy pursuits, critical features include thermal retention, UV 

resistance, cooling capacity, sweat absorption and fast-drying, vapour permeability, 

water proofing and so on to provide relaxation without fatigue. 

    ● Aesthetic: from the aesthetic point of view, surface texture, handle, lustre, 

colour variation, transparency and comfort in wear are important factors. 

Meanwhile, according to Ishtiaque (2001), the predominant requirements of most 

active sportswear are: 

    ● Protection: from wind and adverse weather. 

    ● Insulation: protection from cold. 

    ● Vapour permeability: to ensure that body vapour passes outward through all 

layers of the clothing system. 

    ●Stretch: to provide the freedom of movement necessary in sports. 
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2.2.2 Influence of sportswear on athlete performance 

Influence of sportswear on athlete performance was reviewed according to two main 

categories, namely compression and thermal/moisture regulation function. 

Effectiveness of compression of sportswear on sport performance 

With the improvement of textile material and technology, compression garments 

have became more and more popular in medical science (Ibegbuna, 2003) and being 

applied in various sport activity (Berry, 1987; Bringard, 2006; Duffield, 2007).  

There are contradictory opinions about the effectiveness of compression garments in 

improving several aspects of an athlete‘s performance—including speed, stamina and 

strength. 

 

Positive opinions 

In recent years, compression garments have become increasingly popular amongst 

athletes with suggested benefits including improvements in muscular power, strength, 

endurance, proprioception and injury management. Potential benefits that may be 

gained through the use of compression garments are suggested: 

    ● Enhancing blood circulation to peripheral limbs; 

    ● Reducing blood lactate concentration during maximal exercise bouts; 

    ● Enhancing warm-up via increases in skin temperature; 

    ● Increasing vertical jump height;  

    ● Improving repetitive jump power; 

● Reducing muscle oscillation upon ground contact; 

● Increasing torque generated about joints, improving performance and reducing 

the risk of injury, for example, assisting the eccentric action of the hamstring at the 

end of the swing phase in running; and 
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     ● Enhancing recovery after strenuous exercise by aiding in the removal of blood 

lactate and improving subsequent exercise performance. 

Kraemer W. J. (1996) studied the compression performance of shorts during the 

vertical jump of volleyball players. The vertical jump test was performed on a force 

plate interfaced to a computer with customized software so as to determine the jump 

force and power. It was found that the compression of shorts had a significant effect 

on the mean jumping power. However, it had an insignificant effect on the highest 

jump power. Bush et al (1998) also found the same trend. Kraemer et al (2001) 

studied the performance of these garments using a compression sleeve around the 

elbow and reported that the swelling, perceived muscle soreness and impact on the 

elbow joint‘s range of motion were all reduced due to the use of the compression 

sleeve. Trenell et al (2006) investigated the benefit of a compression garment using 

P-Magnetic Resonance Spectroscopy on a walking person who wore a compression 

garment on one leg and none on the other. They have reported that the results support 

the beneficial aspects of these garments. 

 

 Negative opinions 

Although the benefits of compression garments have been positively highlighted in 

literatures, there have been some contradictory views on the effect of compression 

garments on sports performance. For example, Berry et al. (1990) examined the 

effects of elastic compressive tights on eight healthy males following high-intensity 

exercise (110 per cent VO 2max) for up to three minutes on a treadmill. Results from 

this study showed that there were no significant differences in energy expenditure, 

heart rate and blood lactate concentration between athletes wearing elastic tights and 

a control group at rest and at five, 15 and 30 minutes post-exercise. Bernhardt (2005) 
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found no difference in the balance, agility, proprioception and endurance of muscular 

power in a person wearing and one not wearing elasticized compression shorts. 

Similarly, Duffield et al (2007) studied the effects of three types of full-body 

compression garments on the repeat-sprint and throwing performance of cricket 

players. It was found that no significant differences were evident in the repeat-sprint 

performance or throwing performance when measuring the person‘s heart rate, body 

mass change or blood measures during exercise.  Another study carried out by Rob 

Duffield et al (2008) showed that the effects of compression garments on the 

recovery of muscle performance following high intensity sprinting and plyometrics 

exercise were negligible. Ali et al (2007) analyzed the effect of wearing graduated 

compression stockings on physiological and perceptual variables during and after 

intermittent and continuous running exercise. It was found that there was no 

performance difference found between normal and compression stockings. 

 

Influence of thermal and moisture on athlete performance 

The wear comfort of sportswear is an important quality criterion that affects 

performance, efficiency and well-being. For instance, an active sportsperson that 

wears poor breathable sportswear will experience an increase in their heart rate and 

rectal temperature more rapidly than one who wears breathable sportswear (Umbach 

KH, 2001, 2002). Significant rise in the core temperature, heart rate, amount of sweat, 

and metabolic heat production was found in subjects wearing clothing ensembles 

made of weak hygroscopic material versus clothing ensembles made of strong 

hygroscopic material in various exercise conditions (Ha M, Yamashita Y, Tokura H., 

1995). 
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Zimniewska M, et al (2010) investigated the influence of different types of 

sportswear made from 100% TENCEL® fibres, 100% polyester fibres, and a 

TENCEL®/polyester blend on the energy cost of the effort of volunteers in sports 

conditions. Physiological as well as respiratory and circulatory system parameters for 

estimation of the energy cost of physical effort were monitored in the case of each 

subject wearing different types of sportswear. The energy cost of the volunteers‘ 

physical effort was lowest with garments made from a TENCEL®/polyester blend. 

This effect can be connected to better moisture management, which supported the 

body‘s temperature regulation, leading to a lower energy cost of the given activity. 

By wearing different garments made of 100% cotton, a 65/35 polyester/cotton blend 

and 100% polyester fibres, Hassan M, et al (2012) found significant correlation 

between fabric thermal/moisture properties and physiological responses, such as, 

oxygen consumption (VO2), carbon dioxide production (VCO2) or the heart rate and 

performance of athletes. 

 

2.2.3 Summary 

The performance requirement of sportswear depends on the participants and the sport 

level of activities. It‘s impossible and unnecessary to design the sportswear to fulfil 

all requirements under various sport items and environment conditions. Identifying 

specific needs of sportswear for a sport item is a key point for sportswear design and 

manufacture.   

Contradictory opinions were expressed regarding the benefits of wearing elastic 

garments, which may be due to the nature of test methods, their repeatability and 

reliability. The effect of compression garments on sports performance could be 

explored by way of defining a test method, machine calibration, the procedure of 
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performing the experiments and defining the number of samples and their variances. 

Compression garment performance can be assessed by measuring body muscle 

pressure during any sports activity. The pressure should be maintained for every 

stroke of body movement. The garment‘s resistance to the body during every stroke 

should be as low as possible in order to avoid skin irritation and muscle fatigue, as a 

too tight fitting compression garment makes the person feel discomfort due to the 

reasons aforementioned. Contrarily, a too loose fitting garment will not be beneficial 

to the wearer in terms of speed, power and stamina. Hence optimum pressure should 

be maintained when constructing a garment for a particular sports activity in order to 

enhance the performance of the sports person. 

In term of thermal physiology, functions of good moisture management and effective 

heat dissipation are essential for performance sportswear. 

 

2.3 Mechanism of clothing wearing comfort  

Wear comfort is a complex phenomenon but in general it can be divided into four 

main aspects (Shishoo R. 2005): 

● Thermal physiological wearing comfort 

This comprises heat and moisture transport processes through the clothing and 

directly influences a person‘s thermoregulation. 

    ● Skin sensorial wear comfort 

This deals with the mechanical sensations caused by textiles as it is in direct contact 

with the skin. Pleasant and unpleasant perceptions such as smoothness or softness, 

scratchiness, stiffness, or clinging to sweat-wetted skin may be created by textiles. 

●Ergonomic wear comfort 
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This is characterized by the fit of the clothing and the freedom of movement it allows. 

The garment's construction and the elasticity of the materials are the main aspect of 

ergonomic wear comfort. 

●Psychological wear comfort 

This is of importance as well. It is affected by fashion, personal preferences and 

ideology. 

 

2.3.1 Thermal physiological comfort 

Thermal physiological wear comfort concerns the heat and moisture transport 

properties of clothing and the way that clothing helps to maintain the heat balance of 

the body during various levels of activity (Saville, 2004). 

Thermal physiological comfort has two distinct phases. During normal wear, 

insensible perspiration is continuously generated by the body. Steady state heat and 

moisture vapour fluxes are thus created and must gradually dissipate to maintain 

thermoregulation and a feeling of thermal comfort. In this case the clothing becomes 

a part of the steady state thermoregulatory system. In transient wear conditions, 

characterized by an intermittent pulse of moderate or heavy sweating caused by 

strenuous activity or climatic conditions, sensible perspiration and liquid sweat occur 

and must be rapidly managed by the clothing. This property is important in terms of 

the sensorial and thermoregulatory comfort of the wearer. Therefore, heat and 

moisture transfer properties under both steady and transient conditions must be 

considered to predict wearer comfort (Yoo & Barker 2005a; Barker 2002). 

Thermal functions of human body 

Human body is a complex organic system, in which food and oxygen go through 

complex chemical reactions to produce the energy required for keeping its running. 
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This process is commonly referred as metabolism. For a living man, this metabolism 

is uninterrupted and the heat should get off the body at a certain rate so that the body 

core temperature could be maintained as a fairly constant temperature around 37C 

for comfort. If the rate is too fast or too slow due to the environmental factors and 

body activity states, the body temperature will be beyond this range and man will 

feel substantial discomfort. Therefore, the comfort of human body is the balance 

between the body heat production and heat dissipation. Human body has 

physiological mechanism to regulate the heat exchange with the environment for 

thermal comfort.  

Heat balance 

Fanger [1970] described the energy balance between the human body and the 

environment as follows: 

   Hh− Q diff− Qsw − Qe, res −Qt, res = Qt, rad + Qt, conv                                                  (2-1) 

Where Hh is the internal heat production, Q diff is the heat loss by vapour diffusion 

through skin, Qsw is the heat loss by evaporation of sweat, Qe, res is the latent 

respiration heat loss, Qt, res is the dry respiration heat loss, Qt, rad is heat loss by 

radiation from the outer surface of the clothed body and Qt, conv is heat loss by 

convection from the outer surface of the clothed body. 

Internal heat production 

The internal heat production is related to the activity of the person. In general, 

oxygen is taken into the body and is transported by the blood to the cells of the body 

where it is used to burn food. Most of the energy (metabolic rate Met) released is 

converted to internal body heat (H h); some is converted to external mechanical work 

(W) depending upon the activity. So that 

          H h = Met −W                                                                                               (2-2) 
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The total metabolic heat generation in human body consists of three sources: basal 

metabolism for life, voluntary metabolism for activity and shivering or involuntary 

metabolism for thermoregulatory system. Shivering is a very powerful force to 

maintain normal body temperature when the body is exposed to extreme cold. 

Ashrae (1993) gave the following equation for calculating additional metabolic heat 

energy due to shivering (Metshiv): 

        Metshiv =19.4 Scld,sk  Scld, core (Wm 
-2

)                                                               (2-3) 

Where Scld,sk = (33.7 − Tsk,h ) for skin temperature less than 33.7C (otherwise Scld,sk 

= 0 ) and Scld, core = (36.8−Tcore,h ) for core temperatures less than 36.8 C 

(otherwise Scld, core = 0 ). 

 

Body perspiration system 

Water vapour diffusion through the skin is one part of the latent perspiration, a 

process not subject to thermoregulatory control. The skin is assumed as water vapour 

barrier. This barrier is provided by the deeper layers of the horny layer of the 

epidermis. Fanger (1970) proposed the following equation to calculate the heat loss 

by water vapour diffusion: 

        Qdiff =λm Ps (Tsk,h ) − Pa                                                                                                                    (2-4) 

Where λ is heat of vaporization of water, m is permeation coefficient of the skin, 

Ps (Tsk,h ) is saturated vapour pressure at skin temperature. Pa is vapour pressure in 

ambient air (Pa). 

Sweating is another way of perspiration. Different from skin diffusion, sweating is a 

powerful means of temperature regulation. Evaporation of sweat from the skin 

surface has a very effective cooling effect due to the great latent heat of evaporation 
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of water. The evaporation of sweat on the skin surface allows large amounts of heat 

to be dissipated, even in hot environments. 

Physiological State of Thermal Comfort 

In 1970, Hardy (1970) described the physiological conditions of general thermal 

comfort (at low activity levels) as follows: 

(1) Internal body temperature 36.6 to 37.1 C, 

(2) Mean skin temperature 33 to 34.5 C for man and 32.5 to 35 C for women, 

(3) Local skin temperature is variable over the body but generally between 32 and 

35.5 C 

 

2.3.2 Sensorial comfort 

Li and Wong (2006) stated that sensorial comfort is the elicitation of various neural 

sensations when textile comes into contact with skin. The skin sensorial wear 

comfort characterizes the mechanical sensations that a textile causes at direct contact 

with the skin. The perception may be pleasant, such as smoothness or softness, but it 

may also be unpleasant, if the textile is scratchy, too stiff or clings to sweat-wetted 

skin (Shishoo 2005). 

Sensorial comfort does not directly involve any temperature balance but is related to 

the way the person feels when clothing is worn next to the skin. Feeling wet and wet 

clinging can be a major source of sensorial discomfort in situations of profuse 

sweating (Kothari & Sanyal 2003). 

Sensorial comfort is mainly determined by fabric surface structure and to some 

extent by moisture transport and buffering capacity. It is associated with skin contact 

sensation and is often expressed as a feeling of softness, smoothness, clamminess, 

clinginess, prickliness and the like. These descriptors can be related to specific, 
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measurable fabric mechanical and surface properties including the number of surface 

fibres and contact points, wet cling to a surface, absorptive, bending stiffness, 

resistance to shear and tensile forces, and coolness to the touch. These properties are 

mainly determined by fibre characteristics, yarn and fabric construction and fabric 

finish, but it is necessary to recognize that the extent of their relationship to comfort 

perception in clothing is also influenced by garment construction and properties (Yoo 

& Barker 2005b). 

 

2.3.3 Pressure comfort 

Cause of clothing pressure 

In the process of fabric/skin contact and mechanical interaction during wearing, 

clothing will exert dynamic mechanical stimulation to the skin, which will trigger 

mechanoreceptors and thus generate a variety of touch and pressure sensations. Skin 

is extremely sensitive to pressure and under ideal condition; skin displacement less 

than 0.001mm can result in a sensation to pressure or touch (H. R. Schiffman, 1995). 

When a garment girth measurement is smaller than the local human body size, or the 

length and circumference of body parts changes due to movement, space allowance 

between body and garment is less than or equal to zero. Consequently the pressure 

exerted by clothing is generated. 

Denton (1972) stated that the level of clothing pressure discomfort was found to be 

between the range of 20 to 40 g/cm
2
, depending on the individual and the part of the 

body concerned. Figure 2.1 shows the average absolute thresholds for different 

regions of the female skin. The higher the bar, the greater the external force needed 

to trigger the sensory receptor and the lower the sensitivity. Obviously, the touch and 

pressure sensitivities vary from one region of the body to another. 
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Figure 2. 1 Pressure thresholds for different regions of the female skin (Denton 1972) 

 

Factors influencing the clothing pressure 

  According to J. Pratt and G. West (1995), there are three factors which influence the 

pressure exerted by garment:  

(1) Shape of the body parts. Body shape is an important influential factor towards 

clothing pressure as the greater degree of local curvature, the greater pressure 

resulted. 

(2) Type and age of the fabric used. The level of pressure measure in mmHg has 

been found to vary when garments were made of different types of fabrics. 

(3) Design and fit of the garment. A badly designed garment may lead to the body 

suffers from perceiving unnecessary pressure. 

Zhang (2002) pointed out that garment pressure is closely related to the space 

allowance between the body and the garment during the body movement. Through 

reviewing related literatures, it could be summarized that garment pressure is 

affected by the intrinsic factor of body shape and posture, and the extrinsic factor of 

fabric mechanical properties and garment fit.    
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Yamada Tomoko and Takanashi Yuriko (2001) investigated the factors involved in 

the general comfort sensation of tights. They found that the sensation of 'Comfort' in 

wearing tights correlated with that of ‗Wearing ease‘, 'Compressive sensation' and 

'Mobility‘ which were related to the values of WT, EMT, WC and SMD of fabric 

mechanical properties. The pressure levels of comfortable tights were 0.18 kPa on 

the front abdomen, 0.28 kPa on the back abdomen, 0.35 kPa on the front thigh and 

0.49 kPa on the back calf, respectively. 

 

Evaluation methods of clothing pressure 

The pressure wearing comfort is basically determined by the extensibility of fabrics, 

the fitness of garments and the style of garments. The pressure comfort is one of the 

most important factors influencing a wearer‘s sensation of comfort in tight-fitting 

garments. Many researchers carried out specific studies in this field from different 

aspects. 

 

Direct sensing from human body 

Direct sensing methods include the hydrostatic pressure-balanced method (Ito N, et 

al 1986), pneumatic pressure sensors (Makabe H, 1991), resistive (Chan A. P and 

Fan J, 2002), elastic optical fibre (Nishimatsu, 1998) and capacitive pressure 

transducers (Nakahashi M, 2005). Owing to the relative stability and accuracy, the 

most popularly used types of pressure sensing device are (a) air-pack sensor 

developed by AMI techno co., LTD, Japan and (b) Felxiforce pressure sensor 

developed by Tecscan, Inc. USA (Figure 2.2).  However, the insertion of the sensor 

between fabric and skin could bend its self and cause discrepancy. Accuracy and 



Chapter 2 

 

25 
 

reproducibility of direct measurements from human subjects was difficult to achieve 

because the sensors were readily affected by noise due to body movement. 

 

 

                                   (a)                                               (b) 

Figure 2. 2 Pressure sensing device (a) Air-pack (AMI); (b) Flexiforce (Tecscan) 

 

Direct sensing from manikins 

Some researchers used mannequins to estimate the clothing pressure on human skin. 

Fan and Chan (2005) proposed to use a standard dress mannequin which was hard 

and rigid to predict the girdle pressure by multiple regression equations. Yu et al 

(2004) developed a soft mannequin for intimate apparel fitting. Its softness had a 

Young‘s modulus similar to a standard live model. It used glass fibre as the bone 

structure, polyurethane (PU) foam as the soft tissue, gel as the breast tissue and 

microfiber fabric as the skin layer. Harumi Morooka at el (2000) designed a leg 

mannequin with built-in pressure sensor measuring device for elastic socks and 

pantyhose as shown in Figure 2.3. The size of leg mannequin was similar to the 

standard leg size of women in Japan. The main advantage of this device is 

eliminating the affect by inserting the normal sensor between fabric and skin. 
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Figure 2. 3 Schematic diagram of built-in pressure sensing device (Harumi, 2000) 

 

Recently, Wang et al (2010) developed a measuring system and method for 

investigating the dynamic pressure behaviour of compression garment, which was 

based on a rigid hemisphere with five pressure sensors built-in and distributed on its 

surface. The dynamic pressure profiles were measured and recorded for the process 

of fabric 3D deformation. A new index, dynamic pressure index, was then defined 

and calculated to characterizing different fabric samples. 

 

 Subjective assessment coupled with objective measurement 

To assess pressure perception and other relative wearing sensations in wear trials, a 

simple and generally applicable method of psychophysical scaling for a quantitative 

continuum was usually adopted in rating subjective perception. Because subjective 

assessment is a complex synthesis of many kinds of psychological and physiological 

response of individuals, the subjective responses of wearers are not only decided by 

the physical properties of garments but also by the wearing habits and experiences of 

wearers. Therefore, questionnaire design is critical for the rating of subjective 
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sensations (Li Yi, 1998).The subjects were asked to rate the sense on a scale, for 

example, 1 to 10. When subjects were naked, this was presented as the standard for 

the minimum degree of pressure, indexed as 1; the maximum degree of pressure, 

indexed as 10. Every subject was asked to assess the pressure sensation of each area 

while wearing the garments.  

Factor analysis was usually applied to clarify the effect of factors, such as different 

garment sizes and fabrics with different extensibilities.  Meaning while, objective 

clothing pressure, fabric extensibility and garment fitness were also measured for 

regression analysis to establish the relationship between subjective assessment and 

objective physical factors (Li, Y., et al, 1991; Makabe, H., et al, 1991; Mitsuno, T., 

1999) 

 

Numerical simulation of garment pressure 

 Zhang, et al. (2002) developed a mathematical model of geometric non-linearity 

based on the theory of contact mechanics to simulate the dynamic garment pressure 

distribution on a 3D human body during wear. The model was able to illustrate the 

dynamic garment pressure distributions when a rigid female body wearing a set of 

perfect-fitting garments is in motion. The numerical computational results show that 

the model can predict dynamical mechanical behaviour of garments during wear 

without actually producing the garments, including the garment deformation, the 

garment pressure, the internal stresses in the garment, and the effects of the 

garment‘s weight and inertia force on the dynamic wearing process. However, as the 

human body is assumed to be rigid, the dynamic mechanical interactions between the 

body and the garment cannot be simulated realistically, especially the deformation of 

the human body and the pressure distribution under the skin and soft tissues.  
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2.4 Mechanism of heat and moisture transfer through clothing 

2.4.1 Fundamentals of heat transfer through clothing system 

Conduction 

Conduction is one of the basic mechanisms of heat flow, which occurs by the 

interaction or collision of adjacent molecules and the transfer of kinetic energy. This 

type of heat transfer requires a direct physical contact between the interaction objects. 

The rate of conductive heat transfer is proportional to the temperature difference 

between them and inversely proportional to the distance over which conduction takes 

place. According to the Fourier‘s law, the energy conducted can be expressed as 

following: 

                        Qcond = −KA dT/dx                                                                         (2-5) 

Where, K is a proportional coefficient called ―thermal conductivity‖; A is the cross 

sectional area that the thermal energy passes through; T is the temperature; x is the 

thickness of material. 

In a fabric the conduction heat loss is determined by the thickness of the fabric and 

its thermal conductivity 

 

Convection 

Convection is the heat transfer from one place to another within a fluid, gas or liquid, 

by the mixing of one portion of fluid with another. The rate of convection depends 

on the motion of the fluid and the temperature gradient. Convection is the most 

important mechanism for thermal energy transfer between a solid and a moving fluid. 

Regardless of the particular nature of the convective heat transfer process, the 

appropriate rate equation is of the form: 

                Qconv= −hA (T s −T )                                                                          (2-6) 
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Where, Qconv is the convective heat flow which is proportional to the difference 

between the surface and fluid temperatures, Ts and T, respectively. The 

proportionality constant h is termed the convection heat transfer coefficient. It 

depends on conditions in the boundary layer, which are influenced by surface 

geometry, the nature of the fluid motion, and an assortment of fluid thermodynamic 

and transport properties. 

Convective heat transfer may be classified into two types, forced convection and 

natural convection according to the nature of the flow. For forced convection the 

flow is caused by external means, such as by a fan, a pump, or atmospheric winds. In 

contrast, for natural convection the flow is induced by buoyancy forces, which arise 

from density differences caused by temperature variations in the fluid. 

For the sedentary human body under no wind conditions, natural convection is the 

main mechanism of heat exchange among skin, microclimate, clothing materials and 

environment. While when there is wind or human body is moving, forced convection 

takes the place of natural convection and becomes one of the dominative factors in 

heat transfer among clothing system. There are two kinds of forced convection in 

clothing system: wind penetration and ventilation by pumping effect. 

 

Radiation 

The heat flow due to radiation is more complex as it is governed by the temperature 

difference between the heat emitter and the heat absorber. The infrared radiation only 

travels a few millimetres into a fabric as it either scattered or absorbed by the fibres. 

These fibres in turn emit radiation which travels a further short distance to the next 

fibres and so on until it reaches the far surface. Therefore the radiative heat transfer 
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between the body and the environment is indirect and depends on the absorption and 

emission properties of the fibres. 

Fanger (1970) derived a similar equation for the heat loss by radiation from the outer 

surface of the clothed body. 

                 Qt,rad=3.9710
-8

[(Tcl+273)
4
-(Tmrt+273)

4
]ADufcl                                  (2-7) 

Where Tmrt is mean radiant temperature (C), ADu is the DuBois surface area and fcl is 

the ratio of the effective radiating surface to the DuBois surface area. 

For sportswear, another two ways for heat transfer which actually belong to force 

convection section are of special importance. 

  

Wind penetration 

Air penetration can induce the air exchange. In windy conditions, Stuart and Denby 

(1983) and Fan and Keighley (1989) stated that air penetration into permeable 

clothing is a major cause of reduction in thermal insulation and vapour resistance. 

The air penetration is induced by the air pressure difference between inner surface 

and outer surface of clothing system. Kerslake pointed out that the rate of air 

penetration through the clothing assembly Vap was approximately linearly related to 

the wind velocity: 

                       Vap=3600Asfop                                                                             (2-8) 

Where As is the surface area of the clothing assembly, fop is the apparent portion of 

the surface area As that is open to the air-flow;  is the wind velocity, or flow 

velocity of air through the clothing assembly, which is assumed to be equal to the 

wind velocity. 

Ventilation by pumping effect 
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Ventilation is one of the most effective mechanisms to remove heat and moisture 

from the clothed body, therefore, an important determinant of thermal comfort.  

Many researchers studied the clothing ventilation effects through direct measurement 

method or indirect evaluation. 

Crockford et al (1972) first developed a direct method to measure the ventilation rate 

in the clothing ensemble. They used a tracer gas technique by introducing the gas 

through pipes beneath the clothing on active human subjects and monitoring the 

return of oxygen concentration. The ventilation rate was determined by fitting the 

curve using an oxygen concentration recovery model. Birnbaum and Crockford 

(1978) proposed a Ventilation Index to evaluate the ventilation properties of clothing 

and developed the measurement method based on two techniques: the measurement 

of clothing microclimate volumes and trace gas method to measure the air exchange 

rate. 

Evaluation method assumed that the reduction in the insulation value of the clothing 

between the wearer being static and dynamic is due to the ventilation effect. The 

insulation was measured on thermal manikins (Goldman, R.F., 1974; Olesen, B.W. 

and Madsen, T.L., 1983; Fan, J. and Chen, Y.S., 2002.) or subjects (Vogt, J.J., 1983; 

Nielsen, R., 1985; Bakkevig, M.K., 1995). Qian (2005) established a quasi-physical 

model to predict the thermal insulation and moisture vapour resistance of the 

clothing ensemble for clothed human walking in wind. Based on this model, he 

derived a dimensionless air ventilation coefficient. This ventilation coefficient is 

dependent on the clothing feature such as garment style, fit and properties of fabrics, 

but independent of wind velocity and walking speed. 
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2.4.2 Fundamentals of moisture transfer through clothing system 

The process of moisture transport through clothing under transient humidity 

conditions is an important factor which influences the dynamic comfort of the wearer 

in practical use. Moisture may transfer through textile materials in vapour and in 

liquid form. 

 

Water vapour transmission 

  The diffusion process 

In the diffusion process, the vapour pressure gradient acts as a driving force in the 

transmission of moisture from one side of a textile layer to the other. The rate of 

water vapour transfer by diffusion is proportional to the gradient of water vapour 

concentration. According to the Fickian law, the moisture transmitted through the 

void space of the fabric can be expressed as following: 

                mdiff=-Deff A dC /dx                                                                             (2-9)   

Where, Deff is effective diffusion coefficients of water vapour in the fabric; A is the 

cross sectional area that the water vapours passes though; dC /dx is the gradient of 

water vapour concentration in the void space. 

Deff is dependent on the volume fraction of water vapour (fa) and defined as: 

                     Deff=Da fa/τ                                                                                   (2-10) 

Where τ is the effective tortuosity of the fabric for water vapour diffusion, Da is the 

diffusion coefficient of water vapour in air. 

Water vapour can diffuse through a textile structure in two ways, simple diffusion 

through the air spaces between the fibres and yarns and along the fibre itself (Fohr, J. 

P., 2002). The moisture diffusion through the air portion of the fabric is almost 

instantaneous whereas through a fabric system is limited by the rate at which 
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moisture can diffuse into and out of the fibres, due to the lower moisture diffusivity 

of the textile material. 

In the case of hydrophilic fibre assemblies, vapour diffusion is a two stage diffusion 

process. The first stage corresponds to Fickian law but the second stage is much 

slower than the first, following an exponential relationship between the concentration 

gradient and the vapour flux (Li, Y. and Luo, Z. X., 2000). 

 

Convection process 

Convection is a mode of moisture transfer that takes place while air is flowing over a 

moisture layer. The mass transfer in this process is controlled by the difference in 

moisture concentration between the surrounding atmosphere and the moisture source. 

The rate of moisture convection (mconv) can be expressed as the form of Newton‘s 

Law of cooling: 

               mconv = hmA(Cs − C∞ )                                                                       (2-11) 

Where hm is the moisture convective transfer coefficient; Cs and C∞ is the moisture 

concentration at the surface and the fluid. 

Similar to heat convection in the clothing, both natural and forced moisture 

convection occurs among skin, microclimate, clothing materials and environment. 

Wind penetration and ventilation by pumping effect also causes forced convection of 

moisture (Qian, X., 2005). 

 

Liquid water transport 

The main form of liquid water transport in a fabric is wicking. Wicking in fabric is 

caused by fibre-liquid molecular attraction at the surface of fibre materials, which is 
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determined mainly by surface tension and effective capillary pore distribution and 

pathways.  

Li et al. (2001) derived the diffusion coefficient Dl on the basis of Darcy‘s law and 

Hagen-Poiseuille‘s law as follows: 

                                                                     (2-12) 

Where ς is surface tension, ε is the porosity of the fabrics, εl is the volume fraction of 

the liquid water, dc is the effective radius of the capillaries, υ is contact angle, β is 

the average angle of the capillaries in fabrics and η is dynamic viscosity of water. 

Fan et al. (2004) used the following equation for the liquid water flow rate: 

                                                                                       (2-13) 

Where Dl is the diffusion coefficient of liquid water, ρ is the density of the fibres; f is 

the volume fraction of the fibres and  is the free water content (the ratio of the 

free water mass to the fibres mass). 

 

2.4.3 Coupled Heat and Moisture Transfer through Clothing System 

Heat and moisture transfers in clothing system are coupled in complicated 

mechanism accompanied with heat releasing or capturing: sorption/desorption and 

condensation/evaporation. 

Moisture Sorption/desorption 

Sorption/desorption is an important process to maintain the microclimate during 

transient conditions. A hygroscopic fabric absorbs water vapour from the humid air 

close to the sweating skin and releases it in dry air. This enhances the flow of water 

vapour from the skin to the environment comparatively to a fabric which does not 
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absorb and reduces the moisture built up in the microclimate (Barnes, J. C. and 

Holcombe, B. V., 1996; Suprun, N., 2003).  

The factors governing the differences in absorbency of garments are types of fibre, 

yarn and fabric construction. Among them, the absorption ability of fibre plays the 

dominant role. Under the standard condition (20± 2 C and RH65%) the amount of 

moisture contained in the textiles (Moisture regain or content) is used to evaluate the 

absorbency of fabrics. 

 

Moisture condensation/evaporation 

Condensation is the process by which a gas or vapour changes to a liquid. 

Condensation occurs when the air is saturated. Reversely, evaporation is the change 

from a liquid to a gas state. When the relative humidity of the surrounding air is 

below 100%, the liquid water will evaporate. Along with the physical state of water 

changing, an enormous quantity of thermal energy (latent heat) is released (for 

condensation) or captured (for evaporation). 

Evaporation and condensation also have a noteworthy effect on moisture 

transmission and depend on the temperature and moisture distribution in porous 

textiles at the time of moisture transfer (Li, Y., Zhu, Q., 2003). During the 

evaporation of liquid perspiration, latent heat is taken from the body, cooling it down. 

The role of evaporative heat transfer in maintaining thermal balance becomes more 

crucial with an increase in the surrounding atmospheric temperature. In this case, due 

to the low temperature gradient between the skin and the environment, conduction 

and convection heat transfer are reduced. When a negative temperature gradient 

exists between the skin and the environment, evaporative heat transfer becomes the 

only way to cool down the body temperature. 
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Extensive research has been published in the literature on the diverse aspects of 

simultaneous heat and moisture transfer, both theoretically and experimentally.  

  In 1992, Li and Holcombe (1992) improved the coupled heat and moisture transfer 

model by developing a two stage model that takes into account the water vapour 

sorption mechanisms of wool fibers. Their predictions from the model showed good 

agreement with experimental observations obtained from a sorption cell experiment. 

  In 1999, Li and Luo (1999) further improved the mathematical method of the 

coupled diffusion equation of moisture and heat in wool fabric with a direct 

numerical simulation of the fibre moisture sorption process. To evaluate the moisture 

diffusion equation in fibres, they used two sets of variable diffusion coefficients: a 

moisture content dependent coefficient for the first stage and a time dependent 

coefficient for the second stage. When sorption is less than 540 seconds, the process 

obeys Fick‘s law of diffusion with a concentration dependent diffusion coefficient, 

but moisture sorption is much slower than that in the first one when t  540 seconds.  

The diffusion coefficient of moisture in a wool fibre attenuates with time. 

In 2001, Li, Zhu, and Lou (2001) reported the development of a mathematical model 

that takes into account coupled heat and moisture transfer processes with 

consideration of vapour diffusion, fibre moisture sorption, condensation/evaporation, 

and liquid transport by capillary actions. They added an additional equation to 

Henry‘s models by developing a special formula to describe liquid diffusivity in 

porous textiles. A numerical solution was obtained by developing finite volume 

numerical schemes. A series of experiments validated the temperature predictions 

from the model. They compared the theoretical predictions of the temperature 

changes at fabric surfaces with experimental measurements, finding good agreement 

between the two. 



Chapter 2 

 

37 
 

2.4.4 Methods to improving moisture management performance 

Natural fibres, such as cotton, are normally hydrophilic by means of bonding sites for 

water molecules on their surface. Consequently, water molecule tends to be retained 

in the hydrophilic fibres, resulting poor moisture transportation and release. In 

contrary, synthetic fibres, such as polyester, are usually hydrophobic due to lack of 

bonding sites for water molecules. Hence, they tend to remain dry and have the 

capability of moisture transportation and release. 

For common single fibre, it‘s difficult to accomplish coexistence of moisture 

absorption and release. To achieve this in textile fabrics, specially designed fibres 

such as Coolmax®, care arrangement of yarns and fibres in designed fabric 

structures and especial finishing treatments to fabric are the possible approaches (Su 

CI, 2007; Fangueiro R, 2009). 

 

Modified yarn or fibre morphology based on wicking, capillary mechanism 

Enhanced moisture management effect of Coolmax® yarn relies on fibre‘s 

morphology (greater surface area and multi-channel cross section – Figure 2.4 and 

Figure 2.5), which draws sweat away from the body to the outside for easy 

evaporation. It applies the capillary mechanism to rapidly remove sweat and 

moisture from the skin‘s surface, transport it to the fabric surface, and then evaporate 

it. 

 

Figure 2. 4 SEM image of Coolmax


 yarn. Source: [Elena Onofrei, 2011] 
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Figure 2. 5 SEM image of Coolmax


 fiber. Source: [Elena Onofrei, 2011] 

 

Fabric structural bionics 

Patent WO 2008/124965 A1discloses a moisture management woven fabric by 

imitating the plant structure, tree-shaped network with gradient ratio of surface to 

volume from fabric inner to outer side. One of embodiment, as shown in Figure 2.6, 

has three layers; the bottom layer 330 in contact with skin is a 44 matt structure, in 

which four or more yarns are grouped together to form a plurality of stem-like fabric 

unit 340. In the middle layer 320, ―four-yarn stem‖ is split into ―two-yarn stem‖, 

which emulates the branching in the structure of plant by 22 matt structure. The top 

layer 310 is a plain structure, in which said yarns are separated as ―leaf‖ to obtain a 

greater surface area to volume ratio.   

 

 

Figure 2. 6 Fabric simulating the plant structure for moisture management [Fan 2008] 
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Patents related to moisture management textile fabric are listed in Table 2.1 

(Searched results by key words of ―moisture management‖ and ―textile fabric‖ on the 

database of U.S. Patent and Trademark Office, 1976-present time). 

 

Table 2. 1  Patents related to moisture management textiles 

Patent App. No. Inventor Title 

20020043100(A1) 
Li, Yi; et 

al 
Moisture management of textiles 

20050188470(A1) 
Li, Yi; et 

al 

Processing techniques for preparing moisture 

management textiles 

20080258347(A1) 
Li, Yi; et 

al 

Method of enhancing moisture management 

and providing negative ion properties to fabric 

materials 

US 7565920 B2 

20090728 

Li, Yi; et 

al 

Woven fabric with moisture management 

properties comprising hydriphilic yarns and 

hydrophobic yarns 

WO2010015195 (A1) 
Li, Yi; et 

al 

Functional textile with nanometer composite 

structure produced by nanometer protein 

material and method of preparation 

US6454814  (B1) 
Li, Yi; et 

al 

Treatment of fabrics 

 

20050016614(A1) 

Cohen, 

Yacov; 

et al 

Moisture management double face woven 

fabric 

20040171324(A1) 

Miller, 

Robert A; 

et al 

Knitted fabric construction with improved 

moisture management 

WO 2008124965 A1 
Fan, Jintu; 

et al 

A fabric simulating the plant structure for 

moisture management 
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2.4.5 Summary 

In the clothing microclimate, conduction, convection, radiation are the mechanism of 

heat transfer; diffusion, absorption/desorption, condensation/evaporation and 

wicking are the mechanism of moisture transfer. Physical processes of heat and 

moisture transfer are closely coupled and depend on textile material property, fabric 

structure, garment design and environmental conditions. The factors that have 

significant influences on the processes are be summarized as Table 2.2. 

Different approaches have been adopted in developing moisture management fabrics 

based on wicking mechanism, hydrophobic/hydrophilic properties, finishing 

treatment and fabric structural bionics. 

       Table 2. 2  Factors influencing heat and moisture transfer in porous textiles 

            

             Types of influential factor 

 

 

                         Factors 

 

 

Geometrical features 

Fibre diameter 

Yarn density 

Fabric dimensional geometry(thickness) 

Pore distribution 

Fabric porosity 

 

Textile structure features 

Number of layers 

Functional textile structure 

 

 

Textile fibre properties 

Fibre moisture sorption isotherm 

Heat of moisture sorption 

Water vapour permeability 

Contact angle of liquid 

 

 

Physical properties of fluid(vapour or liquid) 

Thermal conductivity 

Specific heat 

Latent heat 

Surface tension 

 

Environmental conditions 

Temperature 

Relative humidity 

Airflow velocity 
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2.5 Physical and mechanical property of knitting fabric 

2.5.1 Geometry of plain-knitted fabric 

Knitted loops tend to move into a three-dimensional configuration of minimum 

energy as the strains caused during production are dissipated and eventually a knitted 

fabric will reach a ―relaxed state‖ by means of finishing treatments and will exhibit 

no further relaxation shrinkage.  

Research concerning knitted fabric geometry extends over 90 years. Chamberlain‘s 

model, the first known two-dimensional geometrical model of the plain knitted 

structure was reported by Chamberlain (1926). This model represents the projection 

of loop in the plane of fabric and it is composed of circular arcs and straight lines. 

The following equation gives the expression of the length of yarn in a loop: 

      l= w (3π+2√13)/4                                                                                      (2-14) 

Where, l is the loop length in mm; w, the wale spacing in mm. 

Peirce (F.T. Peirce, 1947) created a three-dimensional model based on the 

assumption that the central axis of the yarn forming a course lies on a circular 

cylindrical surface whose central axis follows the line of the course. Further, he 

assumed that when the cylinder is projected on a plane, the axis of the yarn in the 

planar condition is composed of circular arcs and straight lines. The following 

equation for the loop length calculation was obtained: 

   l =2/c+1/w+5.94D                                                                                             (2-15) 

Where, l is the loop length in mm; c, the course density in courses/mm; w, the wale 

density in wales/mm; and D, the apparent diameter of the yarn in mm.  

Munden (1959) suggested that the knitted loop length would take a natural shape 

when released from mechanical strains, and is independent of the yarn properties. 

The ‗relaxed state‘ could be expressed in simple formula to relate loop length (l) and 
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courses (c) and wales (w) per unit length of plain knitted fabric, c=kc/l, and w=kw/l, kc 

and kw are constants for a given relaxation state. Furthermore, the constancy of single 

stitch cell was indicated by the constancy of the ratio of R=kc/kw and the numbers of 

stitches per unit area (s), s=ks/l
2
, ks is a constant independent of yarn and machine 

variables. 

Knapton et al. (1968) found that neither the dry nor the wet-relaxed state for plain 

knit loop shape were predictable. They suggested some form of fabric agitation to 

allow the loops to find their least strained shape within the fabric, using a tumble-

drying technique to allow drying without felting. This state was defined as ‗fully-

relaxed‘ and is achieved when the fabrics have been thoroughly wetted out for 24 

hours in water at 40°C, briefly hydro-extracted to remove excess water, and tumble-

dried for a period of one hour at 70°C. The constant values (K) that were achieved in 

this state with 95% confidence limits are: kc=5.5±0.2; kw=4.2±0.1; ks=23.1±1.0; 

R=1.03±0.05. 

Postle (1965) proposed the term ‗tightness factor‘ to describe such a formula, and he 

defined it as: 

TF=
√𝑡𝑒𝑥

𝑙
 

Where tex is the yarn linear density and l is the loop length. 

Baird & Foulds (1968) used the above equation in a factorial analysis of two shrink-

resist treatments, and measured the loop length in centimetres with cover factors of 

13.2 to 17.5. 

 

2.5.2 Knit fabric mechanical model  

The tensile behaviour is an important property of fabrics for both apparel end-uses 

and industrial applications; and consequently it‘s one of the principal theoretical 
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problems to be investigated in textile mechanics. Although the mechanical properties 

of woven and knitted fabrics are significantly different, the mechanical behaviour of 

both these structures has many common features. Fundamentally, the mechanics of a 

fabric are determined by the mechanical properties of the constituent fibbers, yam 

structure, fabric structural properties, as well as the manufacturing parameters of 

fabric production. 

On perspectives of fibre, yarn and whole fabric, the fabric mechanics were be studied 

at three different levels of complexity or combinations of these levels (Loginov, et al 

2002): 

Micro-level, modelling each fibre as a complex 3D body which described by 

number of complex differential equations, only the simplest problems of fabric 

deformation can be studied at this level.  

Meso-level, modelling each constituent yam as a one-, two-, or three-dimensional 

continuum with known mechanical properties; considerable computational effort is 

still a challenge at this level, even by using advanced software. 

Marco-level, modelling whole fabric as a membrane-, plate-, or shell-type problem 

with specified initial shape, loading, and boundary conditions, in this case a fabric is 

normally assumed to behave as a 2D continuum. 

A number of attempts have been made by researchers to simulate fabric deformation 

by assuming yam to be a one-dimensional continuum (Hepworth and Leaf, 1976; 

Kawabata et al, I973a, b, c, de Jong, 1976; de Jong and Postle, 1978; Hepworth, 

1980; Konopasek, 1980; Lloyd, 1980, 1988). The yam was normally simulated by 

the elastica curve, with which the cross-section remains unchanged and orthogonal to 

the axis during the linear deformation. 
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A number of researchers (Doyle (1953); Leaf and Glaskin (1955); Postle and 

Munden (1967); de Jong and Postle (1977a, b); Grosberg (1960. 1964)) have made 

attempts to define the configuration of the unit cell of a plain-knitted fabric, i.e. the 

initial geometry of the relaxed loop. The parameters of loop configuration were then 

fitted by using experimentally observed results. 

In attempts to study knitted fabric subjected to an external load, a force-analysis 

approach was preferred by most researchers (Peirce, 1947; Konopasek, 1960; 

Olofsson, 1964; Hepworth and Leaf, 1970; Shanahan and Postle. 1970, 1973; 

Hepworth, 1978, 1980. 1982). By force analysis, the yarn was treated in segments at 

whose ends forces and/or couples may act and finally equilibrium equations of loop 

segments were obtained. Their models' applications were restricted due to reason that 

the researchers have had to make simplifying assumptions, for example, yam was 

idealized as naturally straight, inextensible, and incompressible. 

Kawabata et al. (1970) developed a theoretical method to calculate the biaxial tensile 

properties of plain-knitted fabric. It was assumed that fabric was stretched to such a 

small degree that the yarn had zero tension. The tensile force was calculated from the 

bending region and stretching region. 

Energy-minimization technique was first applied to the problem of plain-knitted 

fabric under low tension by de Jong and Postle (1977a. b, 1978) and Postle et al. 

(1988). The basic equilibrium equations and the boundary conditions for plain-

knitted fabric were derived without assuming any detailed pre-conditions related to 

loop-interlocking. A continuous region of contact between the yams in fabric was 

introduced to simulate yarn-to-yarn compression in the interlacing region. 

Wu et al. (1994) proposed a model of fabric deformation that is based on the 

geometrical structure of plain-knitted fabric. Knitted fabric was considered as a set of 



Chapter 2 

 

45 
 

the hexagonal elements (Figure 2.7). To define the equilibrium position of the system 

of unit cells, the forces acting at each vertex of the unit cell were balanced. To fit the 

theory to the experimental data, the mechanical properties of the unit cell were 

defined from the same experiment by means of the least-squares method. To 

minimize the difference between the experimental and the theoretical load-extension 

curves, the model was further improved by introducing the ―slippage effect‖ at the 

crossover regions (contact zones). The load-extension curves obtained with the 

improved model show good agreement with the theory at a small load for uniaxial 

extension. 

 

Figure 2. 7 Hexagonal unit cells for single jersey structure (Wu et al, 1994) 

 

More recent, K.F. Choi and T.Y. Lo [2003], assuming the yarn as an elastica and the 

knitted fabric as a conservation system, proposed a new biaxial tensile model of plain 

knitted fabric by the principle of minimum potential energy. 

 

2.5.3 Stretch and recovery of knitting fabric 

Benefitting from inherent elasticity, knit fabric has wide applications where the 

stretch potential is desired, for example, underwear, sportswear and compression 

stocking for medical therapy. Elasticity of knit fabric, namely stretch and recovery is 

derived from many aspects and methods. It may be dependent upon the elongation 
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and constriction (shrinkage) characteristics of the basic component of constitutive 

yarn, that is, molecular chain geometry, as in the case of elastomeric fibres; it may be 

developed by yarn crimping via physical means, as in the false-twist method of yarn 

texturing, or chemical means, as in the bi-components(usually polyester and nylon) 

spinning; it may also follow from specific fabric structures, such as, 1x1 rib stitch; or 

from the modification of fabric structures through finishing treatments such as 

mercerizing. 

In literatures, M.J. Denton (1972, 1973) qualitatively analyzed the mechanism of 

fabric stretch by means of crimps in the yarn, fibre and even molecule levels, and 

pointed out that the stretch potential of knitted fabric depends on its stitch structure. 

Peter Popper (1966) established the relationship between stresses and strains by a 

series of equations, which were derived from the geometric continuity and 

equilibrium requirements for the single jersey fabric subjected to biaxial stresses. He 

suggested that the ‗structural‘ behaviour was superimposed on the material properties 

of the yarn when an actual knitted fabric was stressed, namely, the structural effect 

predominated. Similarly, S.de Jong and R. Postle (1977) stated that the major 

mechanism that governs the ability of a fabric to extend is the freedom of yarn 

movement within the structure. Recently, Tomoko Yamada and Masaru Matsuo 

(2009) studied experimentally, by comparing the tensile property of two different 

knit samples (with and without elastic fibre), the effect of polyurethane filament on 

mechanical properties of plain stitch fabrics. They found that the resultant crimps in 

yarn form were critical to the extension behaviours of knitted fabrics. 

Poisson's ratio is the ratio of the contraction or transverse strain normal to the applied 

load to the extension or axial strain in the direction of the applied load. Until now, 
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there is no standard testing method of fabric Poisson‘s ratio and it is hard to get 

accurate Poisson‘s ratio measures due to lack of reliable experimental techniques. 

The most often used experimental method for measuring deformations and 

displacements without contact with the specimen is digital image correlation. Hursa 

et al [2009] presented a method to determinate the pseudo Poisson‘s ratio of woven 

fabric according to the displacement in the x and y axis directions during the whole 

uniaxial tensile test. The results of the investigation show that the values of the 

pseudo Poisson‘s ratio are agreed with results found in the literature. 

Huiyu Sun and Ning Pan [2005] developed a mechanical model for a woven fabric 

made of extensible yarns to calculate the fabric Poisson‘s ratios. The Poisson‘s effect 

in a woven fabric arises from the interaction between the warp and weft yarns, and 

can be expressed in terms of the structural and mechanical parameters of the system. 

 

2.5.4 Summary 

Geometrical and mechanical models which focused on simple knitting structure have 

been successfully applied in some engineering issues. However, these models 

become inapplicable for elastic knitting fabric due to the loop configuration change 

by addition of elastic yarn. Therefore, it is essential to understand the loop 

configuration and deformation mechanism of fabric knitted with elastic fibre for the 

purpose of identifying its physical and mechanical properties.  

The significance of the effects of Poisson‘s ratios on knitted fabric stretch and other 

behaviours has been well recognized, but there were few discussions in literatures. It 

was mostly adopted by assumptions or cited from other articles. Therefore, it is 

necessary to develop an efficient and effective way to measure the knit fabric 
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Poisson ratio for its application in practical garment pattern design (especially tight-

fit sportswear). 

To reach the full potential of stretch and to provide the consumer with the maximum 

functional advantages of stretch, it will be necessary to design fabrics for specific 

end uses by utilizing optimum techniques of producing stretch fabric.  

 

2.6 Seamless knitting technique in performance apparel 

Apparel with a seamless appearance is getting popularity. The benefits, slimmer 

profile and form-fitting combined with greater comfort, are finding favour in 

different sectors of apparel market, including performance sportswear.  

Seamless apparel is produced using two different approaches: seamless knitting and 

welding. Seamless knitting involves the production of a whole garment in one piece 

on a knitting machine such that little or no sewing-up is required. Welding involves 

the fusing together layers of fabric by applying heat and pressure, using technologies 

such as ultrasonic heating or high frequency radiation. While the two technologies of 

seamless knitting and welding are quite different, they can nonetheless be used 

complementarily. Garments made on seamless knitting machines can be finished 

using welding to produce an item with no stitching or needle holes. 

 

 2.6.1 History and development  

Seamless knitting is used to produce outerwear, underwear, lingerie, and sportswear. 

A complete garment can be produced on three types of knitting machine: 

  ● Seamless flat V-bed knitting machines; 

  ● Seamless circular knitting machines; and 

  ● Seamless warp knitting machine. 
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The forerunner of the seamless knitting machine was launched in the 1970s based on 

the invention of presser foot technology in V-bed knitting field. At first the 

technology was used to produce novel stitches and knitted motifs. By 1980s it was 

capable of producing prototype whole garments. The first commercial whole garment 

V-bed knitting machine was launched in 1995 by the Japanese company Shima Seiki, 

applying revolutionary development of four-needle bed technique.  Also in 1990s, 

with the development of individual needle selection, seamless circular knitting and 

seamless warp knitting became reality by the Italy-based Company Santoni and 

Germany-based Company Karl Mayer respectively. 

 

2.6.2 Benefits of seamless knitting  

Seamless knitting technology has changed the sportswear design and manufacture 

significantly during the first decade of the 21st century. It has a great potential in 

sports-related products owing to their advantages, which include 

 ● Elimination of side seams; 

 ● Unlimited designs of different knitting structures to create 3D forms (D. Morris, 

2003); 

  ● Light and soft touch, and 

  ● Smooth, streamlined and sleek body image (Cajah 2011). 

By eliminating sewn seams, seamless garment offers fit and comfort superior to 

knitwear with bulky stitching at the shoulders, sides, and underarms. Also, seamless 

construction has the structural integrity of a single piece of fabric allowing stress to 

be distributed evenly throughout the garment. Seamless knit wear captures all aspects 

of style spectrum while providing versatility, creativity and exceptional comfort. 
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2.6.3 Realization of seamless knitting garment 

Seamless knitting can be realized by three types of knitting technologies, namely, 

warp knitting, V-bed flat knitting and body size circular knitting. 

Double needle bar warp knitting machine 

Double needle bar warp knitting machine is capable of fulfilling the seamless 

concept. Basic idea, as shown in Figure 2.8, is that front needle bar and back needle 

bar knit the front and back panels of a garment respectively; the middle jacquard bar 

connects them according to the designed pattern to form the seamless garment 

(Figure 2.9). As an example, RDPJ 6/2 developed by Karl Mayer is specially 

designed for the production of jacquard seamless articles. The built-in piezo-jacquard 

system is capable of joining the sectional fabric structure smoothly and seamlessly. 

Application of this technology can produce cylindrical products in wide size range 

completely, without the need for subsequent sewing. 

 

 

Figure 2. 8 Guider-bar divisions for seamless warp knitting (Karl Mayer, 2010) 
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Figure 2. 9 Concept and final product of seamless short (Karl Mayer, 2010) 

 

V-bed flat knitting machine 

The principle is relatively simple, which separate tubes are knitted simultaneously 

for the body and sleeves of a garment. These tubes are allocated appropriately on the 

needle bed as shown in Figure 2.10. The spaces in between each tube are precisely 

numbered in needles according to their own size and fashioning steps or frequencies. 

At the start the elements sleeve/body/sleeve are knit next to each other. A separate 

yarn carrier is required for each element. With the knitting of body and sleeves 

progresses, these needles are adopted in the sleeves and/or the body sections to form 

their connection by the underarm widening or narrowing and sometimes binding-off 

techniques. 

Normally after this joint point of different tubes, the knitting reigns are merged into 

one and knitting is continued with only one yarn carrier (Figure. 2.11). 

 

Figure 2. 10 Sleeve/body/sleeve knitted at start (Stoll, 2008) 
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Figure 2. 11 Body and sleeve elements joined together (Stoll, 2008) 

The whole of the sleeve sections are moved and overlapped with body progressively 

to form a raglan or a wide range of different sleeve heads of the set-in types on each 

side of the body. Regarding the types of neck, if a V-neck is present in the fabric 

piece, a corresponding C-knitting sequence with a yarn carrier is usually used. 

 

Seamless knitting on body size circular machine 

Body size circular machine knit a single tube with various structures. In most cases, 

garments are formed by joining several tubes together. Thus some cutting and linking 

processes especially for arm and neck are still required after knitting. However, the 

side seams are eliminated for the final product. Figure 2.12 illustrates the making up 

processes of a sweater. 

 

Figure 2. 12 Seamless garment by body size circular knitting (Santoni, 2005) 
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For a sweater, two tubes are needed. Two single tubes are knitted separately for the 

body and sleeves as part 1 and part 2 shown in Figure 2.12. Some special marks 

would be left at the neck and armhole area on the tubes in form of knitting stitches 

for aiding the cutting process. After cutting, three tubes would be joined together at 

the armhole area with the shoulder and inner sleeve seams enclosed by special 

linking machine as shown at part 3. 

Colorful jacquard pattern or special stitches can be formed by the circular machine. 

The complexness of the pattern depends on the needle selection ability of the 

machine. Some of the machines such as the Santoni SM4 TL2 are programmed with 

tube shaping ability. This even makes the elimination of cutting process becomes 

possible. 

Garment from circular machines cannot be considered as seamless in a strict sense. 

The diameter of the tube is limited by the size of the knitting machine itself. 

 

2.6.4 Characteristics of seamless circular knitting 

 In this section, characteristics of seamless circular knitting including individual 

needle selection, plating knitting technique, multi-density control and electronic yarn 

tension control are reviewed, laying the foundation for creating knit structures with 

different physical and mechanical properties. 

                     

Electronic needle selection mechanism 

Electronic needle selection is the prerequisite to integrate different knitting structures 

onto one piece of garment, especially allocate them in the same course. Typical 

three-way technique is fulfilled by combining two selection points with appreciate 

mechanical cam designs. With the jacquard system, each pattern jack can be 
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individually selected on each knitting system. Selection is carried out by selector 

levers controlled by the controller. The needles are guided into the missing, tucking, 

clearing (knitting) positions by pattern jacks and needle jacks depending on the 

selector lever settings. 

The controller converts pattern information into electrical signals and sends them to 

the jacquard system. The jacquard systems are fitted with piezo-electric elements, the 

shape of which is slightly altered by electrical voltage (Fig 2.13a).This voltage varies 

according to the pattern information. The piezo-electric elements change shape and 

guide the selector levers upwards or downwards. 

 

     

          a. Lateral view              b.    Front view            c. Top view of sector lever 

Figure 2. 13 Jacquard system (Santoni, 2005) 

 

As shown in the front view of Figure 2.13b, the selector levers are active in the upper 

position. The needle-jack butts are pushed out of the cam track by the pattern jacks - 

the needles remain in missing position (selector-lever row 1) or tuck position 

(selector lever row 2). In the lower position, the selector levers are passive. With the 

needle jack butts in the cam track, the needles are guided into the clearing position. 

Three-way needle section is fulfilled by cooperation of two rows of selector levers as 

shown in Figure 2.13c, left side row for missing control and right side one for 

tucking control. 
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Plating knitting technique 

To obtain different physical properties on fabric two sides, for example, one-way 

moisture transfer function by applying hydrophilic and hydrophobic yarn on fabric 

two sides, plating knitting is one of effective ways. Plating means the simultaneous 

formation of one loop from two or more yarns, so that one yarn will lie on the face of 

the fabric while the other yarn is fed to the needles in such a way that it forms the 

back or reverse of the final fabric as shown in Figure 2.14. In the case of single 

jersey circular knitting machines, the bare spandex must always be fed in via a 

plating thread guider to ensure a precise feeding angle. Whereas, on seamless 

knitting machine (Santoni SM8-top2s), each yarn is fed into needle by separate yarn 

carrier, this not only ensures the plating effect but also meets the requirement of 

stitch structure.  

 

Figure 2. 14 Elastane plated single jersey knitted fabric 

 

With precise yarn tension and feeding angle control, triple-yarn plating fabric could 

be fabricated in such a way that ground yarn stands on technique face, plating yarn 

keeps on back and spandex is wedged in middle. 

 

Multi-density control technique 

Traditional mechanical knitting machine produces knitted fabric with fixed loop 

length (fabric density). Multi-density knitting technique offers the possibility of 

changing loop length for desired stitches even in same knitting course. With the 
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advent of the computer age, the advantages of digital knitting data became apparent. 

Moreover, because of the inherent problems of inconsistent loop formation 

associated with analogue knitting process, digital knitting was an obvious necessity 

for the precision required in loop length controlling or garment shaping. Santoni 

successfully applied the Digital Stitch Control (DSC) to circular knitting machine. 

With DSC, it is possible to control loop length digitally, which is programmed with 

the desired loop length for specific area of garment by relevant software.  

 

 

Figure 2. 15 DSC devices on each feeder (Santoni, 2005) 

 

As shown in Figure 2.15, there is one step motor (M) associated to each stitch cam 

(S). These motors work independently one from the other and they are used to vary 

the position of the relevant stitch cam. The motors feature a stroke of 80 steps for 

both loose and tight knitted fabric, always starting from the position of the zero of 

the stitch that is set and memorized on the machine. 

 

Electronic yarn tension control 

For fine yarn, especially the elastic yarn, it is very important to keep its tension 

constant during jacquard knitting process, which can‘t be achieved by conventional 

yarn feeding devices. Therefore, electronic yarn tension control (Figure 2.16) was 

applied for seamless knitting. 
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The BTSR KTF/100HP control devices offer the possibility to control and adjust 

with extreme accuracy the yarn feeding tension, which is the main requirement to 

reach the quality. It is in fact high precision measurement and control instruments 

providing a real time display of the exact yarn tension and guaranteeing, through an 

accurate adjustment, a constant yarn tension in every working condition. This occurs 

independently of the speed at which the knitting machine is running (either high or 

low speed) and the tension is kept constant even when the yarn package tension is 

subject to change due to environment conditions such as humidity, temperature, etc., 

or when the yarn packages are gradually emptying during the normal working 

process. 

 

Figure 2. 16 KTF constant tension feeder (BTSR, 2008) 

 

Welt knitting 

Different to normal circular knitting, welt knitting is able to fold up pervious knitted 

course with current knitting course, for example, forming a hem for garment.  It is 

fundamental to seamless knitting technique and usually fulfilled with the help of dial 

jack, which first picks up elastic yarn, then holds it for some courses and finally 

transfers it back to knitting needles. 
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2.6.5 Summary 

Seamless knitting technique should be understood in three levels by final products: 

   Level 1: Complete garment; 

   Level 2: Garment without side seams; and 

   Level 3: Seamless connection of different fabric structures in one garment. 

Though warp knitting, flat knitting and circular knitting are all suitable for seamless 

knitting, applications of these knitting techniques are quite different due to the 

limitation of machine gauge, shaping ability and materials used. The biggest sector 

of seamless warp knitting which applies usually filament yarn is the lingerie market. 

V-bed flat knitting in coarse gauge focuses on sweater market. Body size circular 

knitting in fine gauge is most suitable to produce underwear and sportswear. 

Advanced techniques of circular knitting, including 3-way electronic needle selection, 

digital stitch control (DSC), digital yarn tension control and multi-yarn auto change 

offer the opportunity to integrate various fabric structures, fabric densities, colours 

and yarns  in one garment seamlessly. 

SANTONI SM8-TOP2S seamless knitting machine was used for this research work. 

 

2.7 Functional sportswear design and fabrication 

The performance sportswear has become a truly engineered product designed to fulfil 

the consumer's requirements of light weight, softness, and injury preventive, 

thermoregulatory, elastic, anti-microbial, durable, aesthetic, etc. Well-respected 

branded sportswear and sports footwear with a global market include Nike, Adidas, 

Puma, Reebok, Umbro, Arena, etc, where each brand name is associated with special 

functional design, performance quality and the type of targeted sport or game.  
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2.7.1 Design concepts of sportswear 

According to the requirements of customers, Lamb (1992) established a model of 

‗Functional-Expressive-Aesthetic‘ (FEA) to distinguish the functional apparel design 

and fashion design. This model incorporates functional, expressive, and aesthetic 

(FEA) considerations for consumer needs and design requires, as shown in Fig. 2.17. 

The functional aspect included the requirements of fit, mobility, comfort, protection 

and donning/doffing. The expressive aspect included the values, roles, status and 

self-esteem. The aesthetic aspect included the art elements, design principles and 

body/garment relationship. 

 

 

Figure 2. 17 Lamb‘s consumer-based FEA model (Lamb, 1992) 

 

McCann (2005) identified the functions of sportswear and developed an information 

tree to guide the design process for performance sportswear designers, as shown in 

Figure 2.18. ‗Demands of the body‘ and ‗Demands of the sports‘ are two major paths 

which guided sportswear designer. The demands of the body include of protection, 

anthropometry, ergonomics of movement, thermo-physiological regulation, and 

physiological consideration. Detailed descriptions of these demands have been 

present, including protection demand related to issues of environment conditions, 
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health senses, thermal physiological regulation related to heat dissipation, heat 

retention, work load and ambient conditions. The demands of the sport include 

duration of activity, safety/survival and range of likely sporting condition. 

 

 

Figure 2. 18 Information tree for functional sportswear design (McCann, 2005) 

 

2.7.2 Pattern profile development for stretch garment 

Stretch fabrics are increasingly being used across the whole clothing applications 

fashion sportswear, medical intimate body wears and technical garments. Stretch 

garments are constructed by using a pattern that has a negative ease value. The 

pattern is cut to body dimensions than the actual body. It is the inherent fabric stretch 

which ultimately determines the final garment‘s size designation.  
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Conventional pattern profiles for stretch fabrics have been developed by modifying 

block pattern profiles for woven fabrics that have the ease allowance and darts 

removed [Haggar, 2004]. The difficulties of this approach are determining the 

amount and placement of the ease allowance to be removed which is conventionally 

very subjective. 

Another approach to producing a stretch pattern is to model the stretch fabric directly 

onto a dress stand (Cloake, 1996], but this method is also subjective as it is difficult 

to determine how much hand stretch force should being applied to achieve the 

desired pattern design. 

Shoben, M (2008) even believed that pattern cutting was an art not a science, and 

that dealing with stretch fabric was a minefield because the almost unlimited 

variations in their composition made the matter of pattern size difficult. 

 

2.7.3 Summary 

The design and manufacture process of sportswear is different from the process of 

fashion design due to the requirements on desired functions for sportswear. The 

model of ‗Functional-Expressive-Aesthetic‘ (FEA) developed the criteria for 

functional design of garments according to the requirements of customers. The 

information tree proposed by McCann identified the functions in sportswear design 

process including two major paths of ‗demands of the body‘ and ‗demands of the 

sports‘. These design concepts laid substantial fundament in sportswear design for 

specific requirements, but did not involve the aspects of fabric construction and 

garment realization.  

Highly subjective approaches of pattern profile development for stretch garment do 

not maximise the stretch fabric‘s potential to provide a good fit quality. It is 
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imperative that the designer uses a mathematical method for quantifying the degree 

of fabric stretch to be applied in the pattern reduction process. Explicating and filling 

this gap will improve communication between industry, science, technology, and 

practitioners to further develop new digital technologies in compressive stretch 

garment design and manufacture.  

 

2.8 Summary and research gaps 

Through the literature review, it is found that textile material, fabric structure and 

sportswear design and fabrication play an important role on athlete‘s comfort and 

performance. To achieve thermal physiological and biomechanical function 

requirements of sportswear, a number of research projects have been conducted on 

heat and moisture transportation through textile fabric, mechanical properties of 

textile material and sportswear design and fabrication. However, there are still 

research areas exist in the field of enhancing biofunctional performance of 

sportswear. The remaining issues are summarized as follows: 

1) Very few attempts have been conducted to investigate the variation of 

thermal/moisture performances of elastic knitted fabrics under stretch which is 

the real state of sportswear in wearing.  

2) Currently developed commercial moisture management fabrics mainly 

depended on the moisture gradient and capillary effect obtained by finishing 

treatment or layering hydrophobic and hydrophilic textile materials.  However, 

by these mechanisms, moisture is transferred in a passive manner. Fabric which 

can actively manage liquid moisture and meantime match the nature of sport 

activity does not exist. 
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3) Elastic knitted fabrics is broadly applied in sportswear; however its specific 

deformation mechanism and characteristics have not been adequately studied in 

literatures.  

4) Most researches on fabric tensile deformation focused on the relationship of 

stress and strain in quasi-static state. However, sportswear, especially the tight-

fit, suffers cyclic load in wearing. It is more meaningful to investigate the 

dynamic elastic behaviours of fabric for improving freedom of body movement, 

garment pressure comfort, body shape retention and muscle control during sport 

activity. 

5) Finally, advanced seamless knitting technology provides the technical means of 

3D functional design and development of tight-fit garments. However, there is 

no systematic engineering methodology for sportswear design and fabrication 

by integrating appropriate textile materials, innovative knitted structures and 

body mapping design concept through advanced seamless knitting technology. 

 

To fill existing knowledge gaps and address the key issues involved, the principal 

objectives of the study have been formulated and presented in Chapter 1. Research 

works for achieving the objectives are reported in following chapters. 
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CHAPTER 3 THERMAL AND MOISTURE PROPERITES OF 

ELASTIC KNITTED FABRIC 

 

3.1. Introduction  

One important feature of biofunctional sportswear, thermal physiological 

function, is to create a stable microclimate next to the skin in order to support 

body‘s thermoregulatory system. Besides the garment style design concerning 

the ventilation effect, this feature is highly depended on the fabric 

thermal/moisture performance.  

In recent years, researches have been carried out on the relationship between 

the thermal/moisture properties of knitted fabrics and the sportswear functional 

performance in term of fiber or yarn type, fabric structure, knitting technical 

parameter and finishing treatment. But very few attempts have been conducted 

to investigate heat and moisture transportation behaviours of elastic fabric 

accompanied with different structures, especially under stretch and recovery 

which is the real state of sportswear in wearing. With the application of 

advanced seamless knitting technique in sportswear design and fabrication, to 

fill this knowledge gap becomes one important step for sportswear thermal 

physiological function engineering. 

In this chapter, the thermal/moisture performances of elastic knitted fabric were 

investigated experimentally in two aspects. Firstly, four indexes, including air 

resistance, water vapor permeability, thermal insulation and overall moisture 

management capacity (OMMC) were compared between different knitting 

structures. Secondly, the influence of stretch level was investigated.  
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3.2 Experiments 

3.2.1 Experimental fabrics  

Fabric samples were knitted on Santoni seamless knitting machine. Nylon66 

(70D/68f) was used as plating yarn and Nylon/Lycra cover yarn (20D/20D) as 

ground yarn. Four fabric structures, plain, mock rib, big mesh and small mesh 

were applied (Fabric samples are attached in Appendix I by photos). 

To eliminate the influences of other technical factors, knitting and finishing 

engineering parameters were kept constant as follows:   

   Input tension of elastic yarn: 2.5gram 

   Ground yarn tension: 3.0gram 

   Fabric density: 90 degree set by Pulsar software. 

   Machine speed: 45RPM 

  Fabric finishing: washed at 85

C with 1% nonionic detergent DIADAVIN for 

30 minutes, and then tumbler dry at 85

C to 90


C for 30 minutes.   

Fabric characteristics are summarized in Table 3.1. It shows that elastic knitted 

fabric with mock rib structure has the maximum thickness and weight. The 

plain structure has the minimum thickness, and the small mesh structure has the 

minimum weight.  

Fabric samples were cut with desired sizes for experiments and conditioned for 

24 hours before experiment according to standard of 22±1C° temperature and 

65±2% relative humidity. 
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Table 3. 1 Notation of stitches and fabric characteristics  

 
Mock Rib 

(2x2 cross miss) 
Plain 

Big Mesh 

(2x2 float plating) 

Small Mesh 

(1x2float plating) 

Color 

Notation 

    

Loop 

Notation 

    

Fiber content 97% Nylon66 + 3% Lycra 

Weight(g/m
2
) 236.62 212.68 203.86 198.36 

Thickness(mm

) 
1.22 0.71 0.94 0.77 

 

3.2.2 Testing methods 

Fabric thermal/moisture performance indexes, including air resistance 

(kPa.s/m), water vapor permeability (g/m
2
/24h), thermal insulation (clo) and 

overall moisture management capacity (OMMC) were measured for each fabric 

according to relevant testing standards. For each fabric, testing was carried out, 

by five times repeats, under stretch levels of 0%, 20%, 40% and 60% 

respectively. Totally, 80 (4×4×5) measurements were obtained for each fabric. 

Air resistance (KPa.s/m) (AR) 

Air resistance was measured using the air-permeability tester (KES-F8-AP1, 

Kato Tech. Co.). It measures air pressure loss and calculates air resistance in 
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unit kPa. s/m when air flows through the transverse section of fabrics. The 

apparatus is shown by Figure 3.1. 

The sample was cut into square shape of 10 × 10 cm
2
. During the testing, the 

constant rate of air flow (0.04 m/s) was generated by the piston motion/cylinder 

mechanism and passed through a specimen into atmosphere. The suction and 

discharge period of air were 5 seconds respectively and air pressure loss caused 

by air resistance of specimens was measured by a semiconductor differential-

pressure gauge. The measurement was repeated five times for specimen. 

 

Figure 3. 1 Air permeability tester (KES-F8-API) 

 

Water vapor permeability (g/m
2
/24h) (WVP) 

Water vapor permeability was measured according to BS 7209. A test specimen 

was sealed over the open mouth of a test dish which contained water, and the 

assembly was placed in a controlled atmosphere. Following a period to 

establish equilibrium of the water vapor pressure gradient across the sample, 

successive weighing of the assembled dish were made and the rate of water 

vapor permeation through the specimen was determined by equation: 

WVP=24M/AT                                                     (3.1) 

Where M (gram) is the loss in the mass of assembly over the time period, T 
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(hours) is the time between successive weighting of the assembly, A (m
2
) is the 

area of the exposed test fabric (equal to the internal area of the test dish). The 

average is obtained by testing three times for specimen. 

 

Thermal insulation in dry (Clo) (TID) 

The thermal insulation of clothes (fabric) are often measured with the unit 

"Clo", where, 1 Clo = 0.155 m
2
K/W. Zero (0) Clo corresponds to a naked 

person; One (1) Clo corresponds to a person wearing a typical business suit. 

The thermal insulation measurement is carried out by Thermal LAB II, KES-F7 

(Figure 3.2) at 35C° because the skin temperature of human body is between 35 

C° -36 C°. The data taken at this condition corresponds well to the heat keeping 

property of fabric. Clo value is calculated by equation:  

         Clo=
155.0

1

Q

TA 
and Q= W0 –W                                                        (3.2) 

Where, ∆T is the difference of temperature (ambient and BT-Box); A is area of 

BT-plate, 0.1m×0.1m=0.01m
2
; W0 is the heat loss without sample under 

standard condition and W is the heat loss with sample under standard condition. 

The measurement was repeated five times for specimen based on dry contact 

method.  

 

 

Figure 3. 2 Thermal LAB II, KES-F7 
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Overall Moisture Management Capacity (OMMC) 

A certain weight (0.15 g) of a predefined test solution is put into the sweat 

gland and then introduced onto the top surface of the fabric. The solution will 

transfer in three directions after arriving on the fabric top surface, spreading 

outward on the top surface of the fabric, transferring through the fabric from the 

top surface to the bottom surface, and spreading outward on the bottom surface 

of the fabric and then evaporating. Meanwhile, the computer continuously 

records the resistance change between each couple of proximate metal rings 

individually at the top and lower sensors. Therefore the curve which relates 

water content change versus time is obtained. A set of indexes for 

characterizing the fabric moisture management properties are derived base on 

this curve, including (Junyan Hu, 2005): 

 Wetting time WTt (top surface) and WTb (bottom surface) (seconds) 

WTt and WTb are the time periods in which the top and bottom surfaces of the 

fabric just start to be wetted respectively, after the test commences. 

 

 Maximum absorption rates MARt and MARb (%/ second) 

 MARt and MARb are the maximum moisture absorption rates of the fabric top 

and bottom surfaces respectively. 

 

Maximum wetted radii MWRt and MWRb (mm) 

 MWRt and MWRb are defined as the maximum wetted ring radii at the top and 

bottom surfaces respectively. 
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 Spreading speeds SSt and SSb (mm/sec) 

SSt and SSb are the speeds of the moisture spreading on the top and bottom 

fabric surfaces to reach the maximum wetted radius. 

 

 Cumulative one-way transport capacity (OWTC) 

OWTC is the difference in the cumulative moisture content between the two 

surfaces of the fabric in the unit testing time period. 

 

 Overall moisture management capacity (OMMC) 

This is an index to indicate the overall ability of the fabric to manage the 

transport of liquid moisture, which includes three aspects of performance, 

moisture absorption rate of the bottom side, one-way liquid transport ability, 

and moisture drying speed of the bottom side. 

The test was carried according to the procedures specified in AATCC-195. 

Figure 3.3 illustrates the apparatus and its principle. The measurement was 

repeated five times and the average value was calculated. 

 

Figure 3. 3 Sketch and photo of MMT tester 
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3.2.3 Testing results 

Testing results of 4 indexes for 80 specimens are summarized in Table 3.1. 

Table3.2 Summary of testing results (1=mock rib, 2=plain, 3=big mesh, 4=small mesh) 

Samole 

No. 
Structure 

Stretch 

level (%) 

AR(Kpa.s/

m) 

WVP(g/m
2
/

24h) 
TID(clo) OMMC 

1 1 0 0.846 685.093 0.288 0.441 

2 1 0 0.827 732.484 0.304 0.455 

3 1 0 0.904 714.791 0.268 0.320 

4 1 0 0.841 672.328 0.309 0.375 

5 1 0 0.847 594.480 0.286 0.261 

6 1 20 0.147 736.023 0.291 0.275 

7 1 20 0.148 774.947 0.282 0.314 

8 1 20 0.148 693.560 0.275 0.331 

9 1 20 0.151 831.564 0.278 0.335 

10 1 20 0.147 767.870 0.284 0.301 

11 1 40 0.059 718.330 0.228 0.463 

12 1 40 0.041 736.023 0.229 0.489 

13 1 40 0.032 831.564 0.223 0.469 

14 1 40 0.040 859.873 0.195 0.571 

15 1 40 0.037 785.563 0.219 0.470 

16 1 60 0.004 905.874 0.218 0.742 

17 1 60 0.005 820.948 0.202 0.651 

18 1 60 0.004 912.951 0.220 0.768 

19 1 60 0.003 866.950 0.192 0.691 

20 1 60 0.005 810.333 0.210 0.707 

21 2 0 0.817 445.860 0.282 0.312 

22 2 0 0.799 498.938 0.305 0.461 

23 2 0 0.845 467.091 0.295 0.467 

24 2 0 0.886 527.247 0.288 0.510 

25 2 0 0.832 442.321 0.299 0.377 

26 2 20 0.149 519.462 0.300 0.306 

27 2 20 0.143 535.740 0.285 0.283 

28 2 20 0.142 575.372 0.292 0.271 

29 2 20 0.140 421.090 0.297 0.288 

30 2 20 0.144 486.553 0.301 0.345 

31 2 40 0.018 552.017 0.231 0.310 

32 2 40 0.016 525.478 0.225 0.474 

33 2 40 0.025 647.912 0.237 0.305 

34 2 40 0.020 628.096 0.238 0.460 

35 2 40 0.018 471.691 0.229 0.303 

36 2 60 0.002 635.881 0.228 0.694 
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37 2 60 0.003 577.849 0.220 0.695 

38 2 60 0.004 718.330 0.230 0.708 

39 2 60 0.002 515.570 0.227 0.619 

40 2 60 0.001 600.495 0.215 0.709 

41 3 0 0.443 751.238 0.223 0.579 

42 3 0 0.447 639.420 0.221 0.648 

43 3 0 0.441 713.730 0.206 0.586 

44 3 0 0.411 641.543 0.190 0.555 

45 3 0 0.403 697.098 0.208 0.556 

46 3 20 0.108 817.410 0.188 0.508 

47 3 20 0.086 803.255 0.193 0.390 

48 3 20 0.077 803.255 0.190 0.412 

49 3 20 0.089 718.330 0.188 0.377 

50 3 20 0.079 728.946 0.191 0.343 

51 3 40 0.016 704.176 0.173 0.591 

52 3 40 0.017 721.868 0.188 0.767 

53 3 40 0.008 994.338 0.171 0.584 

54 3 40 0.009 902.335 0.166 0.590 

55 3 40 0.011 881.104 0.185 0.542 

56 3 60 0.003 920.028 0.157 0.775 

57 3 60 0.001 948.337 0.152 0.693 

58 3 60 0.002 973.107 0.141 0.681 

59 3 60 0.001 912.951 0.159 0.695 

60 3 60 0.001 930.644 0.149 0.719 

61 4 0 0.483 598.018 0.267 0.330 

62 4 0 0.422 566.171 0.263 0.358 

63 4 0 0.446 559.094 0.274 0.347 

64 4 0 0.451 590.941 0.263 0.386 

65 4 0 0.469 576.787 0.274 0.373 

66 4 20 0.119 686.483 0.272 0.265 

67 4 20 0.108 566.171 0.276 0.358 

68 4 20 0.103 675.867 0.279 0.468 

69 4 20 0.109 636.943 0.279 0.385 

70 4 20 0.110 548.478 0.278 0.348 

71 4 40 0.008 725.407 0.228 0.627 

72 4 40 0.012 668.790 0.228 0.571 

73 4 40 0.014 644.020 0.225 0.657 

74 4 40 0.012 651.097 0.225 0.462 

75 4 40 0.010 601.557 0.229 0.661 

76 4 60 0.002 941.260 0.222 0.677 

77 4 60 0.002 1022.647 0.221 0.701 

78 4 60 0.003 912.951 0.213 0.678 

79 4 60 0.002 941.260 0.212 0.763 

80 4 60 0.002 863.411 0.219 0.755 
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3.3 Effect of fabric structures 

 To examine the effect of fabric structure on its thermal/moisture performance, 

SPSS 15 software was used for the statistical analysis of the experimental 

results. Levene's Test of Equality of Error Variances was performed first to test 

the equality of variances. Significance value for index of AR, WVP, TID and 

OMMC are 0.901, 0.263, 0.246 and 0.033 respectively, suggesting that the 

assumption of homogeneity of variance is satisfied except the index of OMMC. 

Therefore, multiple comparisons apply LSD (Least Significant Difference) 

method for AR, WVP and TID, while Tamhane method for OMMC. 

3.3.1 Air resistance (AR) 

Table 3.3 shows the results of variance analysis for AR value between four 

fabrics. Sig.-value (0.00) is smaller than 0.05. Null hypothesis is rejected, 

meaning that fabric structure significantly affects the air resistance. 

  

Table3.3 Tests of between-subjects effects (Dependent variable: AR) 

 

 

By accepting alternative hypothesis, it can‘t be sure that all the AR averages of 

four fabrics are significantly different. Therefore, multi comparisons were 

performed and the results are presented in Table 3.4. 

 

Tests of Between-Subjects Effects

Dependent Variable: Fabric air resistance(KPa.s/m)

.814a 3 .271 372.141 .000

8.269 1 8.269 11347.189 .000

.814 3 .271 372.141 .000

.012 16 .001

9.094 20

.825 19

Source
Corrected Model

Intercept

Structure

Error

Total

Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .986 (Adjusted R Squared = .983)a. 
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Table3.4 Post Hoc Multiple Comparisons (AR, LSD method) 

 

 

According table 3.4, two pairs of fabric, mock rib vs. plain (Sig.0.329) and big 

mesh vs. small mesh (Sig.0.159), are not significantly different. Their ranking is 

presented by plotting the averages of AR value to fabric types, as shown in 

Figure 3.4. Mock rib and plain fabric exhibit higher air resistance; big mesh and 

small fabric have lower air resistance. Difference of air resistance value between 

these two groups is significant.  

 

Figure 3. 4 Plot of air resistance value vs. fabric type 
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3.3.2 Water vapor permeability (WVP) 

Table3.5 Tests of between-subjects effects (Dependent variable: WVP) 

 

 

Table 3.5 shows the results of variance analysis for WVP value between four 

fabrics. Sig.-value (0.00) is smaller than 0.05, suggesting that fabric structures 

have significant influence fabric water vapor permeability. But, according to the 

Sig. value (0.740) in Table 3.6, the difference of WVP value between mock rib 

and big mesh is not significant.  

 

Table3.6 Post Hoc Multiple Comparisons (WVP, LSD method) 

 

 

Tests of Between-Subjects Effects

Dependent Variable: Fabric air resistance(KPa.s/m)

.814a 3 .271 372.141 .000

8.269 1 8.269 11347.189 .000

.814 3 .271 372.141 .000

.012 16 .001

9.094 20

.825 19

Source
Corrected Model

Intercept

Structure

Error

Total

Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .986 (Adjusted R Squared = .983)a. 
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Big mesh and mock rib fabric have higher water vapour permeability value, 

followed by small mesh and plain fabric (Figure 3.5). 

 

 

Figure 3. 5 Plot of water vapour permeability value vs. fabric type 

 

3.3.3 Thermal insulation in dry (TID) 

Table 3.7 reveals that fabric structures have significant influence on thermal 

insulation. But, according to the Sig. value (0.712) in Table 3.8, the difference 

between mock rib and plain is not significant. Big mesh has minimum TID 

value (Figure 3.6). 

Table3.7 Tests of between-subjects effects (Dependent variable: TID) 
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Tests of Between-Subjects Effects

Dependent Variable: Fabric thermal insulation dry(clo)

.023a 3 .008 55.182 .000

1.411 1 1.411 10196.124 .000

.023 3 .008 55.182 .000

.002 16 .000

1.437 20

.025 19

Source
Corrected Model

Intercept

Structure

Error

Total

Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .912 (Adjusted R Squared = .895)a. 
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Table3.8 Post Hoc Multiple Comparisons (TID, LSD method) 

 

 

 

Figure 3. 6  Plot of thermal insulation vs. fabric type 

 

3.3.4 Overall moisture management capacity (OMMC) 

Table 3.9 reveals that fabric structures have significant influence on overall 

moisture management capacity. But, according to the Sig. values in Table 3.10, 

Multiple Comparisons

Dependent Variable: Fabric thermal insulation dry(clo)

LSD

-.003 .007 .712 -.019 .013

.081* .007 .000 .066 .097

.023* .007 .007 .007 .039

.003 .007 .712 -.013 .019

.084* .007 .000 .068 .100

.026* .007 .003 .010 .041

-.081* .007 .000 -.097 -.066

-.084* .007 .000 -.100 -.068

-.059* .007 .000 -.074 -.043

-.023* .007 .007 -.039 -.007

-.026* .007 .003 -.041 -.010

.059* .007 .000 .043 .074

(J) Different structure

Plain

Big mesh

Small mesh

Mock Rib

Big mesh

Small mesh

Mock Rib

Plain

Small mesh

Mock Rib

Plain

Big mesh

(I) Different structure

Mock Rib

Plain

Big mesh

Small mesh

Mean

Difference

(I-J) Std. Error Sig. Lower Bound Upper Bound

95% Confidence Interval

Based on observed means.

The mean difference is significant at the .05 level.*. 

Error Bars show 95.0% Cl of Mean

Mock Rib Plain Big mesh Small mesh

Different structure

0.200

0.225

0.250

0.275

0.300

F
a
b

ri
c
 t

h
e
rm

a
l 
in

s
u

la
ti

o
n

 d
ry

(c
lo

)

0.291 0.294

0.210

0.268



Chapter 3 

 

78 
 

and Figure 3.7, big mesh fabric has a maximum OMMC value, which is 

significantly different from other three fabrics in a group. 

 

Table3.9 Tests of between-subjects effects (Dependent variable: OMMC) 

 

 

 

Table3.10 Post Hoc Multiple Comparisons (OMMC, Tamhane method) 

 

 

Tests of Between-Subjects Effects

Dependent Variable: Fabric OMMC

.163a 3 .054 14.526 .000

3.782 1 3.782 1013.810 .000

.163 3 .054 14.526 .000

.060 16 .004

4.004 20

.222 19

Source
Corrected Model

Intercept

Structure

Error

Total

Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .731 (Adjusted R Squared = .681)a. 
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Figure 3. 7  Plot of OMMC vs. fabric type 

 

Summarily, experiment results shows that fabric structures had significant 

influence on thermal/moisture performances, including air resistance, water 

vapour permeability, thermal insulation and overall moisture management 

capacity. Table 3.11 summaries the performance ranking of investigated fabrics. 

In the table, ‗A‘ represents highest value, followed by ‗B‘, ‗C‘ and ‗D‘ in 

descending sequence. 

 

Table3.11 Summary of thermal/moisture performances 

 
Thermal/Moisture performance 

AR WVP TID OMMC 

Fabric 

Type 

Mock Rib A B B C 

Plain B D A B 

Big Mesh D A D A 
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C C C D 
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3.4 Effect of stretch levels 

Regression analysis was performed to examine the variation trend of 

thermal/moisture performances under different stretch levels. 

3.4.1 Air resistance (AR) 

Figure 3.8 shows an exponential relation between air resistance and stretch 

level for all different structures. Air resistance value drops dramatically in the 

stretch range of 0% to 20%, and then decreases gradually. After 40% stretch, it 

almost maintains. It is also noticed that all fabrics have nearly the same air 

resistance value when they are stretched more than 20%. Regression equations 

are summarized in Table 3.12.  

 

Figure 3. 8  AR trend lines under different stretch levels 

 

Table3.12 Regression equations of AR vs. stretch level 
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3.4.2 Water vapor permeability (WVP) 

Figure 3.9 shows a linear relation between water vapour permeability value and 

stretch level for all different structures. WVP increases with the increase of 

stretch level. Regression equations are summarized in Table 3.13.  

 

 

Figure 3. 9  WVP trend lines under different stretch levels 

 

 

Table3.13 Regression equations of WVP vs. stretch level 

Fabric Type Regression equation R
2 

Mock Rib Y=3.397x+662.08 0.944 

Plain Y=2.287x+471.03 0.989 

Big Mesh Y=4.059x+666.38 0.996 

Small Mesh Y=5.549x+532.42 0.786 
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3.4.3 Thermal insulation in dry (TID) 

Figure 3.10 shows a linear relation between thermal insulation value and stretch 

level for all different structures. TID decreases with the increase of stretch level. 

Regression equations are summarized in Table 3.14.  

 

 

Figure 3. 10  TID trend lines under different stretch levels 

 

Table3.14 Regression equations of TID vs. stretch level 

Fabric Type Regression equation R
2 

Mock Rib Y= -0.0016x+0.297 0.897 

Plain Y= -0.0013x+0.293 0.947 

Big Mesh Y= -0.0009x+0.210 0.986 

Small Mesh Y= -0.0009x+0.2886 0.998 
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3.4.4 Overall moisture management capacity (OMMC) 

Figure 3.10 shows a polynomial relation between overall moisture management 

capacity value and stretch level for all different structures. OMMC decreases in 

range of 0% to 20%, and then increases with the increase of stretch level. 

Regression equations are summarized in Table 3.15.  

 

 

Figure 3. 11  OMMC trend lines under different stretch levels 

 

Table3.15 Regression equations of OMMC vs. stretch level 

Fabric Type Regression equation R
2 

Mock Rib Y=0.0002x
2
-0.004x+0.360 0.979 

Plain Y=0.0003x
2
-0.012x+0.427 0.963 

Big Mesh Y=0.0002x
2
-0.0007x+0.56 0.747 

Small Mesh Y=0.0002x
2
-0.0065x+0.32 0.905 
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3.5. Conclusion 

In this chapter, the thermal/moisture performances of four different elastic 

knitted fabrics were measured in terms of air resistance, water vapor 

permeability, thermal insulation and overall moisture management capacity. 

Variance analysis results shows that fabric structures had significant influences. 

Among investigated fabrics, mock rib and plain fabric had higher air resistance 

than the big mesh and small mesh fabric; Plain fabric had highest water vapour 

permeability; big mesh fabric exhibits lowest thermal insulation but the best 

overall moisture management capacity. 

Thermal/moisture indexes were also measured under fabric different stretch 

level. Regression analysis results show that air resistance value dropped 

dramatically in initial stretch range; water vapour permeability increased 

positively; thermal insulation value changed with stretch level negatively; and 

overall moisture management capacity decreased in initial stretch and then 

increased. 
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CHAPTER 4 DEVELOPMENT AND EVALUATION OF 

DYNAMIC WATER PUMPING FABRIC 

4.1. Introduction 

Moisture management of textile fabrics is one of the important ways to achieve 

clothing thermal-physiological comfort. Fiber selection, fabric structure design, 

fabric engineering parameters control and chemical finishing are used to modify the 

performance characteristics of apparel fabrics to enhance fabric moisture 

management effect.  

In this chapter, an innovative moisture management fabric, dynamic moisture 

pumping fabric (DWPF), was designed and fabricated based on the inspiration of 

fabric stretch and recovery which are resulted by body movement during sport 

activities. Effect of DWPF was also evaluated by morphological observation and 

proposed MMT testing method. 

 

4.2 Moisture transfer procedure under perspiration 

Perspiring process of human body during intensive activity or sporting happens 

normally first the insensible perspiration in vapor forms and then the sensible 

perspiration in liquid form. The transportation process of perspiration through 

garment fabric could be illustrated schematically as Figure 4.1 and Figure 4.2 for 

insensible and sensible perspiration respectively. 

Diffusion, condensation, evaporation, wicking and capillary are all interblended in 

the whole process. In case of insensible perspiration, perspiration leaves body skin to 

garment fabric in vapor form by mechanism of diffusion. Then, from inner side of 

garment fabric to outer side, perspiration transfers in two manners. One is diffusion 
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of vapor through fabric pores; another one is capillarity of liquid condensed on fiber 

surface due to temperature variation. Finally, together with the part of vapor, liquid 

perspiration dissipates to ambient in form of vapor by evaporation. In case of 

sensible perspiration, in addition to above process, majority of perspiration leaves 

body skin by mechanism of wicking, followed by capillary, evaporation, and 

diffusion. Therefore, diffusion of moisture vapor through spaces between fibers and 

yarns plays an important role under insensible perspiration; whereas wicking, 

capillary and evaporation of moisture liquid dominate the moisture transport process 

under sensible perspiration. 
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Figure 4. 1 Moisture transfer procedure under insensible perspiration 
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Figure 4. 2 Moisture transfer procedure under sensible perspiration 
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4.3 Concept of novel Dynamic Water Pumping Fabric (DWPF) 

Under hot environment, heavy workload or extensive activities, human body starts to 

perspire, which results body skin and clothing wet. An instinctive action to keep skin 

dry and comfort is to wipe out the sweat by hydroscopic towel, and meanwhile, 

shake the garment fabric to improve the ventilation of microclimate between body 

and clothing. By such an effective and instant way, a concept of dynamic water (in 

liquid or vapour form) pumping fabric (DWPF) was inspired and illustrated as Figure 

4.3. 

The key point of the concept is to realize the position-interchange of yarns of fabric 

two sides during the process of fabric stretch and recovery. 

In original state of the DMPF, two different types of yarn lie on fabric top (Pink 

colour) and bottom (Blue colour) separately and fabric porosity is at a low level 

(compact) due to the shrinkage of elastic yarn (thin lines in Figure 4.3). With the 

increase of external loading (stretch extension), elastic yarn extends, yarns start to 

exchange their relative position and meanwhile fabric porosity increases. Obviously, 

whether their positions are partly or fully exchanged and how much the porosity 

increased is determined by the extent of fabric stretch extension. Once the external 

loading released, contrary processes and effects will be resulted. Consequently, 

owing to the excellent stretch and recovery behaviours of elastic yarn, cyclic external 

loading will result in dynamic variations of yarn position and porosity in fabric.  
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Figure 4. 3 Concept of DWPF 

 

The dynamic moisture transport effect was fulfilled by proper arrangement of 

hydrophilic/hydrophobic yarn and novel fabric structure design and fabrication. 

 As shown in Figure 4.4, at original state, hydrophobic layer (1 in state a) of yarn is 

located at inside (next to skin) and hydrophilic layer of yarn (2 in a) at outside. Form 

state b to c, partial hydrophilic yarn protrudes towards skin, absorbs liquid sweat. At 

state d, the relative position of these two yarns was exchanged. Liquid sweat was 

further absorbed by hydrophilic yarn, and meanwhile, perspiration in vapor form is 

ventilated out by higher fabric porosity. From state d to e, hydrophilic yarn draws 

back to outside, taking sweat out and evaporating in environment at state f. 
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Hydrophobic one is now withdraw and next to skin to keep skin dry. 

  

 

Figure 4. 4 Moisture transport effect by DWPF 

Obviously, the source of fabric stretch and recovery is the body movement, therefore 

application of DMPF focuses on the field of sportswear, which wear next to skin, for 

thermal comfort reasons. 

     

4.4 Water pumping fabric design and fabrication 

4.4.1 Fabric structure design (version A and B) 

To actualize the concept of dynamic exchange of two layers, powerful elastic yarn 

must be plated to ensure adequate stretch and recovery under external force applying 

or releasing. Fabric layers were formed by single jersey tuck stitch which is, in ―V‖ 

shape, opened and free at sinker loop part. During fabric finishing process, this free 

tuck stitch is squeezed towards fabric technical back side by neighboring knitted 
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stitches (powered by the constricting force of elastic yarn) and finally formed the 

inner layer. Therefore, the yarn for the inner layer should be arranged on the feeder 

which is just ahead the successive knitting feeder. Two versions of pumping fabric 

were designed as shown in Figure 4.5. In fabric ―A‖, dash line on each feeder (102 or 

104) indicates plated elastic yarn; solid line on even feeder (101) means the yarn for 

back layer and line 103 for front layer. In fabric ―B‖ similarly, dash line on each 

feeder (202 or 204) indicates plated elastic yarn; but, solid line on odd feeder (203) 

means the yarn for the back layer and line 201 on even feeder for the front layer. 

  

   

Figure 4. 5 Designed knitting structures (A, B) for pumping fabric 



Chapter 4 

 

93 
 

4.4.2 Fabrication of water pumping fabric  

Santoni SM8-Top2S, 8-feeder, 14-inch diameter and 28-gauge seamless knitting 

machine was used to knit the fabric. Fabric version B (Figure 4.6) was knitted with 

three different yarns, namely 30D Spandex yarn on every feeder, 70D/48f Tactel 

filament yarn (white) on even feeder and 75D/72f textured Polypropylene (yellow) 

on odd feeder.  Fabric sample is attached in Appendix I. 

Stitch structure was designed by PHOTON software and then programmed by 

PLUSAR software for machine control. Loop length and yarn input tensions were 

based on trials as follows:  

Input tension of elastic yarn 2.5gram; 

Input tension for 70D/48f Tactel and 75D/72f textured Polypropylene 3.0gram; 

Loop length for 70D/48f Tactel  70 degree; 

Loop length for 75D/72f textured Polypropylene  80 degree; 

Fabric finishing washed at 85

C with nonionic detergent (DIADAVIN EWN-T) for 

30 min. and then tumbler dry at 85

C to 90


C for 30min. 

 

  

Figure 4. 6 Technical front and back side of fabric version B (500 times enlarged) 
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4.5 Evaluation of Water pumping effect. 

Water pumping effect was evaluated by morphological observation and MMT testing 

method. 

4.5.1 Morphology observation of position exchange in fabric layer 

In no stretch form, as shown in Figure 4.6 (right photo), fabric technical back side is 

fully covered by the fine textured polypropylene yarn. On the fabric technical front 

side (left photo), polypropylene yarn is caved and the raised stitches of Tactel yarn 

(the bright one) dominate the surface. Moreover, there are no obvious apertures in 

fabric both sides, which means relative lower porosity. 

 

 

Figure 4. 7 Technical front and back side of version B after 30% extension 

 

Figure 4.7 shows the stretches state (30% extension on course and wale direction) of 

version B. Tactel stitches are raised up on fabric technical back side (right) and caved 

on the front side (left). In contrast, polypropylene yarns are drawn and raised up on 

front side (left), the previous fiber layer is disappeared while the bright Tactle yarn is 

appeared on back side (right). In addition, obvious apertures passing through fabric 

thickness are observed and even distributed, which means relative higher porosity. 
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Figure 4. 8 Technical back side of version A before and after 30% extension 

 

For easier observation of exchange effect of fabric layer, fabric version A was also 

knitted with yarns of different color and type, white staple cotton yarn (32Ne), blue 

textured polypropylene (75D/48f) and 40D spandex fiber, as shown in Figure 4.8. In 

original state (left photo), white color yarn knitted on old feeder (Figure 4-5 A) 

protrudes on fabric technical back side in loop form. Under stretch (right photo), the 

protruded white loop is disappeared; the fabric surface is covered by blue yarn in a 

honeycomb form, which is knitted on even feeder (Figure 4.5 A). Meanwhile, there 

are also obvious holes even distributed on fabric. Mentioned exchange effect is 

reversible in the cycle of fabric stretch and recovery. This is contributed to the 

application of elastic yarn. Fabric layer exchange effect and porosity variation were 

noted and to be further identified by following MMT experiments. 

 

4.5.2 MMT testing protocol 

The test was carried according to the procedures specified in AATCC-195-2009. In 

this chapter, we focused on the wetting time, maximum wetted radii and Spreading 

speeds rather than Overall moisture management capacity (OMMC) in chapter 3. It 

should be noted that fabric technical back side was used as the testing top side, which 
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is intend to be the inside (next to skin) of garment in seamless sportswear design(see 

Chapter 8). 

To control the fabric stretch level accurately and fit the size of measuring head of 

MMT tester, one circular holder was designed as shown in Figure 4.9, consisting of 

an outer frame in 7.5 cm inner diameter and a same size inner plastic conical ring 

(yellow part) covered with a rubber ring (brown part) for fixing fabric properly.  

For purpose of validating the structure recovery, residual water content testing on 

fabric both sides was carried out as normal procedure of MMT test but without 

pumping the water (switch off the water pumper) after releasing the stretched fabric.  

MMT testing by fabric reverse side (no stretch, technical front side as testing top side) 

was also carried out to further confirm the relationship of fabric layers in original 

state, as well as the one-way-transfer property. 

 

 

Figure 4. 9 Stretch holders for elastic fabric 

 

Fabric stretch level was calculated and fixed in following way. First, make a black 

circular mark on un-stretched fabric in diameter, 7.5/ (1+20%) =6.25cm, for example, 

20% stretch desired, then fix the sample in the holder by pressing fix ring into the 
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frame and draw the fabric edge around the circular until the black mark match the 

ring evenly as Figure 4.10. 

 

 

Figure 4. 10 Stretched fabric for MMT test 

 

Fabric version B (Figure 4.6) was used for MMT testing. Its basic characteristics 

were listed in following Table4.1. 

 

Table 4. 1  Basic characteristics of tested fabric 

Weight(g/m
2
) 

291.50 

Thickness(mm) 

0.98 

Density(Wales/5cm) 

92 

Density(Courses/5cm) 

208 

 

4.5.3 Experiment result and discussion 

Typical water content curve 

Figure 4.11 to Figure 4.13 present the typical dynamic process of water distribution 

on fabric two sides at 0%, 10% and 20% stretch respectively. 
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 Figure 4. 11 Curve of water content versus time at original state (0% stretch). 

          

 

 Figure 4. 12 Curve of water content versus time at 10% stretch. 
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Figure 4. 13 Curve of water content versus time at 20% stretch 

 

The green curve indicates water content on testing top side (fabric technical back); 

the blue one indicates water content on testing bottom side (fabric technical front). 

Obviously, the form and trend of two curves in no-stretched state were nearly reverse 

to those in stretched states, presenting distinct water distributions on fabric surfaces. 

 

Water spreading trace 

Table 4.2 summarizes the concept drawings, fabric photos taken during experiment 

and visual presents of water content distribution under different stretch levels, 

expressed by A, B, C D, and E for marking on other Figures (Figure 4.14 to Figure 

4.19). In the row of ―stretch level‖, ―Ret10%‖ means that the fabric was stretched to 

20% and then recovered to 10%; similarly, ―Ret0%‖ means that the fabric was 

stretched to 20% and then released.  
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Table 4. 2  Liquid water distribution on fabric sides under different stretch levels 
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Concept drawings were added to relevant stretch level. Fabric photos in row of 

―wetting state‖ shows the spreading distribution of filled water when testing finished. 

In the visual views of MMT, blue color indicates the water content and distribution; 

the sharper the higher water content and the bigger of blue circle the wider the water 

spreading diameter. The black portion means water content equals zero. 

At stage A and E, water drop stands on fabric top side and there is no water trace on 

the bottom side; this phenomena indicates that there are no any water spreading 

along fabric surface and penetrating along fabric thickness. It should be noted that 

the corresponding visual views of MMT are in form of small but sharp circle. This is 

because of the accumulation of pumped water on top side. When the size of water 

drop was getting bigger enough to reach the inner sensor ring of MMT tester, visual 

view presented sharp blue circle immediately at about 15
th

 to 16
th

 seconds and kept 

as shown by the green curve in Figure 4.11.  

At stage B, C and D, water traces in different radius on fabric both sides indicated 

that there were water spreading and penetrating along fabric surface and thickness. 

This was also described by the green (top side) and blue (bottom side) curves in 

Figure 4.12 and Figure 4.13.  

When a water droplet is placed on a surface, it can completely, partially, or not wet 

the surface depending on whether the surface is hydrophilic or hydrophobic. By 

comparing qualitatively the water traces and water content curves, it was suggested 

that the relative position of fabric layer was exchanged under fabric stretch and 

recovery, because of the distinctive response to water between polypropylene yarn 

and Tactel yarn. Further verification was carried out in next section by comparing the 

wetting time, spreading speed, and maximum wetted radius quantitatively.   
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Wetting time, spreading speed and maximum wetted radius 

Mean of five measurements of wetting time, spreading speed, and maximum wetted 

radius under different stretch level, marked by A, B, C, D and E, was plotted in 

Figure 4.14 to Figure 4.19. 

Due to existing water droplet under 0% or ―Ret 0%‖ stretch, which is sometimes 

referred to as the "Lotus effect" (no wetting and spreading), the maximum wetted 

radius and spreading speed on top side were regarded as zero although the test results 

were 5.0 mm and 0.323mm/sec respectively; similarly, wetting time was set to 120 

seconds (total testing time) rather than 15.312 seconds (Figure 4.10). 

 

Wetting time 

Wetting time of top side and bottom side was presented in Figure 4.14 and Figure 

4.15. 

 

Figure 4. 14 Wetting time top (sec) under different stretch levels 
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Figure 4. 15 Wetting time bottom (sec) under different stretch levels 

 

It was dramatically decreased from stage A (non-wetted) to B (wetted) and increased 

from stage D (wetted) to E (non-wetted), which means that relative position of two 

types of yarn was significantly changed when fabric was stretched or released from 

original to ―10%‖ or from ―Ret 10%‖ to ―Ret 0%‖. In stretch, hydrophilic Tactle 

yarns moved towards top side, whereas hydrophobic polypropylene yarns withdrawn 

towards bottom. Reverse movements happened when fabric was released. Results of 

statistical independent samples t-test show significant change of wetting time from A 

to B (p=0.000) and from D to E (p=0.000), but not significant in-between B, C and D 

(p0.05). Symmetrical patterns with a central of point C indicate that exchange 

movement of two yarns under stretch and release was reversible. 

 

Spreading speed 

Water spreading speed of top side and bottom side was presented in Figure 4.16 and 
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Figure 4.17 respectively. On fabric top side, water maintained its spherical shape due 

to the superhydrophobicity of polypropylene fibers covered on top side; spreading 

speed was zero at stage A and E. It increased with the increase of stretch level and 

reached to peak value of 0.732mm/sec at point C (Figure 4.16). T-test result (p=0.116) 

showed there was a significant difference between point B (0.280mm/sec) and D 

(0.410mm/sec). Assuming water spreading speed is proportional to the ratio of 

hydrophilic fiber, it is presumed that there is a hysteresis of yarn transfer movement 

between stretch and recovery process due to the friction forces in structure. Similar 

trends were found on fabric bottom side (Figure 4.17), but the peak value of water 

spreading speed appeared at point B rather than point C. A-shaped pattern on top and 

M-shaped pattern on bottom implied that the ratio of fibres on each side was changed 

during stretch and recovery. Reversible process was also marked by almost 

symmetry patterns. 

 

 

Figure 4. 16 spreading speed top (mm/sec) under different stretch levels 
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Figure 4. 17 spreading speed bottom (mm/sec) under different stretch levels 

 

Maximum wetted radius 

Maximum wetted radius on top and bottom side was presented in Figure 4.18 and 

Figure 4.19. Similar to the patterns of wetting time and spreading speed, exchange 

movement of yarn and its reversibility were also identified by variations in maximum 

wetted radius. Moreover, similarity of profiles in Figure 4.16 and Figure 4.18, as well 

as in Figure 4.17 and Figure 4.19 indicated the evenness of fiber distribution before 

or after fabric stretch, because maximum wetted radius is the integral of water 

spreading in whole testing period. 

Indexes of MMT test were consistent with the morphological observation, which 

strongly supported the concept of dynamic moisture pumping fabric (DMPF).    
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Figure 4. 18 Maximum wetted radius top (mm) under different stretch levels 

 

 

 

Figure 4. 19 Maximum wetted radius bottom (mm) under different stretch level 
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One-way-transport characteristic of DWPF 

Water pumping effect has been proved by the evidences of morphological 

observations and wetting time, spreading speed and maximum wetted radius of fabric 

under different stretch levels. Ability of keeping fabric inner side relative dry was 

further confirmed by measurements of residual water contents and MMT test on 

fabric reverse side.  

 

Residual water content  

Figure 4.20 compares the residual water contents on fabric two sides, which were 

obtained by MMT testing of fabric releasing from different stretch levels. Low water 

content, in range of 3% to 8%, indicates that the testing top side kept dry. Much 

higher water content, in range of 80% to 95%, means that the bottom was wetted, 

which provides the chance for moisture to be finally evaporated into the ambient 

atmosphere. 

 

 

Figure 4. 20 Residual water content of fabric releasing stretched states 
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Figure 4. 21 Curve of water content versus time tested at reverse side (0% stretch) 

 

MMT testing on reverse side 

Figure 4.21 shows the water content distribution when fabric technical front side was 

set as testing top side. Green line presents that water spread rapidly (0.976mm/sec) 

and reached a maximum radius of 15mm. Blue line, which keeps zero level in whole 

test period, means that water did not penetrated and wetted the other side. Excellent 

one way transport capability could also be indicated by the negative value of -217.37. 

4.6 Conclusion 

In this chapter, a novel concept of dynamic water pumping fabric which was based 

on the cyclic stretch and recovery of garment fabric during wearer‘s body movement 

was proposed and relevant fabric samples have been developed by new designed 

knitting structure for the purpose of enhancing garment wearing comfort. Dynamic 

water pumping effect of DWPF was verified from two aspects, morphological 

observation of fabric structure and moisture management testing. Morphological 

observation of fabric structure revealed that there was an apparent exchange of fabric 
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layer and more importantly this exchange process was reversible under cyclic stretch 

and recovery. MMT test represented the dynamic water pumping effect of DWPF, 

which is different from the static form of existing approaches of moisture 

management, by the variations in wetting time, spreading speed and maximum 

wetted radius. Characteristic of ―one-way-transport‖ was further confirmed by MMT 

test on fabric reverse side and measurements of residual water content on fabric both 

sides.  

A specific fabric holder was designed and applied in MMT test to ensure precise 

stretch control of elastic fabric, consequently expanding the application fields of 

MMT tester.  

Further study was necessary to quantify the relationship between the extent of fabric 

layer exchange and stretch level for the optimization design of dynamic water 

pumping effect. 
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CHAPTER 5 DEFORMATION MECHANISM AND TENSILE 

BEHAVIOURS OF ELASTIC KNITTED FABRIC 

5.1 Introduction 

Thermal physiological function engineering of elastic knitted fabric has been 

reported in previous two chapters. These two coming chapters will focus on 

biomechanical function engineering. 

Sportswear biomechanical function is highly related to the stretch and recovery 

ability of fabric. Introducing elastic filament into knitting structure modifies the 

stitch shape and rearranges it in the fabric, resulting complex yarn configuration 

especially in the cases of combining different stitches together. Consequently, its 

deformation mechanism under tensile force is largely different with that of normal 

plain knitted fabric. However the specific deformation mechanism and tensile 

performances have not been adequately studied in literatures.  

In this chapter, firstly, deformation mechanism of elastic knitted fabric was described 

based on loop configuration and uniaxial tensile curves. Secondly, fabric Poisson 

ratio and elastic modulus were measured by developing new testing method. Finally, 

the influence of fabric structure, material and knitting engineering parameters on 

tensile performances were investigated through factorial experiments. 

 

5.2 Loop configuration and tensile deformation mechanism 

Knitted loops tend to move into a three-dimensional configuration of minimum 

energy as the strains caused during production are dissipated and eventually a knitted 

fabric will reach a ―relaxed state‖ by means of finishing treatments and will exhibit 

no further relaxation shrinkage. Munden (1959) suggested that this state could be 
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expressed in simple formula to relate loop length (l) and courses (c) and wales (w) 

per unit length of plain knitted fabric by c=kc/l, and w=kw/l, kc and kw are constants 

for a given relaxation state. The constancy of single stitch cell was indicated by the 

constancy of the ratio of kc/kw and the numbers of stitches per unit area (s), s=ks/l
2
, ks 

is a constant independent of yarn and machine variables. However, these 

relationships are not applicable for elastic knitted fabrics due to the loop 

configuration change by spandex fibre. 

5.2.1 Loop configuration 

Elastic knitted fabric studied in this research refers the fabric knitted by normal 

ground yarn and plated spandex fibre. Figure 5.1 shows microphotograph of typical 

elastic knitted fabric under relaxed and stretched states respectively. 

 

 

Figure 5. 1  Loop configurations under relaxed (a) and stretched (b) states 

During knitting process, both ground yarn and elastic yarn are exerted a definite 

tension which results elongation of elastic yarn up to 30% to 50 %. After fabric 

relaxation, the stretched elastic yarn constricts neighbouring loops, causing them 

overlapped and jammed with each other. In relaxed state (Figure 5.1a), ground yarn 

keeps curved shape., three successive ground yarn loops are overlapped in wale 
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direction until the needle loop of first course (in blue colour) is contacted with the 

sinker loop of the third course (in red colour). In course direction, adjacent needle 

loops and sinker loops are jammed at their widest points. When fabric is stretched to 

a certain extension (Figure 5.1b) the elastic yarn shows a mirrored ‗Z‘ form; the 

ground yarn loop is separated but still in curved shape in which it would be if the 

elastic yarn was not involved. 

It is apparent that the horizontal and vertical spacing of fabric are decreased by 

adding elastic yarn. Therefore fabric physical properties such as weight and thickness 

will change; more importantly, the tensile deformation mechanism and behaviours 

will change as well. 

 

5.2.2 Tensile deformation mechanism  

In elastic knitted fabric, the loops of ground yarn and elastic yarn reach an 

impermanent mechanical equilibrium by interactions in-between them in form of 

forces or couples; consequently, the loops will be distorted and the fabric will extend 

readily in width or length in case of suffering even very little external disturbance. 

Such loop distortion involves only relocation of ground loop at initial low extensions, 

followed by the change of its shape and yarn transferring between portions of needle 

loop and sinker loop. Extension of ground yarn is not resulted in except at high 

extensions. But, the elastic yarn suffers extension throughout. Therefore, fabric 

exhibits different deformation behaviours in stages. 

Figure 5.2 shows the typical uniaxial load-extension curve in sectional form which 

can be divided into following stages. 
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Figure 5. 2  Typical load-extension curve of elastic knitted fabric 

 

In first stage, fabric exhibits relative lower elastic modulus. The elastic yarn is 

stretched initially. Loops of ground yarn slides, like a piston, from the overlapped 

state (Figure 5.1a) to an uncoupled state (Figure 5.1b), causing a finite friction force 

to withstand the external force. Therefore, fabric tensile behaviour is mainly 

determined by the friction between ground yarns. 

In the second stage, fabric extends linearly with moderate elastic modulus. The 

elastic yarn is stretched. Ground yarn starts straightening, accompanied with yarn 

transferring between portions of needle loop and sinker loop. Therefore, fabric 

tensile behaviour is a superposition of elastic yarn‘s mechanical property and the 

friction between ground yarns. 

In last stage, fabric extends with higher elastic modulus. Straightening and 

transferring of ground yarn is finished. Two yarns are stretched simultaneously. 

Fabric tensile behaviour is mainly dominated by the mechanical property of ground 

yarn. 
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This characteristic enhances the adaptability of elastic knitted fabric in sportswear. 

Low elastic modulus benefits the freedom of body movement; moderate elastic 

modulus offers compression for muscle; and high elastic modulus provides 

protection of joint injury. 

 

5.3 Development of testing method for Poisson ratio and elastic modulus 

When a sample object is stretched to an extension in the direction of the applied load, 

it will respond a contraction in a direction perpendicular to the applied load. This 

phenomenon is called the Poisson effect. The ratio between these two quantities is 

the Poisson's ratio. For knitted fabric, Poisson effect can be observed from its 

structural configuration under external load, as shown in Figure 5.1. Owing to yarn 

segment transfer, the single loop is extensible in a course-wise direction and in a 

wale-wise direction.  However, the degree of extensibility is different when pulled 

vertically or pulled horizontally. The course-wise extension is approximately twice 

that of the wale-wise extension due to the degree of constraint imposed on each loop 

by its intermeshing manner. 

Regardless the extension of the yarn, in extreme condition, the loop pulled vertically 

extends to half its loop length (0.5l) in wale direction and compresses to four times 

of yarn diameter (4d) in course direction, while the loop pulled horizontally extends 

to its whole loop length (l) in course direction and compresses to two times of yarn 

diameter (2d) in wale direction, as shown intuitively in Figure 5.3.  
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Figure 5. 3  Vertical and horizontal extensibility of a single loop 

 

This deformation mechanism demonstrates that knitting fabric has significant 

Poisson effect which is structural and different in course and wale directions. 

Geometrical description and mechanical evaluation of Poisson ratio of knitting fabric 

will be introduced in following sections. 

 

5.3.1 Geometrical description of Poisson effect 

Deformation in single stitch cell 

From the view point of stitch deformation mechanism, as shown in Fig 5.4 under 

vertical tensile load, the total extension in wale direction ΔW includes ΔT-yarn 

transfer from sinker loop to needle loop; ΔE-yarn extension and ΔS-yarn straight due 

to the 3-D state of stitch. That is:  

      ΔW  ΔT +ΔE +ΔS 

With the contraction in course direction:  

      ΔC 2ΔT 

Therefore, according to the definition of Poisson‘s ratio, x can be estimated by: 
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        x= (ΔC/C)/ (ΔW/W) 2ΔT/ (ΔT+ΔE+ΔS) (W/C)                                  (5.1) 

 

 

Figure 5. 4  Stitch deformations under vertical tensile load 

 

And similarly, under horizontal tensile load as shown in Figure 5.5, we have:  

        y= (ΔW/W)/ (ΔC/C) ΔT/2(ΔT+ΔE+ΔS) (C/W)                                 (5.2) 

 

 

Figure 5. 5  Stitch deformations under horizontal tensile load 

Comparing equation (5.1) and (5.2): 

                            x/y 4(W/C)
 2
                                                                     (5.3) 

Where, W is loop width; C is loop height; W/C is a constant which represents the 
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original stitch shape factor.  

Equation (5.3) shows that the Poisson ratio in wale direction is around four times of 

that in course direction and indicates that single jersey stitch deforms more freely in 

course direction than does in wale direction. 

5.3.2 Theoretical background   

Although from the microscopic structural point of view knitted fabrics are highly 

heterogeneous structures, in order to simplify experimental and analytical 

investigations, in the engineering approach their mechanical characterization is 

usually carried out within the theoretical framework of homogenization for periodic 

material and constitutive models are developed upon evaluation of stress and strain at 

macroscopic level. In most case of applications, such as tight fit garment, the fabrics 

are subjected to complex multi-axis loading and consequently their mechanical 

characterization should account for such condition. Therefore, two main assumptions 

are made:  

 (a)  Plane stress condition. Due to the low thickness comparing to the length and 

width of the fabric, stress components along the direction of thickness can be 

neglected. 

 (b)  Orthotropic behaviour. Due to very regular arrangement of stitch course and 

wale along two orthogonal directions, symmetry of mechanical properties consistent 

with symmetry of the geometrical structure exists. 

For orthotropic material in plane stress conditions, the elastic stress–strain 

relationship is described by the following equation: 
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where x, y are the tensile strains in the course and wale direction, respectively, xy is 

the shear strain, x, y are the tensile stresses in the course and wale direction, 

respectively, xy is the shear stress, Ex, Ey are the elastic modulus, x, y are the 

Poisson‘s ratios in the course and wale direction respectively, and Ex, Ey,, x, y are 

assumed to be constants for a certain fabric deformation. For knitted fabrics, x axis is 

taken along the course direction, y axis is taken along the wale direction. 

In case of uniaxial tensile test, when the fabric is stretched along the course direction, 

y = 0, Substituting into above equation: 

                         xu=xuEx                                                                                                                            (5.4) 

And similarly, when the fabric is stretched along the wale direction, x = 0, 

yu=yuEy                                                                                                                             (5.5)  

In case of the strip biaxial tensile test, when the fabric is stretched along the course 

direction and kept in wale direction, y = 0. Substituting into above equation:  

                        xbc=xbcEx/(1-xy)                                                                    (5.6) 

                         ybc=xbcEyx/(1-xy)                                                                  (5.7) 

And similarly, when the fabric is stretched along the wale direction and kept in 

course direction, x = 0, 
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                         ybw= ybw Ey / (1-xy)                                                                (5.8) 

                        xbw= ybw Ex y / (1-xy)                                                             (5.9) 

Where suffix xu, yu denotes uniaxial tensile test along x and y (course and wale) 

direction respectively; bc, bw denote biaxial tensile test along x and y (course and 

wale) direction respectively. 

On the linearity of both uniaxial and biaxial tensile testing for knitted fabric, the parts 

of Ex/(1-xy), Eyx/(1-xy), Ey /(1-xy) and Exy/(1-xy) from above equation (5.6) 

to (5.9) are the slopes of related strain/stress curves and then denoted as: Exx, Exy, Eyy, 

Eyx 

                            Exx=Ex/(1-xy)                                                                    (5.10) 

                           Exy=Eyx/(1-xy)                                                                  (5.11) 

                           Eyy=Ey/(1-xy)                                                                     (5.12) 

                          Eyx=Exy/(1-xy)                                                                   (5.13) 

Combining equation (5.10) and (5.13); (5.11) and (5.12) we have the expressions for 

Poisson ratio: 

                              x=Exy/Eyy                                                                           (5.14) 

                              y=Eyx/Exx                                                                           (5.15) 

Substituting x, y back to Equation (5.10) and (5.12), we have the expressions for 

Young‘s modulus: 

                               Ex=Exx(1-xy)                                                                   (5.16) 

                              Ey=Eyy(1-xy)                                                                    (5.17) 
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Accordingly, fabric‘s elastic modulus and Poisson ratio can be evaluated by the 

stress/strain curves which obtained from biaxial strip tests. 

 

5.3.3  Experimental measurement 

Samples 

Elastic fabrics, knitted with ground yarn (70D/68f Nylon) and elastic yarns (30D/ 

40D Lycra), were used in the experiments. Six samples were prepared by altering the 

elastic yarn (Lycra) thickness and input tension. Table 5.1 presents the fabric 

specifications. H, M and L represent high (3.5 g), middle (2.5 g) and low (1.5 g) 

elastic yarn input tension respectively. 

All fabric samples were conditioned at 65% relative humidity and 20°C for 24 hours 

before measuring to relieve any localized stresses caused by handling during 

preparation. 

 

Table 5. 1  Fabric specifications 

Sample No. 1 2 3 4 5 6 

Elastic yarn 
30D Lycra 40D Lycra 

  

Yarn input tension  L M H H M L 

Courses/10cm 344 372 379 396 372 339 

Wales/10cm 231 239 244 242 236 212 

Weight (g/cm
2
) 218.5 264 275 272 257 254 
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Uniaxial tensile test 

Uniaxial tensile tests were carried out on INSTRON- 4411 tensile test machine (CRE 

type) according to ASTM D4964-96. Sample size was set to 75mm wide and 250mm 

of circumference in loop form. The loading and unloading crosshead speed was 

500mm/min. Results are used to validate the strip biaxial tensile test. 

 

Strip biaxial tensile test 

To perform the strip biaxial test efficiently and accurately, Kawabata KES-G2-SB1 

tester was used but the original graphic X-Y recorder was replaced by our self-

developed data processing system which consists of interface and operating software 

as shown in Figure 5.6. 

 

 

Figure 5. 6  Strip biaxial tester/data processing system 

 

The sample was cut to 140 mm × 165 mm and the effective sample size was 100 mm 

× 100 mm. The Loading speed was set to 1mm/sec and sampling rate was 10/sec. 

Three cycles were carried out for every sample and the strain/stress curve of last 

cycle was used as final test result. 
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5.3.4 Results and discussion 

 

Uniaxial tensile test results 

Table 5.2 shows the results of the elastic modulus of uniaxial tensile test according to 

ASTM D4964-96. 

 

Table 5. 2  Uniaxial test results 

Sample No. Ex(N/m) Ey(N/m) 

1 46.7 38.456 

2 47.222 37.981 

3 48.653 37.864 

4 56.523 54.625 

5 57.565 52.722 

6 62.398 46.102 

 

 

Figure 5. 7  Uniaxial tensile tests along wale direction 
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Figure 5. 8    Uniaxial tensile tests along course direction 

 

Good linear elastic behaviour was found in the samples. Figure 5.7 and 5.8 were the 

uniaxial tensile strain/stress curves of sample (No.5) in wale and course direction 

respectively. The linear regression equations, σxu = 60.352εxu – 0.2794 and σyu = 

53.185εyu + 2.614, were obtained with R
2
 ≥ 0.99, which means the elastic modulus of 

the samples remain constant and the assumption(b) made earlier, regarding the linear 

orthotropic behaviour, was reasonable. 

 

Strip biaxial test results 

The Poisson‘s effect of knitted fabric structure is mainly caused by the yarn transfer 

within a single stitch unit. From the view point of stitch deformation mechanism, 

knitted fabric structure reaches its stable state under the equilibrium of yarn 

interacting force at contact points between stitches. Once exterior tension is applied, 

this equilibrium breaks and results in the moving of contact points. The sinker loop 

tends to transfer into the needle loop under the stretch in wale direction, resulting in 

contraction in the course direction. Alternatively, the needle loop tends to transfer 
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into the sinker loop under the stretch in course direction, resulting in contraction in 

the wale direction. Figures 5.9 and 5.10 present the yarn transfer process in strain/ 

stress form and also indicate that there is a significant Poisson effect during fabric 

tensile deformation. 

 

 

Figure 5. 9  Strip biaxial tensile tests (stretching along course direction) 

 

 

Figure 5. 10  Strip biaxial tensile tests (stretching along wale direction) 
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In Figure 5.9, corresponding to equation (5.6) and (5.7), the linear regression 

equation σxbc = 62.712εxbc+1.5237 (R2 = 0.998) indicates the linear relationship 

between the stress σxbc in the sinker loop and the elongation εxbc in the course 

direction, meanwhile equation σybc = 21.637εxbc + 0.3609 (R
2
 = 0.9765) indicates the 

linear relationship between the stress σybc in needle loop and the virtual elongation 

εxbcνx, which is caused by yarn transfer from needle loop to sinker loop. Similarly, in 

Figure 5.10, corresponding to equation (5.8) and (5.9), the linear regression equation 

σybw = 56.737εybw + 2.2943 (R2 = 0.997) indicates the linear relationship between the 

stress σybw in the needle loop and the elongation εybw in the wale direction, and 

equation σxbw = 7.8313εybw + 01.2408 (R
2
 = 0.816) indicates the linear relationship 

between the stress σxbw in the sinker loop and the virtual elongation εybwνy, which is 

caused by yarn transfer from sinker loop to needle loop. 

 

Table 5. 3  Strip biaxial test results 

Sample 

No. 
Exx(kpa) Exy(kpa) Eyy(kpa) Eyx(kpa) νx νy Ex(kpa) Ey(kpa) 

1 49.91 17.63 46.73 8.01 0.38 0.16 46.88 43.90 

2 51.02 14.86 44.15 4.92 0.34 0.10 49.37 42.71 

3 56.36 16.12 41.61 4.93 0.39 0.09 54.45 40.20 

4 66.56 23.14 54.63 7.50 0.42 0.11 63.38 52.03 

5 62.71 21.64 56.74 7.83 0.38 0.13 59.73 54.04 

6 64.53 25.75 59.50 12.00 0.43 0.19 59.33 54.71 

 

Table 5.3 shows the strip test results. Exx, Exy, Eyy, Eyx was obtained by linear 

regression of the strain/stress curve (R
2 

>0.98 on tensile side; R
2 

>0.8 on constraint 
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side). x, y was calculated by equations (5.14) and (5.15) and Ex, Ey  by equation 

(5.16) and (5.17). The value of x/y ranges from 2.35 to 4.45. It is consistent with 

the geometrical analysis in section 5.2.1. 

In order to validate the strip biaxial tensile test, the correlation coefficient analysis 

was carried out as shown in Figure 5.11. Curve E-U gives the elastic modulus 

obtained by the uniaxial tensile test and curve E-B gives the elastic modulus obtained 

by the biaxial tensile test. Although the absolute values vary to a certain extent which 

could be caused by sample size and test conditions, the correlation coefficient of E-U 

and E-B reaches 0.896, which means the two test methods are compatible. 

 

 

Figure 5. 11  Correlation of elastic modulus obtained by uniaxial and biaxial test 

 

Proposed test method can measure fabric Poisson‘s ratio and elastic modulus 

simultaneously. The tensile deformation behaviours of elastic knitted fabric were 

adequately demonstrated in this method and consistent with geometrical description. 

Experimental results showed that there are significant Poisson effect and a linear 

elastic stage (20% to 70% extension) in the elastic knitted fabric due to its unique 

stitch structure. 
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Based on established testing method, the effects of material, fabric structure and 

knitting parameter on tensile behaviours of elastic knitted fabric are described in 

following sections. 

 

5.4 Effect of material and structure on fabric tensile behaviours 

5.4.1 Experiments 

 

Experimental design 

To investigate the influence of material and fabric structure on fabric tensile 

behaviours, a full factorial experiment, two factors in three levels, was designed with 

totally 27 runs (by 3 replicates). Responses are fabric tensile properties, including 

elastic modulus (Ec, Ew) and Poisson ratio (νc, νw). 

Coolmax (75D/48f), Nylon (70D/68f) and Polypropylene (75D/48f) yarns, as three 

levels, were applied for first factor of material. Plain, two-needles miss and 2x1 mesh 

fabrics, as three levels, were used for second factor of structure. 

 

Yarn and fabric samples 

Fabrics were knitted on Santoni SM8-Top2S seamless knitting machine with 40D 

Lycra as elastic yarn. Table 5.4 presents the yarn specifications and fabric structures. 

Yarn initial modulus and friction coefficients were measured according to testing 

standards ASTM D2256 and ASTM D3412-07 (Yarn to Yarn) respectively. 

To eliminate the influences of other technical factors, knitting and finishing 

engineering parameters were fixed at:  Elastic yarn input tension: 2.5grams; Ground 

yarn tension: 3.0 grams; Fabric density: 90 degrees; Machine speed: 45RPM; Fabric 
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finishing: washed at 85

C, with 1% nonionic detergent DIADAVIN, for 30 minutes, 

and then tumbler dry at 85

C to 90


C for 30Minutes.  

 

Table 5. 4  Yarn specifications and fabric structures 

Fabric 

Structure 

Ground 

yarn 
Material Thickness 

Initial 

Modulus(cN/tex) 

Friction 

coefficient 

Plain 

Miss 

Mesh 

40D Lycra 

Coolmax 75D/48f 258.66 0.29 

Nylon 70D/68f 227.20 0.35 

Polypropylene 75D/48f 194.82 0.44 

 

All fabric samples were cut with desired sizes and conditioned at 65% relative 

humidity and 20°C for 24 hours before measuring to relieve any localized stresses 

caused by handling during preparation. 

 

Testing of fabric tensile properties 

Fabric tensile properties were measured by established testing method as described in 

section 5.3.2.  

 

5.4.2 Results and discussion 

Experiment results of 27 runs are summarized in Table 5.5. Minitab15 software was 

used for experiment design and the statistical analysis of the experimental results. 

The influence of investigated factors could be estimated using P-value of ANOVA 

results. 
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Table 5. 5  Fabric elastic modulus and Poisson ratio by Strip biaxial test 

Runs Structure Material Ec(kpa) Ew(kpa) νw νc  

1 Miss Polypropylene 61.43 67.23 0.275 0.358 

2 Plain Coolmax 72.39 105.98 0.167 0.410 

3 Mesh Coolmax 59.70 58.67 0.252 0.271 

4 Miss Nylon 94.94 67.21 0.125 0.251 

5 Plain Nylon 74.63 61.94 0.207 0.260 

6 Mesh Nylon 38.97 37.12 0.265 0.316 

7 Mesh Polypropylene 38.40 41.54 0.287 0.359 

8 Miss Nylon 76.33 67.82 0.223 0.292 

9 Mesh Polypropylene 40.46 40.98 0.271 0.322 

10 Mesh Nylon 46.83 35.02 0.339 0.267 

11 Miss Polypropylene 58.94 64.02 0.283 0.366 

12 Plain Nylon 66.55 64.37 0.193 0.307 

13 Plain Coolmax 66.19 104.11 0.208 0.463 

14 Plain Polypropylene 47.06 56.34 0.250 0.458 

15 Miss Coolmax 85.84 110.76 0.223 0.387 

16 Miss Coolmax 86.97 116.45 0.185 0.362 

17 Miss Nylon 92.44 70.20 0.138 0.244 

18 Plain Polypropylene 48.34 56.19 0.237 0.434 

19 Plain Polypropylene 44.31 55.97 0.228 0.466 

20 Miss Coolmax 83.70 117.44 0.186 0.376 

21 Mesh Nylon 38.31 35.41 0.290 0.295 

22 Mesh Coolmax 61.46 58.61 0.243 0.262 

23 Plain Nylon 82.96 62.92 0.110 0.258 

24 Mesh Coolmax 62.05 59.17 0.263 0.286 

25 Miss Polypropylene 62.70 53.55 0.337 0.301 

26 Mesh Polypropylene 38.79 42.88 0.236 0.366 

27 Plain Coolmax 68.26 103.61 0.197 0.456 

 

ANOVA results of elastic modulus 

The Table 5.6 shows the results of factorial analysis, examining the effect of 

independent variables on the response of fabric elastic modulus Ec and Ew in course 

and wale directions respectively. All P-values for main effects are smaller than 0.05, 

indicating that main effects of are significant on elastic modulus. Interactions of 

structure vs. material are significant as well. 
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Table 5. 6  Results of ANOVA for Ec and Ew 

 

 

Figure 5.12and Figure 5.13 show the main effects for Ec and Ew. 

 

 

Figure 5. 12 Main effects on Ec (kpa) 
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Figure 5. 13 Main effects on Ew (kpa) 

Regarding the main effect of material, in both fabric directions, Coolmax fabric has 

the highest elastic modulus followed by nylon and Polypropylene fabrics. This trend 

is consistent with the ranking of yarn initial modulus. But the difference of Ec 

between Coolmax and nylon is not so significant, and the difference of Ew between 

nylon and Polypropylene as well. This phenomenon might be explained by the 

inverse ranking of yarn friction coefficient (Table 5.4). 

Similarly, for the main effect of structure, in both fabric directions, miss structure has 

the highest elastic modulus followed by plain; mesh structure has extreme lower 

value. The difference of Ew between plain and miss structure is not so significant. 

Such trends can be explained by their structural characteristics (Figure 5.14). 

 

Figure 5. 14 Schematic illustration of mesh and miss structures 
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Mesh is a net-work structure on base of plain structure. Net part (S) is formed by 

single elastic yarn (E) and plain part (D) is formed by ground yarn (G) together with 

elastic. Under external tensile load in course or wale direction, fabric internal stress 

is mainly suffered by the plain part, because the net part is easily stretched due to its 

low elastic modulus. Moreover, existing of elastic single loop increases the fabric 

constricting rate, resulting in the shift of load-extension curve to right, consequently 

further decreases the fabric modulus in measurement region (refer to Figure 5.2). 

Therefore, the elastic modulus of mesh structure can be controlled by changing the 

portion of net part in pattern design.  

In miss structure as shown in Figure 5.16(b), held loop (H) in wale and float yarn (M) 

in course are in straight form. This loop configuration greatly reduces the ability of 

yarn transfer in both directions, causing the shift of load-extension curve to left and 

significantly increasing the fabric modulus in measurement region. 

 

 

ANOVA results of Poisson ratio 

The Table 5.7 shows the results of factorial analysis, examining the effect of 

independent variables on the response of fabric Poisson ratio νc and νw in course and 

wale directions respectively. All P-values for main effects are smaller than 0.05, 

indicating that main effects of structure and material on Poisson ratio are significant. 

Interactions of structure vs. material are also significant. 
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Table 5. 7  Results of ANOVA for νc and νw 

 

 

Figure 5.15 and Figure 5.16 show the main effects for νc and νw. 

 

 

Figure 5. 15  Main effects on νc 
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Figure 5. 16 Main effects on νw 

Regarding the main effect of material and structure, Nylon fabric has the lowest 

Poisson ratio and Polypropylene fabric takes the highest in both directions. Plain 

structure exhibits highest Poisson ratio in course direction but lowest one in wale 

direction. Oppositely, Mesh structure shows highest Poisson ratio in course direction 

but lowest one in wale direction. Although the mechanism behind is not clear yet and 

further investigation and analysis are needed, these findings are meaningful for fabric 

functional engineering. 

 

5.5 Effect of knitting parameters on fabric tensile behaviours 

5.5.1 Experiment 

Experimental design 

To investigate the influence of knitting parameters on fabric tensile behaviours, a 

factorial experiment was conducted with totally 81 runs (by 3 replicates). Responses 

are fabric tensile properties, including elastic modulus (Ec, Ew) and Poisson ratio (νc, 

νw). 
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There were three factors included in this experiment: Loop length, Lycra tension, and 

Lycra type. As shown in Table 5.8, each factor has three levels which are set 

between the maximum and minimum in practice. 

 

Table 5. 8  Factorial experiment of 3 factors at 3 levels 

Factors Level 1 Level 2 Level 3 

    

Loop Length 2.49mm 2.84mm 3.24mm 

Lycra Tension 1.5g 2.5g 3.5g 

Lycra type 20/20 Cover Lycra 30D Lycra 40D Lycra 

 

Fabric samples 

According to above knitting parameter setting, 81 samples of elastic knitted fabrics 

in plain structure were prepared by Santoni SM8-TOP2s 14‘‘/28G machine. 70D/68f 

Nylon was used as ground yarn. 

 

Testing of fabric tensile properties 

All fabric samples were cut with desired sizes and conditioned at 65% relative 

humidity and 20°C for 24 hours before measuring to relieve any localized stresses 

caused by handling during preparation. 

Fabric tensile properties were measured by established testing method as described in 

section 5.3.2. Experiment results of 81 runs are summarized in Table 5.9. 
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Table 5. 9  Testing results of fabric tensile properties 

Runs 
Loop 

Length 

Lycra 

Tension 

Lycra 

type 
Ec(Kpa) Ew(Kpa) νw  νc W(g/m2) 

1 2 3 1 72.14 72.34 0.049 0.304 203 

2 2 2 1 73.81 77.77 0.048 0.302 205 

3 2 1 1 66 77.67 0.084 0.369 212 

4 3 1 1 47.83 66.46 0.115 0.387 210.5 

5 3 2 1 50.5 67.56 0.091 0.356 214 

6 3 3 1 54 63.93 0.086 0.32 216 

7 1 3 1 103.68 105.93 0.059 0.371 207 

8 1 2 1 104.76 107.04 0.05 0.375 208.5 

9 1 1 1 112.29 104.63 0.161 0.336 212 

10 1 1 2 76.61 61.22 0.035 0.323 218.5 

11 1 2 2 73.73 62.35 0.025 0.274 263.5 

12 1 3 2 73.45 64.6 0.031 0.258 275 

13 2 3 2 60.01 58.39 0 0.296 222 

14 2 2 2 61.89 55.03 0.013 0.273 258 

15 2 1 2 60.73 54.84 0.036 0.286 266 

16 3 1 2 43.92 46.84 0.161 0.377 208 

17 3 2 2 42.72 49.36 0.096 0.337 240.5 

18 3 3 2 41.03 51.6 0.071 0.358 246.5 

19 3 3 3 51.97 63.31 0.113 0.423 254 

20 3 2 3 54.04 59.72 0.125 0.381 256.5 

21 3 1 3 54.71 59.34 0.186 0.433 271.5 

22 2 1 3 71.47 61.75 0.094 0.362 211.5 

23 2 2 3 75.01 64.18 0 0.307 264.5 

24 2 3 3 80.5 66.5 0 0.283 277 

25 1 3 3 92.04 79.69 0.01 0.277 218 

26 1 2 3 92.88 76.6 0 0.307 251 

27 1 1 3 95.65 76.53 0.039 0.374 256.5 

28 2 3 1 72.75 74.2 0.046 0.306 201 

29 2 2 1 70.45 76.81 0.06 0.322 206.5 

30 2 1 1 64.76 78.06 0.068 0.384 214 

31 3 1 1 49.31 67.47 0.096 0.368 209 

32 3 2 1 50.19 65.69 0.09 0.359 213.5 

33 3 3 1 53.73 63.75 0.098 0.322 219 

34 1 3 1 102.9 107.69 0.059 0.373 205 

35 1 2 1 101.16 106.29 0.043 0.382 206 

36 1 1 1 104.05 106.09 0.102 0.385 215 

37 1 1 2 76.46 60.02 0.027 0.294 218 

38 1 2 2 75.08 64.53 0.024 0.284 262 

39 1 3 2 72.27 64.49 0.014 0.291 276.5 

40 2 3 2 59.1 55.77 0 0.265 220 

41 2 2 2 61.24 54.21 0 0.276 255 
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42 2 1 2 63.89 55.67 0.029 0.287 269 

43 3 1 2 44.82 45.92 0.16 0.372 210.5 

44 3 2 2 42.17 50.91 0.095 0.368 240 

45 3 3 2 40.28 53.92 0.089 0.362 249 

46 3 3 3 52.55 62.43 0.122 0.347 252 

47 3 2 3 54.29 57.33 0.131 0.329 254.5 

48 3 1 3 53.57 59.09 0.191 0.459 273 

49 2 1 3 73.82 65.18 0.06 0.354 209.5 

50 2 2 3 74.63 63.83 0 0.281 260 

51 2 3 3 73.73 66.74 0 0.294 274.5 

52 1 3 3 90.31 79.09 0 0.274 218.5 

53 1 2 3 91.35 75.72 0 0.277 254 

54 1 1 3 94.17 76.98 0.049 0.378 255 

55 2 3 1 73.94 74.59 0.066 0.308 205.5 

56 2 2 1 69.41 76.48 0.077 0.338 204 

57 2 1 1 66.65 79.82 0.064 0.384 213 

58 3 1 1 48.57 85.34 0.095 0.367 211.5 

59 3 2 1 51.4 67.5 0.085 0.354 215 

60 3 3 1 54.35 63.67 0.084 0.314 215.5 

61 1 3 1 101.31 107.5 0.049 0.378 209.5 

62 1 2 1 102.93 106.94 0.053 0.368 210.5 

63 1 1 1 104.45 104.73 0.096 0.377 211 

64 1 1 2 75.06 60.08 0.02 0.295 219.5 

65 1 2 2 74.41 62.33 0.028 0.29 264.5 

66 1 3 2 72.99 65.33 0.009 0.276 278 

67 2 3 2 64.67 57.43 0.007 0.241 223.5 

68 2 2 2 61.94 54.92 0.013 0.274 260.5 

69 2 1 2 62.88 52.38 0.028 0.319 264.5 

70 3 1 2 45.8 47.02 0.108 0.383 206 

71 3 2 2 41.79 48.93 0.113 0.352 242 

72 3 3 2 40.52 54.19 0.101 0.383 245 

73 3 3 3 55.9 61.87 0.092 0.334 255 

74 3 2 3 51.48 58.77 0.151 0.394 258 

75 3 1 3 54.41 59.64 0.21 0.427 270.5 

76 2 1 3 73.57 66.44 0.048 0.357 213 

77 2 2 3 75.79 65.75 0 0.293 266.5 

78 2 3 3 75.24 64.42 0 0.283 280 

79 1 3 3 90.49 80.6 0.008 0.278 216.5 

80 1 2 3 91.53 75.44 0 0.306 249.5 

81 1 1 3 94.72 77.91 0.035 0.356 258.5 
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5.5.2 Results and discussion 

SPSS 15 software was used for the statistical analysis of the experimental results. 

The significance of investigated factors could be estimated using Sig-value of 

ANOVA results. 

 

ANOVA results of elastic modulus Ec 

The Table 5.10 shows the results of ANOVA, examining the effect of independent 

variables on the response of fabric elastic modulus Ec in course. Sig-value (0.967) for 

Lycra tension is bigger than 0.05, indicating that by changing Lycra input tension but 

keep loop length and Lycra type simultaneously, fabric elastic modulus in course 

direction was not significantly changed. Sig-values for loop length and Lycra type 

are smaller than 0.05, indicating that by changing loop length or Lycra type but 

keeping Lycra input tension, fabric elastic modulus in course direction was 

significantly changed. 

 

Table 5. 10  Tests of between-subjects effects (Dependent variable: Ec) 
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Based on above two judgements, main effects of factors are plotted in Figure 5.17 

(keeping 40D Lycra type) and Figure 5.18 (keeping 2.49mm loop length). 

 

Figure 5. 17 Estimated marginal means of Ec (40D Lycra) 

 

Fig.5.17 shows that elastic modulus deceases with the increase of loop length at all 

levels of Lycra tension. Three overlapped lines which represent different Lycra 

tension mean that there are no significant variations of Ec when other two factors are 

fixed. 

 

Figure 5. 18 Estimated marginal means of Ec (2.49mm loop length) 
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Fig.5.18 shows the effect of Lycra type on Ec under different Lycra tension and fixed 

2.49mm loop length. Fabric knitted with 30 D Lycra has the lower modulus in course 

direction. Fabrics knitted with 20/20 cover Lycra and 40D Lycra have higher 

modulus, but in similar extent in-between them. Therefore, Post Hoc tests were 

conducted to further examine the difference between levels of each factor. 

 

Table 5. 11  Post Hoc Multiple Comparisons (Lycra type, Tamhane method) 

 

Table 5.11 is the Pair-wise comparisons of means comprising factor of Lycra type. 

Sig-value 0.992 suggests that the difference of mean Ec resulted by applying 20/20 

cover Lycra and 40D Lycra is not significant. Other two pairs, 20/20 cover Lycra vs. 

30D Lycra, 30D Lycra vs. 40D Lycra, are significant with sig-value 0.011 and 0.003 

respectively. 

Table 5.12 shows results of Post Hoc multiple comparisons for factor of loop length, 

suggesting that Ec was significantly changed when loop length was adjusted from 

2.49mm to 2.84mm and/or 3.42mm. 
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Table 5. 12  Post Hoc Multiple Comparisons (Loop length, Tamhane method) 

 

 

Similar results are obtained by ANOVA analysis on response of Ew (listed in 

Appendix II). 

 

Summarily, in both fabric directions, the fabric elastic modulus was not significantly 

affected by Lycra tension, but by Loop length and Lycra type. It decreased with the 

increase of loop length. Fabric knitted with 30D Lycra had the lower elastic modulus; 

while fabric knitted with 20/20 cover Lycra and 40D Lycra had higher but similar 

elastic modulus. The significant effects of Lycra type and loop length can be 

explained by the variations of fabric compactness, which change the friction forces 

in-between contacting yarns. 

  

 

 

 

Multiple Comparisons

Dependent Variable: modulus in course
Tamhane

21.508* 2.702 .000 14.7530 28.2626

41.292* 2.635 .000 34.6805 47.9032

-21.508* 2.702 .000 -28.2626 -14.7530

19.784* 1.535 .000 15.9932 23.5749

-41.292* 2.635 .000 -47.9032 -34.6805

-19.784* 1.535 .000 -23.5749 -15.9932

(J) loop length
Loop length 2.49mm

Loop length 2.84mm

Loop length 3.24mm

Loop length 2.49mm

Loop length 2.84mm

Loop length 3.24mm

Loop length 2.49mm

Loop length 2.84mm

Loop length 3.24mm

(I) loop length
Loop length 2.49mm

Loop length 2.84mm

Loop length 3.24mm

Mean
Difference (I-J) Std. Error Sig. Lower Bound Upper Bound

95% Confidence Interval

Based on observed means.
The mean difference is significant at the .05 level.*. 
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ANOVA results of Poisson ratio νc 

The Table 5.13 shows the results of ANOVA, examining the effect of independent 

variables on the response of fabric Poisson ratio νc. All Sig-value are smaller than 

0.05, indicating that Poisson ratio in fabric course direction is significantly 

influenced by loop length, Lycra tension and Lycra type. 

Table 5. 13  Tests of between-subjects effects (Dependent variable: νc) 

 

 

Fig.5.19 shows the effect of loop length on νc under different Lycra tension and fixed 

30D Lycra. Fabric knitted in 3.24mm loop length has the higher value of νc. Fabrics 

knitted in 2.49mm and 2.84mm loop length have lower and nearly same value of νc. 

 

Figure 5. 19 Estimated marginal means of νc (Lycra type:  30D Lycra) 

Tests of Between-Subjects Effects

Dependent Variable: poisson ratio in course
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Table 5.14 shows results of Post Hoc multiple comparisons for factor of loop length, 

suggesting that the difference of mean νc is not significant between two levels of 

2.49mm and 2.84mm. 

Table 5. 14  Post Hoc Multiple Comparisons (Loop length, Tamhane method) 

 

 

Figure 5. 20 Estimated marginal means of νc (30D Lycra) 

Fig.5.20 shows the effect of Lycra tension on νc under different loop length and fixed 

30D Lycra. Fabric Poisson ratio in course direction decreases with the increase of 

Lycra tension. But, the results of Post Hoc multiple comparisons for factor of Lycra 

Multiple Comparisons

Dependent Variable: poisson ratio in course
Tamhane

.005 .009 .929 -.01763 .02770

-.079* .010 .000 -.10325 -.05445

-.005 .009 .929 -.02770 .01763

-.084* .009 .000 -.10670 -.06108

.079* .010 .000 .05445 .10325

.084* .009 .000 .06108 .10670
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Loop length 2.49mm
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Loop length 3.24mm
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Loop length 2.84mm

Loop length 3.24mm
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(I) loop length
Loop length 2.49mm

Loop length 2.84mm
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Mean
Difference (I-J) Std. Error Sig. Lower Bound Upper Bound

95% Confidence Interval

Based on observed means.
The mean difference is significant at the .05 level.*. 
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tension (Table 5.15) suggests that the difference of mean νc is not significant between 

two levels of 2.5g and 3.5g. 

Table 5. 15  Post Hoc Multiple Comparisons (Lycra tension, Tamhane method) 

 

 

Fig.5.21 shows the effect of Lycra type on νc under different Lycra tension and fixed 

loop length 2.49mm. Fabric knitted 30D Lycra has the lower value of νc. The Post 

Hoc test (Table 5.16) suggests that significant difference of mean νc only exists 

between two levels of 20/20 cover Lycra and 30D Lycra. 

 

Figure 5. 21 Estimated marginal means of νc (Loop length: 2.49mm) 
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Table 5. 16  Post Hoc Multiple Comparisons (Lycra Type, Tamhane method) 

 

 

Similar results are obtained by ANOVA analysis on response of νw (listed in 

Appendix III).  

 

Summarily, Poisson ratio in both fabric directions was significantly influenced by 

loop length, Lycra tension and Lycra type. It increased with the increase of loop 

length, but decreased with the increase of Lycra tension. The influence of Lycra type 

was relatively week.  
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5.6 Conclusion 

In this chapter, loop configuration of elastic knitted fabric has been observed in 

attempt of interpreting fabric deformation mechanism and identifying its influence 

factors. Similarly, geometrical descriptions were presented to understand the 

principle and influence factor of Poisson effect in knitting structure. Testing method 

of Poisson ratio and modulus has been developed to investigate the influence of 

fabric structure, material, and technical parameters on tensile behaviours of elastic 

knitted fabric. 

Through experimental investigations and data analysis, following results were 

obtained: 

1). Material and fabric structure had significant effects on fabric elastic modulus and 

Poisson ratio. Applying higher modulus yarn and miss structure is an effective way 

to enhance fabric modulus. In contrast, lower modulus fabric can be obtained by 

applying lower modulus material and mesh structure. Among investigated structures, 

plain structure exhibited highest Poisson ratio in course direction but lowest one in 

wale direction. Oppositely, Mesh structure showed highest Poisson ratio in course 

direction but lowest one in wale direction.  

2). About the influence of knitting parameters, the fabric elastic modulus was not 

significantly affected by Lycra tension, but by Loop length and Lycra type. It 

decreased with the increase of loop length. Fabric knitted with 30D Lycra had the 

lower elastic modulus; while fabric knitted with 20/20 cover Lycra and 40D Lycra 

had higher but similar elastic modulus. Poisson ratio was significantly influenced by 

loop length, Lycra tension and Lycra type. It increased with the increase of loop 

length, but decreased with the increase of Lycra tension. The influence of Lycra type 

was relatively week.  
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CHAPTER 6 DYNAMIC STRETCH AND RECOVERY 

BEHAVIOURS OF ELASTIC KNITTED FABRIC 

 

6.1 Introduction 

In static state, pressure exerted by garment to human body parts is determined mainly 

by fabric elastic modulus, geometric shape or dimension of local human body and 

garment fit. Technical issues related to elastic modulus and Poisson ration have been 

discussed in chapter 5. 

In dynamic condition, the strenuous movements involved in active sports may result 

in even greater garment extension and cyclic fabric stretch and recovery. The 

dynamic elastic stretch and recovery of the fabric decides the garment‘s response to 

instant body movements. The degree and direction of elastic properties determine the 

end use of stretch garments. Therefore, there is a need to engineering the stretch and 

recovery properties of garments to match the requirements in different conditions. 

In this chapter, based on the rheological model proposed to qualitatively interpret the 

time-dependent characteristics of elastic knitted fabric during tensile deformation, 

the dynamic stretch and recovery behaviours of elastic knitted fabrics were 

investigated experimentally in aspects of proposing test method; defining indexes 

and analyzing affect factors for identification of engineering parameters. 
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6.2 Time-dependent deformation features of elastic knitted fabric 

According to the loop configuration and tensile deformation mechanism of elastic 

knitted fabric (Chapter 5), the mechanisms of time-dependent deformation of elastic 

knitted fabrics were attempted to be depicted by rheological model, which was 

modified on base of standard linear model. In the model, as shown in Figure 6.1(a), 

spring Ee on left side represents the elastic effect of elastic yarn; Kelvin and Voigt 

model in middle represents the viscoelastic effect of ground yarn; and the friction 

element β on right side represents the effect of friction forces resulted by yarn 

slippage, which associate with yarn friction property, fabric structure and stitch 

density. To simplify the description of creep and relaxation process, effect of friction 

element is neglected by assumption of keeping constant. But, it is accounted for 

interpretation of energy loss. 

6.2.1 Creep and creep recovery 

Figure 6.1 and Figure 6.2 represent schematically the stress/strain relationships in 

creep and creep recovery process.  On instantaneous loading of external force ‗P‘ (or 

stress b) to the model at moment ‗b‘, it will, after an instantaneous extension i, 

continue to extend with time to moment ‗c‘ along red curve in exponential from of 

curve v, namely creep process. On removal of the load at moment ‗d‘, the recovery 

will not be limited to the instantaneous recovery (same amount as i) but will 

continue to take place with time to moment ‗e‘ in another exponential form of green 

curve 
‘
v, namely creep recovery process. 

Instantaneous extension i is attributed to spring Ee and Eg1 in parallel by i=b/(Ee+ 

Eg1), whereas delayed extension is caused by the dash pot in Kelvin and Voigt model 

which extends by v =b/Eg2 (1-e
-t

) in creep process, and shrinks by 
‘
v= b/Eg2 e

-t
 in 

creep recovery process (=Eg2/). 
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Figure 6. 1  Schematic representation of creep and creep recovery 

 

 

Figure 6. 2  Applied stress and responded strain in creep and creep recovery 
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6.2.2 Stress relaxation process 

Figure 6.3 and Figure 6.4 represent schematically the stress/strain relationships in 

stress relaxation process. 

 

 

Figure 6. 3  Schematic representation of relaxation process 

 

 

Figure 6. 4  Applied strain and responded stress in relaxation process 
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When model is instantaneously stretched to strain εt at moment ‗b‘ and kept until 

moment ‗c‘, spring Ee and Eg1 extend instantly to strain t with stress b=t(Ee+ Eg1); 

but the spring Eg2 does not extend yet due to the existence of paralleled dashpot 

which behaviours like a rigid body at this moment, keeping zero-stress state. From 

moment ‗b‘ to ‗c‘, dashpot  starts to slide due to the stress implied by extended 

spring Eg1, meanwhile spring Eg2 starts to extend too, resulting in the shrinkage of 

spring Eg1. Therefore, stress of spring Eg2, 2, increases exponentially with time and 

stress of spring Eg1 decreases in same manner. Finally, to moment ‗c‘, dashpot stops 

sliding and two springs (Eg1, Eg2) tend to equilibrium by 1 = 2 = t Eg1Eg2/ (Eg1+ 

Eg2), resulting total model stress: c=tEe +t Eg1Eg2/ (Eg1+ Eg2). 

 

6.2.3 Inverse stress relaxation process 

If a extended viscoelastic specimen is allowed to recover a part of the deformation 

and constrained to remain at a length higher than what it is likely to assume it retract 

fully in case of releasing of external load , the stress in the specimen then tends to 

increase. 

This phenomenon is called ‗inverse relaxation‘ or ‗stress recovery‘. This concept was 

firstly proposed by Nachane et al (1982, 1986) in 1982 in their research of tensile 

properties of cotton fibers and yarns. It was also reported later by A. M. Manich and 

M. D. de Castellar (1992), and Lieven Vangheluwe (1993) in the research field of 

fibre and yarn. However, for fabric, especially the knitted fabric, neither a discussion 

of the significance nor the experiment data can be found in literatures. It has been 

observed in our experiments on elastic knitted fabrics (section 6.3). Following 

description attempts to explore and understand its mechanism. Related investigation 

is undergoing.  
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Figure 6.5 and Figure 6.6 represent schematically the phenomenon of inverse 

relaxation (IR). 

 

 

Figure 6. 5  Schematic representation of inverse relaxation process 

 

 

Figure 6. 6  Applied strain and responded stress in reverse relaxation process 
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The model is stretched to strain t from moment ‗a‘ and kept to moment ‗b‘, followed 

by partial retraction r (<t) and constrained again at moment ‗c‘ until time ‗d‘. 

During this process, stress variation of the model can described qualitatively as 

following: 

From moment ‗a‘ to ‗b‘, stress increases with the strain to peak and then decreases as 

the result of relaxation (section 6.2.2). Spring Eg1 and Eg2 are extended and dashpot is 

‗opened‘ at moment ‗b‘, resulting, b2=b1=t Eg1Eg2/( Eg1+ Eg2) and =0. 

From moment ‗b‘ to ‗c‘, stress decreases with the retraction strain r to bottom valley; 

spring Eg1 retracts instantly but spring Eg2 keeps extended or retracts partially 

depending on the retracting speed (refer to creep recovery in section 6.2.1), resulting 

c1=(tr)Eg1, c2=b2≤t Eg1Eg2/( Eg1+ Eg2). 

In time span ‗c‘ to ‗d‘, stress will vary in three possibilities. Firstly, spring Eg1 

shrinks and spring Eg2 extends, which results in that the stress continues the decrease 

trend. Secondly, two springs keep their dimension, stress remains. Thirdly, spring Eg1 

extends and spring Eg2 shrinks as Figure 6.5 shows, stress will increase exponentially 

until two spring balanced at:d1=d2=(t -r) Eg1Eg2/( Eg1+ Eg2). 

These possibilities correspond to the contrast of stress in spring Eg1 and Eg2 at 

moment ‗c‘: 

If σc1 > σc2, the model will exhibit stress relaxation as described in section 6.2.2; 

If σc1 = σc2, the model reaches its stress equilibrium state. 

If σc1 < σc2, spring Eg1 will extend and Eg2 will shrink together with dashpot, which 

exhibits reverse relaxation. 

Intuitively, like the capacitor in electric circuit which changes the phase between 

voltage and current, the dashpot in our model acts as a potential energy ‗storage‘ for 

paralleled spring Eg2, altering the phase between strain and stress. More importantly, 
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it might be noted that the contrast of stress in spring Eg1 and Eg2 at moment ‗c‘ is 

related to three aspects: 

1) Stress/strain history in time span ‗a‘ to ‗b‘. 

2) Amount of retraction strain r compare to previous total strain t. 

3) The speed of the retracting action. 

 

6.2.4 Energy loss under dynamic cyclic load 

According to the proposed physical model, energy loss of elastic knitted fabric under 

cyclic stretch and recovery are consisted of two components.  First one was 

attributed to the internal yarn/fibre friction in fabric because kinetic friction is always 

in the direction opposite the motion and does negative work. Second one was 

attributed to viscoelasticity which results in phase difference between strain and 

stress under dynamic condition. 

Energy loss by internal friction forces is associated with yarn friction coefficient β, 

fabric structure and fabric tightness, because fabric structure determines the contact 

points per unit volume of fabric and fabric tightness decides the normal contact 

forces. It partially determines the elastic recovery of knitted fabric on releasing of 

external load. 

Under dynamic cyclic stress, the relevant strain of linear viscoelastic material is out 

of a certain phase angle, 0<<π/2. According to John D. Ferry (1980), Energy loss, 

Wdd, per unit volume of viscoelastic material (simple Voigt model) in one cycle 

could be expressed by: 

              Wdd=E0
2
tan                                                                
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Where tan=/E, E is a modulus of elasticity,  is viscosity and  is the 

deformation frequency. 

 

6.3 Experiments 

6.3.1 Experimental design 

In the experimental design, both knitting technical design parameters and the fabric 

structure of the elastic fabric are considered. Four factors are fabric direction, fabric 

structure, loop length (stitch density) and Lycra input tension. Each design factor is 

assigned to 2 levels (Table 6.1). 

 

Table 6. 1  Design factors and levels. 

Design factor Low level High level 

   

Fabric direction Wale Course 

Stitch Type Plain stitch  Mesh stitch 

Loop length

 70 90 

Lycra tension 1.5g 2.5g 


 Loop length was presented by the cam setting of stitch cam on machine rather than 

the length (mm) of a single stitch. 

 

Table 6. 2  Samples corresponding to factors and levels 

Sample No. Input tension 1.5g Input tension 2.5g 

Plain 
Loop size 70 8 5 

Loop size 90 1 4 

Mesh 
Loop size 70 7 6 

Loop size 90 2 3 
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6.3.2 Testing method 

Samples 

Fabrics (Table 6.2) knitted with 75D/72f Coolmax and 40D Lycra and applied in 

experiments of Poisson ratio and modulus identification were used in the 

experiments. Testing samples were prepared in rectangular form of 50mm×100mm 

and conditioned for 24 hours before experiment according to standard of 22±1C° 

Temperature and 65±2% relative humidity 

 

Test Instrument  

Instron5566 universal testing apparatus (Figure 6.7) was used to carry out the cyclic 

extension experiment. The installed load cell with full capacity of 50N was applied 

by consideration of tensile force of tested samples to ensure the accuracy. Data 

sampling rate was set at100ms. 

 

 

Figure 6. 7  Instron5566 universal testing apparatus 

 

Test procedure and parameter setting 

Testing method applied in this research was proposed on the references of BS 4952 

and ASTM 2594-D and schematically shown in Figure 6.8.  
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Figure 6. 8  Five-step tensile test profiles 

 

The procedure was supposed to simulate the dynamic wear state of tight-fit 

sportswear during activity. Human movements are characterized by the continual 

repetition of a fundamental pattern of motion, such as, walking, running, cycling, 

swimming and rowing. Cyclic frequency for step 3 and 5 was determined by 

referring the finding from Nilsson and Thorstensson (1987), who observed that the 

mean overall stride frequency range was 0.41 (normal walking) to 3.57 Hz (high-

frequency running). 

Tensile profile was constructed totally in five steps as shown in Figure 6.8 and 

detailed as following: 

 

Step1: Tensile extension mode (Absolute Ramp) to end point of 10% elongation with 

the extension rate of 100mm/Min. This step simulates the wearing process of 

tight-fight garment. 

Step2: Holding at 10% extension for duration of 60 seconds. This step presents the 

static state of garment after wearing. 
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Step3: Tensile extension mode, triangle form by 10% minimum and 20% maximum. 

Extension rate was set at 200mm/Min in 30 cycles. 

            Operation frequency was calculated by extension rate and span in one cycle. 

Time for one cycle: 10mm/ (200mm/60sec) =3sec, therefore, 

             Frequency is 1/3Hz. 

This step simulates the dynamic process of garment in normal walking. 

Step4: As step 2, holding at 10% extension for duration of 60 seconds. This step 

presents the state of garment after cyclic extension load. 

Step5: Tensile extension mode, triangle form by 10% minimum and 20% maximum. 

Extension rate was set at 400mm/Min in 30 cycles (extension rate is limited 

by tester‘s driving system). 

Time for one cycle: 10mm/ (400mm/60sec) =3/2sec, therefore, 

Frequency is 2/3Hz. 

This step simulates the dynamic process of garment in normal running. 

 

6.3.3 Experimental results 

Figure 6.9 and 6.10 represent the typical experiment outputs of sample No.1 

measured in horizontal direction, showing curves of load against extension and time 

respectively. 

Based on obtained curves and data sets, four indexes, namely, stress Relaxation (R), 

load Hysteresis at 15% strain (H), Inverse Relaxation (IR) and work Recovery 

Efficiency (RE) were defined and determined. 
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Figure 6. 9  Load/ Extension curve (Sample No.1) 
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Figure 6. 10  Load/ time curve (Sample No.1) 

 

 

Stress Relaxation (R %) 
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Referring to test step1 and step2 in Figure 6.8 and the load/time curve in Figure 6.10, 

stress relaxation is defined by the ratio of load decay during step2 (keeping strain 

constant) to the peak load at the end, expressed by: 

R (%) = (F1- F2)/ F1100                                                                                         (6.1) 

Where, F1, F2 was load measured at the end of step1 and step2 respectively. Mean of 

three measurements was obtained for each specimen. 

 

Hysteresis at strain of 15% (H %) 

Referring to test step5 in Figure 6.8 and the load/extension loops in Figure 6.9, load 

hysteresis in one loop is defined by the ratio of load variation at middle strain point 

of 15% to the total load variation in the same loop, given by: 

H (%) = [Ff (15) - Fb (15)] / (F‘max− F‘min) 100                                                     (6.2) 

Where Ff (15), Fb (15) was load measured at 15% strain in one loop for forward and 

backward respectively. Mean for last five loops was obtained as measurement for 

each specimen. 

 

Inverse Relaxation (IR %) 

Referring to testing step4 in Figure 6.8 and obtained load/time curve in Figure 6.10, 

the Inverse Relaxation (IR) is defined as the ratio of load recovery (F3 Fmin) to peak 

load Fmxa by expression: 

 IR (%) = (F3- Fmin)/ Fmax100                                                                                  (6.3) 

Mean of three measurements was obtained for each specimen. 

 

 

Work Recovery Efficiency (RE %) 
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Work recovery efficiency RE is defined as the ratio of total recovery work in one 

cycle to total stretch work in the same cycle. As shown in Figure 6.11, the area 

between the axis of extension and the curve of stretching Fs(t) represents the 

measurement of the total stretch work in one cycle; and the area between the axis of 

extension and the curve of stretching Fr(t) indicates the magnitude of  the total 

recovery work in one cycle. 

Since the stretching and retracting were set at the same speed; and load was 

measured at fixed frequency (100 ms), work recovery efficiency in one cyclic loop 

can be expressed by: 

Stretch work: Ws= 2- 1) ×  

Similarly, recovery work: WR= 2- 1) × , therefore 

RE=WR/ WS×100 = 2- 1) × / 2- 1) × ×100 = / ×100                    (6.4) 

Where, WS and WR are the work done during stretch and retraction;  are 

the mean of load forward and backward respectively;  is the moving speed of test 

jaw. Mean for last five cycles was obtained as measurement for each specimen. 

 

Figure 6. 11  One cyclic loop of stretching and retracting  

Experiment results of indexes for 48 specimens are summarized in Table 6.3. 
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Table 6. 3  Summary of test results in design of experiments 

Specimen * 
Fabric 

direction 

loop 

length 
stitch type lycra tension R (%) IR (%) H (%) RE (%) 

3h1 course 90 mesh 1.5 17.37 10.42 23.03 66.47 

3h2 course 90 mesh 1.5 16.87 9.62 22.83 64.81 

4h1 course 90 plain 1.5 18.01 8.14 24.45 62.43 

4v1 wale 90 plain 1.5 14.14 6.95 14.03 78.30 

2h1 course 90 mesh 2.5 14.08 10.71 22.6 69.30 

1h1 course 90 plain 2.5 12.34 9.31 23.54 74.01 

2v1 wale 90 mesh 2.5 12.25 7.08 13.07 81.26 

1v1 wale 90 plain 2.5 12.68 10.24 13.94 80.98 

8v1 wale 70 plain 2.5 13.14 8.99 12.81 81.43 

5v1 wale 70 plain 1.5 16.96 5.81 14.23 74.55 

8v2 wale 70 plain 2.5 12.38 9.52 12.4 81.87 

7h1 course 70 mesh 2.5 14.67 10.35 22.2 68.77 

7h2 course 70 mesh 2.5 14.27 10.57 21.79 70.59 

7v1 wale 70 mesh 2.5 11.03 9.02 13.91 81.36 

6v1 wale 70 mesh 1.5 11.77 6.96 11.45 81.58 

6h1 course 70 mesh 1.5 15.32 10.27 23.61 65.72 

8h1 course 70 plain 2.5 12.87 8.13 22.66 72.71 

6v2 wale 70 mesh 1.5 12.69 6.69 12.26 81.03 

2h2 course 90 mesh 2.5 13.76 10.50 22.72 71.79 

2h3 course 90 mesh 2.5 13.50 10.30 22.62 68.65 

7v2 wale 70 mesh 2.5 12.34 8.08 13.78 80.66 

4v2 wale 90 plain 1.5 14.47 6.99 14.18 77.29 

2v2 wale 90 mesh 2.5 13.08 7.69 13.13 81.39 

3h3 course 90 mesh 1.5 16.91 10.20 22.53 65.35 

6h2 course 70 mesh 1.5 16.83 9.65 23.76 65.81 

8h2 course 70 plain 2.5 13.75 8.66 21.97 72.63 

5h1 course 70 plain 1.5 14.11 9.95 24.88 69.39 

2v3 wale 90 mesh 2.5 12.99 7.04 13.4 81.10 

7v3 wale 70 mesh 2.5 10.82 8.60 14.3 81.08 

1v2 wale 90 plain 2.5 11.16 10.26 13.81 81.70 

1h2 course 90 plain 2.5 12.51 10.05 23.4 73.54 

4h2 course 90 plain 1.5 18.34 8.86 24.18 62.58 

5v2 wale 70 plain 1.5 13.31 8.85 14.69 78.46 

5h2 course 70 plain 1.5 16.33 8.72 24.52 67.22 

8h3 course 70 plain 2.5 14.26 7.92 22.12 72.25 

7h3 course 70 mesh 2.5 12.73 11.23 21.73 72.81 

4h3 course 90 plain 1.5 17.98 8.91 24.59 63.59 

3v1 wale 90 mesh 1.5 13.44 6.47 12.71 81.46 

1v3 wale 90 plain 2.5 11.56 9.47 14.13 82.21 

3v2 wale 90 mesh 1.5 14.56 6.59 12.43 81.02 

6h3 course 70 mesh 1.5 15.85 9.50 22.84 65.78 

1h3 course 90 plain 2.5 12.79 9.71 23.13 74.49 

3v3 wale 90 mesh 1.5 15.65 7.01 11.57 80.84 

5v3 wale 70 plain 1.5 13.99 8.34 14.67 78.40 

5h3 course 70 plain 1.5 15.65 8.10 24.29 65.68 

8v3 wale 70 plain 2.5 11.24 9.01 12.72 82.58 

4v3 wale 90 plain 1.5 16.99 5.89 14.24 74.76 

6v3 wale 70 mesh 1.5 12.34 6.87 11.89 81.03 

*3h1 means specimen No.1 of fabric No.3, measuring in horizontal direction (course) 
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6.4 Analysis and discussion 

In this experiment the Minitab 15 software was used to carry out experiment design 

and the statistical analysis of the experimental results. Significant effects are studied 

depending on the mean value for each combination of control parameters. The 

influence of investigated factors could be estimated using P-value and the normal 

probability plots of these effects. 

 

6.4.1 ANOVA results of stress relaxation (R) 

The Table 6.4 shows the results from the factorial analysis that was performed. A P-

value is the probability (within a 95% confidence interval) that the factor has a 

significant impact on the response. If the P-value is <0.05, then it means that the 

impact is significant. In this experiment, main effect of fabric direction, loop length 

and Lycra tension was significant on fabric relaxation (R %). It was also noted that 

interactions of loop length vs. Lycra tension and stitch type vs. Lycra tension were 

significant. 

 

Table 6. 4  Factorial Fit: R(%) vs. Fabric direction, loop length, stitch type, Lycra tension  
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The coefficient of determination is an indicator to indicate the value of relaxation 

changes when the value of that independent variable increased by 1 unit and the 

other independent variables are kept unchanged. The factors of fabric direction and 

loop length show a positive coefficient, which means increasing those two factors, 

the relaxation increased; whereas the factor of Lycra tension shows a negative 

coefficient, which means increasing this factor, the relaxation decreased. 

R-Sq (adj) value of 76.55% indicates that the proposed model can explain 76.55% of 

the variation of response. The prediction model of relaxation R(%) can be explained 

as follow: 

        R
^
=14.085+1.921A+0.784B−2.653D−0.849B*D+0.654C*D                        (6.5) 

Normal probability plot of the standardized effects in Figure 6.12, which indicates 

the relative magnitude and the statistical significance of both the main and 

interaction effects, shows that main factors (A, B, D) and interactions (C*D, B*D) 

had significant effects on fabric relaxation. Furthermore, any effect far beyond the 

reference line is regarded as significantly large. The standardized effects show that 

factor A (fabric direction) and factor D(Lycra tension) had much larger effects than 

factor B(loop length) and interactions of B*D and C*D. 
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Figure 6.12  Normal probability plots of the standardized effects on R (%) 
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In order to check the adequacy of the regression models, the residuals were examined 

for the acceptability of three basic assumptions of normality, constant variance and 

independence (D. C. Montgomery, 2005). The residuals are the difference between 

the calculated value and the observed value. Two graphs in Figure 6.13, histogram 

and normal probability plot can help to determine whether the residuals are normally 

distributed or not.  
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                     Figure 6. 13  Residual plots for relaxation R (%) 

 

The normal probability plot shows that the data closely follows the straight line, 

indicating a normal distribution and the proposed model was acceptable. The two 

remaining graphs – Fits vs. Residuals and Fits vs. Order, are used to further confirm 

if there are any patterns in the data that might lead to non- constant variance. As the 

scattered plots of residuals against the fitted values have formed a horizontal band 

evenly distributed along the x-axis, the assumption of constant variance is also 

acceptable. The plot of residuals against the order of observation appears irregular, 

the independence assumption is reasonable too.  
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After determining the model to be valid, the counter plots of the R (%) versus two of 

the variables were generated in Figure 6.14. In this case, loop length and Lycra 

tension were plotted and fabric direction and stitch type were held at ―course‖ and 

―mesh‖ respectively. The figure shows smaller loop length and higher Lycra tension 

resulted in minimized relaxation value (R %) for mesh fabric in course direction. By 

changing hold values, similar results could be obtained for plain or mesh fabric in 

different directions. 

 

 

Figure 6. 14  Effect of loop size and Lycra tension on R of mesh fabric (course) 

 

6.4.2 ANOVA results of Hysteresis at strain of 15% (H) 

The Table 6.5 shows the results factorial analysis, examining the effect of 

independent variables on the response of load hysteresis H (%). P-value marked in 

red colour, which is smaller than 0.05, indicates that main effects of fabric direction, 

stitch type and Lycra tension were significant on load hysteresis (H %). It was also 
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noted that interactions of Lycra tension vs. fabric direction, loop length and stitch 

type were also significant. 

According to estimated coefficient of determination, the factor of fabric direction had 

a positive effect, meaning that, for same fabric, there was higher load hysteresis in 

course direction (high level) than in wale direction (low level). Factors of Lycra 

tension and stitch type show negative coefficient, meaning that load hysteresis 

decreased with increased Lycra tension, and plain stitch (low level) had higher load 

hysteresis than mesh stitch. 

 

Table 6. 5  Factorial Fit: H (%) vs. Fabric direction, loop length, stitch type, Lycra tension  

 

 

R-Sq (adj) value of 99.04% indicates that the proposed model can explain 99.04% of 

the variation of load hysteresis. The prediction model of H (%) can be well explained 

as follow: 

 H
^
=18.245+4.922A−0.488C−0.250D−0.377A*D+0.196B*D+0.430C*D           (6.6) 

Normal probability plot of the standardized effects in Figure 6.15, which indicates 

the relative magnitude and the statistical significance of both the main and 
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interaction effects, shows that main factors (A, C, D) and interactions (A*D, B*D, 

C*D) had significant effects on load hysteresis. The standardized effects show that 

factor of fabric direction had much larger effects than other factors and interactions. 

The adequacy of the regression models were examined by the residuals plots of H 

(%). The normal probability plot shows that the data closely follows the straight line, 

indicating a normal distribution and the proposed model was acceptable. 
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Figure 6. 15  Normal probability plots of the standardized effect on H (%) 

 

Graphs of Fits vs. Residuals and Fits vs. Order (Figure 6.16) are used to further 

confirm if there are any patterns in the data that might lead to non- constant variance. 

As the scattered plots of residuals against the fitted values have formed a horizontal 

band evenly distributed along the x-axis, the assumption of constant variance is also 

acceptable. The plot of residuals against the order of observation appears irregular, 

the independence assumption is reasonable too. 
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Figure 6. 16  Residual plots for relaxation H (%) 

After determining the model to be valid, the counter plots of the H (%) versus two 

continuous variables were generated in Figure 6.17. In this case, loop length and 

Lycra tension were plotted and fabric direction and stitch type were held at ―course‖ 

and ―mesh‖ respectively. The figure shows smaller loop length and higher Lycra 

tension resulted in minimized load hysteresis value (R %) for mesh fabric in course 

direction. By changing hold values, similar results could be obtained for plain or 

mesh fabric in different directions. 

 

 

Figure 6. 17  Effect of loop size and Lycra tension on H% of mesh fabric (course) 
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6.4.3 ANOVA results of Inverse Relaxation (IR) 

The Table 6.6 shows the results of factorial analysis, examining the effect of 

independent variables on the response of inverse relaxation IR (%). P-value marked 

in red colour, which is smaller than 0.05, indicates that main effects of fabric 

direction and Lycra tension were significant on IR (%). Although the main effects of 

loop length and stitch type were not significant (p-value > 0.05), it was noted that 

interactions of fabric direction vs. Lycra tension and stitch type were also significant. 

According to estimated coefficient of determination, factor of fabric direction and 

had a positive effect, meaning that, for both plain and mesh fabric, there was higher 

inverse relaxation in course direction (high level) than in wale direction (low level).  

Factor of Lycra tension also show positive coefficient, meaning that IR (%) increased 

with increased Lycra tension in any directions of plain and mesh fabric. 

 

Table 6. 6  Factorial Fit: IR (%) vs. Fabric direction, loop length, stitch type, Lycra tension  

 

 

R-Sq (adj) value of 75.01% indicates that the proposed model can explain 75.01% of 

the variation of inverse relaxation. The prediction model of IR (%) can be explained 

as follow:  
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           IR
^
=8.712+0.862A+0.556D+0.606A*C−0.344A*D                                  (6.7) 

Normal probability plot of the standardized effects in Figure 6.18, which indicates 

the relative magnitude and the statistical significance of both the main and 

interaction effects, shows that main factors (A, D) and interactions (A*C, A*D) had 

significant effects on load hysteresis. The standardized effects show that factors of 

fabric direction and interaction A*C had much larger effects than other factors and 

interactions.  
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Figure 6. 18  Normal probability plots of the standardized effects on IR (%) 
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                   Figure 6. 19  Residual plots for relaxation IR (%) 
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The adequacy of the regression models were examined by the residuals plots of IR 

(%). In figure 6.19, the normal probability plot shows that the data closely follows 

the straight line, indicating a normal distribution and the proposed model was 

acceptable. Histogram also shows typical form of normal distribution. Graphs of Fits 

vs. Residuals and Fits vs. Order are used to further confirm if there are any patterns 

in the data that might lead to non- constant variance. As the scattered plots of 

residuals against the fitted values have formed a horizontal band evenly distributed 

along the x-axis, the assumption of constant variance is also acceptable. The plot of 

residuals against the order of observation appears irregular, the independence 

assumption is reasonable. 

  

 

Figure 6. 20  Effect of loop size and Lycra tension on IR% of mesh fabric (course) 

 

After determining the model to be valid, the counter plots of the IR (%) versus two 

continuous variables were generated in Figure 6.20. In this case, loop length and 

Lycra tension were plotted and fabric direction and stitch type were held at ―course‖ 

and ―mesh‖ respectively. The figure shows bigger loop length and lower Lycra 
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tension resulted in minimized inverse relaxation value (IR %) for mesh fabric in 

course direction. By changing hold values, similar results could be obtained for plain 

or mesh fabric in different directions. 

 

6.4.4 ANOVA results of Work Recovery Efficiency (RE) 

The Table 6.7 shows the results factorial analysis, examining the effect of 

independent variables on the response of work recovery efficient RE (%). P-value 

marked in red colour, which is smaller than 0.05, indicates that main effects of fabric 

direction and Lycra tension were significant on RE (%). Although the main effect of 

stitch type was not significant (p-value > 0.05), it was noted that interactions among 

fabric direction, Lycra tension and stitch type were also significant. For factor of 

loop length, whatever its main effect or interactions with other factors were all not 

significant. 

 

Table 6. 7 Factorial Fit: RE (%) vs. Fabric direction, loop length, stitch type, Lycra tension  

 

 



Chapter 6 

 

175 
 

According to estimated coefficient of determination, factor of fabric direction and 

had a negative effect, meaning that, for both plain and mesh fabric, there was higher 

work recovery efficient in wale direction (low level) than in course direction (high 

level).  Factor of Lycra tension also show positive coefficient, meaning that RE (%) 

increased with increased Lycra tension in any directions of plain and mesh fabric. 

R-Sq (adj) value of 95.99% indicates that the proposed model can explain 95.99% of 

the variation of work recovery efficient. The prediction model of RE (%) can be well 

explained as follow:  

        RE
^
=74.431−5.832A+2.200D−0.749A*C+0.996A*D−1.040C*D                (6.8) 
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Figure 6. 21  Normal probability plots of the standardized effects on RE 

 

Normal probability plot of the standardized effects in Figure 6.21, which indicates 

the relative magnitude and the statistical significance of both the main and 

interaction effects, shows that main factors (A, D) and interactions (A*C, A*D and 

C*D) had significant effects on work recovery efficient. The standardized effects 
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show that factors of fabric direction and Lycra tension had much larger effects than 

other interactions. 

The adequacy of the regression models were examined by the residuals plots of IR 

(%). In Figure 6.22, the normal probability plot shows that the data closely follows 

the straight line, indicating a normal distribution and the proposed model was 

acceptable. Histogram also shows typical form of normal distribution. Graphs of Fits 

vs. Residuals and Fits vs. Order are used to further confirm if there are any patterns 

in the data that might lead to non- constant variance. As the scattered plots of 

residuals against the fitted values have formed a horizontal band evenly distributed 

along the x-axis, the assumption of constant variance is also acceptable. The plot of 

residuals against the order of observation appears irregular, the independence 

assumption is reasonable.  
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Figure 6. 22  Residual plots for relaxation RE (%) 
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Figure 6. 23  Effect of loop size and Lycra tension on RE% of mesh (course) 

  

After determining the model to be valid, the counter plots of the RE (%) versus two 

continuous variables were generated in Figure 6.23. In this case, loop length and 

Lycra tension were plotted and fabric direction and stitch type were held at ―course‖ 

and ―mesh‖ respectively. The figure shows higher Lycra tension resulted in 

maximized work recovery efficient value (RE %) for mesh fabric in course direction. 

By changing hold values, similar results could be obtained for plain or mesh fabric in 

different directions. 

6.4.5 Discussion 

Fabric direction significantly influences all investigated responses. In fabric wale 

direction, there are lower level of relaxation and inverse relaxation; smaller load 

hysteresis and higher work recovery efficiency than in course direction. These effects 

can be explained by the structural characteristic of knitted fabric. In single stitch loop, 

there are two elastic yarn segments in wale but only one in course; this configuration 

increase the weight of pure elastic component Ee in proposed model (Figure 6.1a).  
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Main effect of stitch type is significant on load hysteresis only. Mesh fabric had 

smaller load hysteresis than plain fabric. This effect may be due to the change of 

stitch configuration. In mesh structure, ground yarn is partly formed loop or floated 

on fabric back (Figure 5.14 in chapter 5), which reduces the yarn contacting points in 

fabric and substantially decreases the weight of friction part β in proposed model.  

Main effect of loop length is significant on relaxation. Its interaction with factor of 

Lycra tension is significant on load hysteresis. This phenomenon may be explained 

by the fact that friction force at yarn contacting points in tighter fabric is higher than 

that in looser fabric.  

Main effect of Lycra tension is significant on all responses and interacted with other 

factors. With increasing Lycra tension, on the one hand, fabric become more 

compact in both directions by higher contraction force of Lycra fibre, resulting 

higher inter-yarn friction; On the other hand, weight of elastic component in above 

model is also increased because the elastic yarn pre-elongation in original (un-

stretched) fabric is higher. 

In proposed model, elastic fibre was treated as pure elastic element. Its contribution 

to reducing load hysteresis and increasing work recovery efficient is further validated 

by carrying out same tests on pure Lycra web and plain fabric with Lycra involved. 

Figure 6.24 shows the Load/extension curve of Lycra web. Calculated value of load 

hysteresis is only 4.5% and work recovery efficient reaches up to 95.8%.  
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Figure 6. 24   Load/extension curve of Lycra web  

 

Figure 6.25 shows the Load/extension curve of Nylon fabric without Lycra fibre 

involved. Calculated value of load hysteresis reaches up to 71.2% and work recovery 

efficient is only 35.7%. 

 

 

             Figure 6. 25  Load/extension curve of nylon fabric (wale direction) 
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6.5 Identification of knitting Parameters  

Work recovery efficient and load hysteresis are highly related to sportswear 

performance especially in case of tight-fit. Higher work recovery efficient and lower 

load hysteresis would be conducive to improving exercise performance by reducing 

muscle vibration and increasing endurance. Therefore, higher RE (%) and lower H 

(%) are set as criteria for parameter identification. Based on the above data analysis, 

it can be found that main effects of fabric direction and Lycra tension, as well as their 

interaction with stitch type have significant effect on RE (%). And main effects of 

stitch type and Lycra tension, as well as interactions with loop length have 

significant effect on load hysteresis. 

To determine an optimum knitting parameter setting which could decrease the load 

hysteresis and increase the work recovery efficient, the overlaid contour plot is used. 

Variables of fabric direction and stitch type were nominal and set as hold values. 

Scale variables of loop length and Lycra tension were set as deciding factors. The 

target of work recovery efficient RE% is set from 78% to 81% (possibly higher), and 

the load hysteresis H% is set from 10% to 15% (possibly lower). 

All combinations of hold values at low and high levels were applied. Four overlaid 

counter plots were obtained as shown in Figure 6.26 to Figure 6.29. 
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  Figure 6. 26  Overlaid counter plot of RE% and H% (Plain fabric in wale direction) 

 

 

 Figure 6. 27  Overlaid counter plot of RE% and H% (Plain fabric in course direction) 
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Figure 6. 28  Overlaid counter plot of RE% and H% (mesh fabric in wale direction) 

 

 

Figure 6. 29  Overlaid counter plot of RE% and H% (mesh fabric in course direction) 

 

An overlaid contour plot represents how each response is related to two scale design 

variables while holding all other variables in the model at specified levels. The white 

area shows the regions of loop length and Lycra tension where the criteria for all 

response variables are satisfied. Based on the above overlaid contour plots, as higher 
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as possible work recovery efficient and simultaneously as lower as possible load 

hysteresis could be optimized following in settings: 

For plain fabric (Figure 6.26), RE% and H% could be satisfied in wale direction by 

setting of Lycra tension: 1.75 to 2.35(g) with loop length: 70 to 90(degree). 

For mesh fabric (Figure 6.28), RE% and H% could be satisfied in wale direction by 

setting of Lycra tension: 2.15 to 2.5(g) with loop length: 70 to 75(degree); or setting 

of Lycra tension: 1.5 to 1.75(g) with loop length: 80 to 90(degree) 

In Figure 6.27 and Figure 6.29, there is no overlaid region, which means that desired 

criteria could not satisfied in fabric course direction, no matter what fabric type, loop 

length and Lycra tension are. In this case, knitting parameter setting could only be 

decided by consideration of RE% or H% separately. 
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6.6 Conclusion 

Based on the loop configuration and tensile deformation mechanism of elastic knitted 

fabric, rheological model has been proposed in attempt of understanding and 

interpreting dynamic deformation mechanisms and features of elastic knitted fabrics. 

Multi-steps test profile was designed to simulate wearing condition of tight-fit 

sportswear. Four indexes, namely relaxation, reverse relaxation, load hysteresis and 

work recovery efficient were further defined to indicate the dynamic performance of 

elastic knitted fabric. Full factorial experiments were carried out to investigate the 

influence of fabric direction, stitch type, loop length and Lycra tension on above 

indexes. Through this investigation, following results were obtained:  

All investigated responses were significantly different in directions. In fabric wale 

direction, there were lower relaxation and inverse relaxation, smaller load hysteresis 

and higher work recovery efficiency than in course direction. Therefore, fabric 

direction should be carefully arranged in pattern design of sportswear. 

Mesh fabric had lower load hysteresis and higher work recovery efficient than plain 

fabric. Looser fabric exhibited higher load hysteresis and lower work recovery 

efficiency than tighter fabric. With the increase of Lycra tension, fabric load 

hysteresis decreased and work recovery increased. 

As controllable knitting technical parameters, Lycra input tension and loop length 

play an important role in dynamic stretch and recovery behaviours of elastic knitted 

fabric. For given fabric structure, optimum knitting technical parameters has be 

identified by method of overlaid contour plot under the criteria of higher work 

recovery efficient and lower load hysteresis. 
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CHAPTER 7 INTEGRATED DESIGN AND FABRICATION OF 

SPORTSWEAR BASED ON SEAMLESS KNITTING 

TECHNIQUE 

7.1 Introduction  

The thermal/moisture property, physical/mechanical behavior and their influence 

factors of elastic knitted fabric have been described in Chapter 3, 4, 5 and 6 

respectively. Based on these findings, fabric engineering for achieving biofunctuional 

requirement has been realized.  

The literature review reveals that there is lack of systematic engineering 

methodology for sportswear design and fabrication by integrating appropriate textile 

materials, innovative knitted structures and body mapping design concept through 

advanced seamless knitting technology. This chapter attempts to fill this knowledge 

gap.  

In this chapter, a theoretical framework for the biofunctional engineering of seamless 

sportswear is firstly presented. Secondly, seamless knitting technology is introduced 

in terms features of Santoni SM8-top2s machine, stitch development and limitation, 

and CAD/CAM system for seamless knitting. Finally, as a demonstration of the 

realization process, the creation of seamless cycling wear prototype is described in 

detail. Seamless sports bra, rowing wear and winter running wear are also 

demonstrated as potential applications. 

 

7.2 Multidisciplinary framework of design and engineering for BSS 

There were already some studies on smart fabrics and functional sportswear 

developed for some specific activities, such as running, football, basketball, and 

swimming (O'Mahony, 2002; Scanlan, 2008; Shishoo, 2005). However, the literature 

review in Chapter 2 reveals that there is still no systematic research on the design and 
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engineering of biofunctional seamless sportswear (BSS). Therefore, it is necessary to 

develop a theoretical framework to guide the design and realization of BSS. 

A multidisciplinary framework for biofunctional seamless sportswear 

design/engineering was developed as shown in Figure 7.1. The development of this 

framework was based on literature review, research and practice of prototype, and 

the summarization of multi-disciplinary knowledge on thermal biology, 

biomechanics, aesthetics, textile technology and art design. 

 

 

 

Figure 7. 1  Multidisciplinary frameworks for biofunctional seamless sportswear 

design and engineering 

As illustrated in the model, the overall process consists of two principle periods, 

namely design mechanism and realization. Design mechanism period includes 

identification of biofunctional requirements, mechanism analysis of thermal 
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biological vs. biomechanical interaction between garment fabric and human body, 

and garment functional design by concept of integrated body mapping. Realization 

period includes fabric development based on mechanism analysis of fabric 

heat/moisture transfer and tensile deformation, CAD/CAM of seamless sportswear, 

seamless knitting engineering and finally prototype development and validation.  

 

7.3 Seamless knitting technology 

7.3.1 Features of Santoni SM8-top2S machine 

In the past few years, Santoni from Italy have successfully developed fully electronic 

machines that are able to produce whole ready-made garments, and has created and 

produced different types of sophisticated electronic circular knitting machines for 

―Seamless wear‖ production, providing a complete elasticized welt and 

comprehensive patterning, and incorporating spliced areas and figure-control by 

using step-motor-controlled stitch cams. In this project, SM8-top2s, the most 

successful seamless knitting machine model, and ―Pulsar‖ software are used for the 

seamless sportswear design and fabrication. 

The SANTONI SM8-TOP2S (Figure 7.2) is an 8-feeder single jersey electronic 

circular knitting machine with two selection points per feed. It is suitable for 

producing underwear, outwear, swimwear, sportswear and sanitary knitted garments 

with single garment separation. 

The main characteristics of this machine are 3-way electronic needle selection, 

digital stitch control (DSC), digital yarn tension control and multi-yarn auto change, 

which offer the possibility to integrate different stitches (knit, tuck, miss and mesh) 

in one garment with various yarn combinations. 
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Figure 7. 2  SANTONI SM8-TOP2S seamless knitting machine 

 

Moreover, with DSC, it is possible to control loop length digitally, which is 

programmed with the desired loop length for specific area of garment by relevant 

software. Each stitch cam is associated to a step-motor. These motors work 

independently one from the other and they are used to vary the position of the 

relevant stitch cam. The motors feature a stroke of 80 steps while knitting loosen 

fabric and of 80 steps while knitting tightened fabric, the stitch motors always start 

from the position of the zero of the stitch that is set and memorized on the machine. 

 

7.3.2 Stitch development 

Studying and understanding the knitting system configuration, including needle 

selection, cam arrangement and yarn feeding point, is the prerequisites for stitch 

development. Figure 7.3 shows the configuration of one complete knitting system. 

Letter A, P and O represent for needle, jack and pattern jack respectively. I and L 

indicate first and second jacquard system (actuator). Types of knitting structures are 

determined by yarn finger setting (B, C, D), needle section (E, F, G), and cam 



Chapter 7 

 

189 
 

position control (N). 

 

 

Figure 7. 3  Knitting elements on one complete knitting system of SM8-top2s 

 

According to yarn number and stitch type, available individual stitch on SM-top2s 

machine is summarized in Table 7.1 with notation and relevant description. 

In this research, six kinds of knitting structure were created and applied to functional 

sportswear design and fabrication by combining individual stitch in the table. 
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Table 7. 1  Available individual stitch type by SM8-top2s  

 

 

 

 

Plain and mesh  
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This type of knitting creates an ornamental effect which can be a contrast between 

see-through and normal fabric, a contrast of colors or also a contrast of relief. This 

technique requires the system to feed at least two yarns on each single feed and a 

suitable selection of the needles that will catch one or both yarns. The needle that 

catches only one yarn will create a simple stitch (the yarn that has not been caught 

will form the bridle), while the needle catching the two yarns will create the plating 

(a fabric which has a covering effect compared to the simple stitch). 

 

 

Figure 7. 4  Plain and Mesh structure 

  

As shown in Fig 7.4, yellow color is selected by the first and second actuator on each 

feed as the needle passing up; this needle will create a stitch formed by the two yarns. 

Red color is selected by the first actuator of each feed as the needle that at the 

beginning passes up and clears the stitch; this same needle is then taken to tuck 

height so that the second actuator will consider it as a needle passing down and it 

will create a stitch made only by the background. 
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Plain and tuck 

This type of knitting creates and ornamental effect that is firstly accomplished in the 

graphic application where you actually draw the pattern or the desired effect. This 

effect can be a contrast of tuck and normal stitches. This technique requires the 

system to feed at least one yarn one each single feed; the yarn will be caught by the 

needles passing at different heights as selected in the pattern (graphic). The needle 

passing up cleared catches the yarn to create a normal stitch; the needle that 

remained in tuck position creates a tuck and catches the new yarn which is added to 

the old stitch already in the hook. 

 

 

Figure 7. 5  Plain and tuck structure 

 

As shown in Fig 7.5, yellow color is selected by the first and second actuator on each 

feed as the needle passing up; this needle will create a stitch formed by the two yarns. 

Red color is selected by the first actuator of each feed as the needle that at the 

beginning passes up and clears the stitch; this same needle is then taken to tuck 

height so that the second actuator will consider it as a needle passing down and it 

will create a stitch made only by the background. 
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Plain and miss 

This type of knitting creates an ornamental effect which can be a contrast of long 

stitches and normal stitches or a contrast of colors. This technique requires the 

system to feed at least one yarn on each single feed; the yarn fed will be caught only 

by the needles suitably selected by the pattern (graphic). The needle passing up, 

cleared will catch the yarn and form a normal stitch, while the needle that remained 

out of work will not catch the yarn. 

 

 

Figure 7. 6  Plain and miss structure 

 

As shown in Fig 7.6, yellow color is selected by the first and second actuator on each 

feed as the needle passing up; this needle will create a stitch formed by the two yarns. 

Black color is selected by the first and second actuator on each feed as the needle 

passing down and remaining on the sinker plane to create the miss (float out of work). 

 

Plain in 2 colors plating with mesh 

This type of knitting creates an ornamental effect which can be a contrast between 

two colors, worked together in the plating on one single background yarn with the 
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addition of some stitches giving a see-through effect. This technique requires the 

system to feed at least one yarn on each single knitting feed, this yarn will serve as 

the background yarn that is caught by all the needles, while the two colored yarns 

will be alternated on the selection points located on every feed. The needle, suitably 

selected in the pattern (graphic) will rise on one or on the other actuator and will 

catch the first or the second colored yarn, while the needles passing down will catch 

only the background yarn and not the colored yarns. 

 

 

Figure 7. 7  Plain in 2 colors plating with mesh structure 

 

As shown in Fig 7.7, green color is selected by the second actuator as the needle 

passing up; this needle will create a stitch made by the first colored yarn plating on 

the background yarn. Red color is selected by the first actuator as the needle passing 

up; this needle will create a stitch made by the second colored yarn plating on the 

background yarn. Black color is selected by all actuators as the needle passing down; 

this needle clears the old fabric as it is pushed up by the tuck and clearing cams and 

it will then create a stitch made only by the background yarn. 
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Plain in 2 colors plating with tuck of ground yarn 

This type of knitting creates an ornamental effect which can be a contrast between 

the two colors, worked together in the plating on a single background yarn with the 

addition of tuck stitches. This technique requires the system to feed at least one yarn 

on each single knitting feed; this yarn will serve as the background yarn that is 

caught by all needles, while the two colored yarns will be alternated on the selection 

points located on every feed. The needle, suitably selected in the pattern (graphic) 

will rise on the first or on the second actuator and will catch the first or the second 

colored yarn, while the needles that remained at tuck height will create a tuck, 

catching the new yarn and adding it to the stitch already present in the hook and thus 

forming a stitch made by two yarns. 

 

 

Figure 7. 8  Plain in 2 colors plating with tuck structure 

 

As shown in Fig 7.8, green color is selected by the second actuator as the needle 

passing up; this needle will create a stitch made by the first colored yarn plating on 

the background yarn. Red color is selected by the first actuator as the needle passing 
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up; this needle will create a stitch made by the second colored yarn plating on the 

background yarn. Black color is selected by all actuators as the needle passing down; 

this needle will assume the tuck position and create a tuck of ground yarn. 

 

Integrated Plain, tuck and miss  

This type of knitting creates an ornamental effect which can be a contrast of colors or 

between different stitches. This technique requires the system to feed at least one 

background yarn on all the knitting feeds. The background yarn that is fed can be of 

the same color for all the eight feeds or can be of two different colors alternated on 

the feeds. This yarn will be caught only by the needles selected as needles passing up 

and by the needles that remained in the position for creating the tuck stitch, while the 

needles passing in the position for creating the miss stitch will not catch this yarn. 

This kind of knitting is called laid-in and its peculiarity is that the yarns worked by 

some needles are laid-in inside the stitches so as to avoid excessively long floats 

inside the garment. The needles passing up will catch the yarn and form the stitch, 

the needles passing in tuck position do not clear the old stitch but catch the new yarn 

that remains in the front of the needle; the needles passing down, when the float is 

out of work, do not catch the new yarn and this same yarn will pass on the back of 

the needle. 

As shown in Fig 7.9, yellow color is selected by the first and second actuator on each 

feed as the needle passing up; this needle will create a stitch formed by the two yarns. 

Red color is selected by the first actuator on each feed, but it does not reach the 

clearing position as the cam acting on the intermediate selectors is out of work and 

therefore the needle will remain at tuck height. Black color when used will keep the 

needle at sinker level to form the miss (float out of work). 
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Figure 7. 9  Integrated Plain, tuck and miss 

 

7.3.3 Limitation of stitch combination 

Besides above six kinds of fabric structure, other stitches were also designed and 

tested. Regarding the stitch type, plain, mesh, mock rib (miss) and tuck in one or two 

colors are available individually on SM8-top2S machine. Most of their combinations 

of every two, three or four are still available. The only exception is that mesh and 

tuck could not be placed in same course line due to the limitation of cam setting and 

yarn carrier position. 

On the number of yarn plated (single stitch formed by plating different yarns), fabric 

structure in single-yarn, double-yarn or triple-yarn is available individually. 

Possibility of their combination in one course is illustrated by Figure 7.10. Three 

kinds of area can‘t be placed in same course line. 

Above limitations should be noticed in stage of developing fabric stucture because 

they are acceptable by CAD software , but unacceptable by CAM software due to 

mechanical arrangement of knitting elements. 
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Figure 7. 10  Allocation of different areas 

 

7.3.4 CAD/CAM system for seamless garment design and fabrication 

CAD/CAM system used in this research consists of two packages, PHOTON 

software package for knitting pattern design (CAD software) and PULSAR software 

for knitting program generation (CAM development). Firstly, designer designs, by 

PHOTON, the colors making up a garment and details the stitch structure, and 

secondly implements and analysis by PULSAR, the process of the garment design to 

codify the control program as required by the machine for garment production. The 

system's main feature is the significant reduction of the manufacturing time. The 

design speed is determined solely by the complexity of a garment's appearance, but 

not by the complexity of mechanical setup. 

 

CAD— designing knitting pattern by PHOTON software 

The knitting pattern is defined with 4 layers as shown in Figure 7.11, namely ‗Shape‘, 

‗Mpp‘, ‗Knit‖ and ‗Color‘. Each of them contains specific information about 

garment style, fabric density, and fabric structure and color effect respectively. They 

are identical in size (pixel) and linked in dot-to-dot relationship. 
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● Shape layer is the basement of knitting pattern design. It is the level used for 

designing garment style and pattern profile, specifying different areas by various 

colors. 

 

● Mpp layer is used to allocate desired fabric density by colors to appropriate area 

with reference to shape layer. Colors in this layer represent different position of stitch 

cam on each feeder, which will be further defined in implementing process of 

PULSAR software. 

 

● Knit layer is used to assign different fabric structures to relevant areas designed in 

shape layer. Colors in this layer control the needle selection on each feeder. 

 

● Color layer is used to assign different color effects to relevant areas designed in 

shape layer. Each color determines, in the analysis phase of PULSAR software, the 

addition of a yarn finger to the default yarn finger settings. 

Knit layer and color layer are generated by applying xxx.Pat file to colors in shape 

layer as shown in Figure 7.12. 
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Figure 7. 11  Layer concepts in PHOTON software 
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Figure 7. 12  Applying fabric structure and color to knit layer and color layer 

 

xxx. Pat files, which represent different knitting structures, are created by designer 

and saved in folder of software. As an example, area of green color in shaper layer 

(Figure 7.11) was assigned to be loose fabric (white area in Mpp layer), in mesh 

structure (dark part in Knit layer) and knitted with yellow yarn (yellow color in Color 

layer). 

Obviously, the most challenge step for designing knitting pattern is creating xxx.Pat 

files. Knitting pattern was saved in xxx.Dis format for knitting program. 

 

CAM —creating knitting program by PULSAR software 

Because seamless knitting integrated different stitch structures in one garment, it‘s 

necessary to alter precisely the position of certain cams or yarn carriers on each 

feeder in or between machine revolutions. These complex control routine require a 

program (knitting program) to coordinate the actions of all knitting elements based 
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on signal of moving from each needle gauge. 

 Knitting program was created by PULSAR software in following steps: 

● Set up new project file (xxx.pls). Identify specifications of used seamless machine, 

including machine feeder number, gauge and total number of needle. 

● Insert knitting pattern (xxx.dis) designed by PHOTON software into project. 

● Define technique parameters, including fabric loop length, yarn carrier 

arrangement and machine running speed for different sections of the garment. 

● Analysis the feasibility of project files. 

● Codify above project file into knitting program (xxx.co) for subsequent uploading 

into the machine controls. 

 

7.4 Realization of biofunctional seamless sportswear 

According to the multidisciplinary framework, the creation procedure (Figure 7.13) 

is presented to illustrate the designing and fabricating of seamless sportswear using 

seamless knitting technology, including: 

● Design requirements are established according to activity item, garment style and 

fitting. 

● Knitting pattern was developed based on the concept of body mapping, allocating 

different fabric structures to local body areas to meet performance requirements, such 

as thermal/moisture property and compression/muscle control. In this step, fabric 

structure design and optimization are the key issues which have been discussed in 

pervious chapters. 

● Knitting program was then generated with aid of PULSAR software, defining 

knitting technical parameters, like fabric density and yarn arrangement. 

● Seamless knitting was implemented on SM8-top2S machine with selected 
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materials and decided engineering parameters. 

In this section, the creation of seamless cycling wear prototype was described in 

detail and another three prototypes of seamless sports bra, rowing, winter running 

wear were demonstrated. 

 

Figure 7. 13  Creation procedures for functional seamless Sportswear 

 

7.4.1 Prototype development of seamless cycling wear 

Stage I: Design requirement 

Thermal physiological requirements identification 

In cycling competitions, excellent cyclists can ride at speeds from 14 km/h to 40 

km/h and generate an equivalent facing wind speed, which may increase the extent of 

heat loss through convection and evaporation. In order to obtain the thermal 

distributions and distinguish the thermal requirements of different body parts during 

cycling, a cycling experiment with a group of participants were conducted in a 
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chamber. The experiment had four stages: 20-minute rest, 5-minute warm up, 30-

minute cycling, and 30-minute recovery. The experiment was carried out in a 

chamber with air temperature of 25.6 ± 0.5°C, relative humidity of 24 ± 1% and 

wind condition of 14.4 km/h in average, imitating general conditions in the cycling 

sport. All participants were instructed to accelerate during the cycling until the body 

reached 70% maximal oxygen consumption. At this stage, data such as skin 

temperature, stratum corneum water content (SCWC) indicating sweat accumulation 

on the skin, and transepidermal water loss (TEWL) indicating sweat evaporation on 

the skin were collected and mapped with colour on body. By recognizing the colour 

differences in different body areas, it would be easier to distinguish the thermal 

requirements of cycling sportswear and integrate such information into design. 

The visualization of skin temperature distributions on the different body parts at 

different excise stages was constructed by Cao et al (2008), as shown in Figure 7.14. 

 

 

Figure 7.14 Colour mapping of skin temperature distributions (Cao et al, 2008) 
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According to the visualized picture, the colour of front chest changed from red 

during the rest stage to blue during cycling and to light red during recovery. This 

indicates that the skin temperature of chest decreases greatly during cycling. 

However, it is higher than that of abdomen and limbs during the rest and recovery 

period. The colour of front thigh changes from yellow to green, while the colour of 

back thigh changes from yellow to blue, indicating that front thigh generated more 

heat than the back thigh. Similarly, it is also observed that the temperature of upper 

arm is higher than that of forearm and armpit especially during the cycling stage, 

indicating that the upper arm is the most active part of the upper limbs. 

The colour mapping visualization of the SCWC distributions of the different body 

parts is shown in Figure 7.15 with a spectrum of colours representing a range of 

SCWC values. The common trend can be observed based on the colour change: 

SCWC is at the highest level during the cycling stage and is stable during the rest 

and recovery stages. 

 

Figure 7. 15  Colour mapping visualization of measured SCWC (Cao et al, 2008) 
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As illustrated in the visualized picture, the colour of the front trunk, thigh and leg 

changed from blue to cyan and returned to blue during the rest and recovery period, 

indicating the SCWC of the front body increases considerably during cycling. At the 

back area, the colour of the head, trunk, and limbs changed from blue during the rest 

stage to light cyan during the cycling and then returned to blue during the recovery 

indicating that the SCWC of these areas increase during the cycling and decrease 

during recovery. 

The colour mapping visualization of the TEWL distributions is shown in Figure 7.16. 

 

Figure 7. 16  Colour mapping visualization of measured TEWL (Cao et al, 2008) 

 

Figure 7.16 reveals a dynamic change of TEWL from brown and light green to dark 

green, and then returned to light green for the consecutive rest-cycling-recovery 

cycles. The TEWL of the body increased obviously during cycling, especially for the 

chest and arm, which shows the most increase in TEWL due to convection 
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evaporation. A comparative higher increase in TWEL can be observed in the trunk 

and upper limbs as compared with those of the thigh and lower limbs.  

Based on above experimental observation, the key point in thermal functional 

cycling sportswear design is to help the body dissipate the generated heat and release 

the accumulated sweat on the skin quickly in order to offer cyclists thermal comfort. 

The thermal physiological requirements were summarized in Figure 7.17. 

 

 

Figure 7. 17  Thermal functional design schemes (Luo, 2012) 

 

● The area 1 needs fabric with good moisture management for quick drying. 

● The area 2 needs fabric with good moisture management for quick drying, good 

heat dissipation and breathable. 

● The area 3 needs fabric with good moisture management for quick drying and 

having thermal insulation to keep muscle warm. 
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Biomechanical requirements identification  

According to Luo (2012), based on the cycling anatomy, injuries in cycling, and 

questionnaire analysis of biomechanical needs, the biomechanical requirements for 

cycling sportswear design can be summarized in Figure 7.18. 

 

Figure 7. 18  Biomechanical functional design schemes (Luo, 2012) 

 

● In area 1, the muscle groups involved in the shoulder and bottom are characterized 

as being prone to traumatic injuries and therefore need compression and protection. 

● In area 2, the muscle groups involved body parts including waist, back, and knee 

are characterized as being prone to fatigue and possibly result in overuse injuries and 

therefore need stabilization, support and protection as well. 

● In area 3, the muscle groups involved in the lower limbs, which are active during 

the entire cycle of cycling action and provide power for pedalling to improve cycling 

performance, are prone to fatigue. Therefore adequate compression and support to 

reduce muscle vibration and meanwhile freedom of the muscle action are needed. 
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Design prototype 

Based on identified thermal and biomechanical requirements, design prototype of 

seamless cycling wear, which aims to achieve abovementioned biofunctional 

requirements, was created by body mapping concept (Li, 2007) with streamlined 

aesthetic design as shown in Figure 7.19. To fit the garment functional area to desired 

human body part perfectly and convert design prototype into knitting pattern easily, 

design drawing was constructed according to the ratio of human body profile and 

saved as ‗bmp‘ or ‗jpg‘ format. 

 

 

Figure 7. 19  Design prototype of biofunctional seamless cycling wear 

 

Design prototype was illustrated in different colors which represent areas 

corresponding to biofunctional requests. In this design, red color emphasizes high 
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compression for support and protection with meanwhile mild moisture management 

function (MMF). The green focuses on strong MMF for quick drying. The grey 

stresses mild compression to reduce muscle vibration and provide extension for 

freedom of movement. The yellow ensures heat dissipation and breathability. 

 

Stage II: Knitting pattern development 

Knitting pattern was developed by PHOTON software.  Design drawing was 

imported and front/back views were matched together to form a rectangular pattern. 

Outline pattern (Figure 7.20) was then sketched according to distinguished colours of 

functional area and cutting line. 

 

 

Figure 7. 20  Outline pattern 

  

Pattern size, width and height in pixels, is determined by desired garment size and 

fabric stitch density:  

           W=Gw× wpc                                                                                             (8.1) 

           H=Gh× cpc                                                                                               (8.2) 
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Where, W, H is pattern width and height in pixel, Gw, Gh is garment size in width and 

length (cm); wpc (wales per cent meter), cpc (courses per cent meter) is fabric 

density in horizontal and vertical direction respectively. 

By the nature of seamless knitting, pattern width is the total needle number of 

seamless knitting machine which is determined by machine gauge and size (diameter 

in inch), therefore, calculated value of W should be corrected the closest needle 

number as shown in Table 7.2. Similarly, pattern height is the total number of fabric 

courses; it should also be corrected to closest number which is multiple of eight 

because one machine revolution knitted eight courses. Adopted pattern size for this 

prototype of seamless cycling wear is 1248×2720, meaning that 14−inch diameter 

and 28−gauge seamless machine was used (red number in Table 7.2). 

    

Table 7. 2  Machine size, gauge and total number of needle 

Size\Gauge 16G 22G 24G 26G 28G 32G 

12‖ 592 816 912 960 1056 1200 

13‖ 640 912 960 1056 1152 1296 

14‖ 688 960 1056 1152 1248 1392 

15‖ 736 1056 1136 1248 1344 1488 

16‖ 800 1104 1216 1296 1392 1584 

 

After pattern size determined, outline pattern (Figure 7.20) was converted into shape 

layer of knitting pattern (Figure 7.21 a) by filling specific colours to different areas. 

Based on shape layer, fabric structure, colour and density layers were then created as 

description in Section 7.3.4. According to functional requirements, plain and mesh 

structures were applied (Figure 7.21 b); two colour yarns (Figure 7.21c) were used 

and three different densities (Figure 7.21 d) were adopted for garment top and pants. 
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Figure 7. 21  Layers of knitting pattern a−shape;b−structure;c−colour;d−density 

 

Stage III: Knitting program generation 

According to the steps described in Section 7.3.4, knitting program was generated by 

PULSAR software with following technical parameter setting: 

● Material: Grey and yellow textured nylon (70D/68f) yarns were assigned to yarn 

finger No.8 and No.5 respectively on each feeder, and 40D bare Lycra was assigned 

to yarn finger No.2 on each feeder. 

● Machine speed: 35RPM. 

● Yarn tension: 3 grams for ground yarn (nylon), 2.5 grams for elastic yarn (Lycra). 

● Density: 90, 75 and 80 degree for grey, yellow and red parts in Figure 7.21 

respectively. 

 

Stage IV: Garment make-up 

Just after seamless knitting, the garment was originally in tubular form. The 

prototype of cycling wear, as shown in Figure 7.22, was completed through simple 

cutting and sewing at the part of neck, arm hole and pants. 
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Figure 7. 22  Prototype of seamless cycling wear 

 

Stage V: Evaluation and Validation 

Compression effect of above prototype was evaluated by numerical simulation and 

validated by experimental pressure measurement. An optimized compression 

sportswear fabric design approach using numerical simulation was developed by Lin 

(2011). Using this numerical design approach, the compression of the knitted fabric 

ready-for-use in this study can be simulated by inputting the appropriate tested 

mechanical parameters. Figure 7.23 shows the obtained compress distribution on the 

thigh at free standing position, wearing designed multi-component fabric structure. 

As demonstrated in this picture, the range of compression on the thigh in tight 

compression status can reach 18-23 mmHg, which indicates the fabric being able to 

generate high compression effect required. 

 



Chapter 7 

 

214 
 

 

Figure 7. 23  Numerical simulation of garment pressure (Lin, 2011) 

 

A compression measurement was carried out to produce contact pressure when subject 

completed five postures (standing, and 120°, 90°, 60°, and 30° flexion). FlexiForce A201 

force sensors were placed on four important muscle points: (i) the vastus lateralis (VL), 

(ii) vastus medialis (VM), (iii) rectus femoris (RF), and (iv) semimembranosus (SE), as 

shown in Figure .24. 

 

 

Figure 7. 24  Measured muscle points of the thigh (Lin, 2011) 
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(i) VL                                                    (ii) VM                                                    

  

                                    (iii) RF                                                (iv) SE                       

Figure 7. 25  Contact pressures at different muscle points and postures 

 

Figure 7.25 shows the contact pressure of the four muscle points (the VL, VM, RF 

and SE) in different postures. There was a trend of increasing contact pressure at the 

VL, VM and RF, which are all located on the front side of the thigh, as the knee 

flexion angle increased. The peak contact pressures all occurred at the 120° knee 

flexion except for the SE, which is located on the back side of the thigh; the peak 

pressure at the SE occurred at 30° knee flexion. 
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7.4.2 Prototype development of complete seamless sports bra 

According to the summary in section 2.6.5, the seamless cycling wear only reached 

Level 2 ( top part, no side seam) and Level3 (pants part, integrated stitches), which 

still need simple cut and sewn after knittting. To achieve Level 1 (complete garment) 

by circular seamless knitting techniqe, prototype of complete seamless sports bra 

with dynamic water pumping fabric (DWPF) was designed and fabricted, as 

illustrated in Figure 7.26. 

This new designed sports bra consists of three parts. Shoulder strap is knitted first in 

welt form with the help of dial jack, then it is pressed off at two sides according to 

the size of strap. To achieve enough strength and ealsticity of strap, rubber yarn is 

added in form of knitting or inlay.  

 

 

Figure 7. 26  Design idea of complete seamless sports bra 

 

Main body part integrates different structures for shape and functional purposes. 

Front centre (purple) applies continuous miss stitch, on one hand, to form 3-D shape 

of the cup, on the other hand, to enhance stability and support effect of bra by it high 
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elastic modulus. Cup and back parts (yellow) adopt DWPF (chapter 4) with the 

consideration of thermal physiological comfort. Around the cup, two types of 

missing structure are used to form the cup shape smoothly and provide support. 

Figure 7.27 illustrates the main body design and applied stitches. 

   

 

Figure 7. 27  Body shape design (upper) and applied stitches (bottom) 

 

The part of waistband is also knitted in form of welt which applies rubber yarn to 

provide compression and stability and product logo if needs. 

The key point of this design is the separation part which integrates the strap and main 

body seamlessly. Figure 7.28 shows the technical details of the separation. Before 

and after separation, multi-courses miss stitch and 1×1 knitting are used respectively 

for laddering-protection of both edges. 
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Figure 7. 28  Details of separation between strap and main body 

 

Figure 7.29 presents the wearing state of seamless bra which is just after knitting, 

without any cut and sewn. It shows excellent fitting, but functional and comfort 

ability need further study.  

 

 

Figure 7. 29  Prototype of complete seamless sports bra 
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7.4.3 Collections of seamless sportswear 

By developing scientific understanding of the thermal biological, biomechanical and 

air dynamic characteristics of body motion in different sports, novel body mapping 

functional design concepts were developed with localized functional mapping for 

thermal management, biomechanical supporting, air drag reduction and injury 

prevention. Series collections for various sports items have been designed and 

engineered to support and equip Hong Kong elite athletes for Olympic 2008, East 

Asia Games and Olympic 2012. Examples of seamless sportswear are listed below. 

 

 

Figure 7. 30  S_POWER collection 

S_POWER 

This collection of rowing wear (Figure 7.30, S_POWER) was designed and 

fabricated according to the thermal biological and biomechanical characteristics of 

body motion in rowing. The designs were realized by applying advanced clothing 

CAD technology and advanced seamless knitting technology. The functional 

performance of the design collections focuses on thermal and moisture management 

and tight-fit with comfortable elastic stretch. The art work was designed and realized 
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according to the predetermined requirements of Hong Kong Rowing Association. 

S_POWER collections were produced for and used by Hong Kong athletes in 

Olympic 2008, East Asia Game 2009, Asia Rowing Championships 2011 and 

Olympic 2012. 

 

 

Figure 7. 31  M_POWER collection 

M_POWER 

This collection of running wear (Figure 7.31, M_POWER) was designed and 

fabricated according to the thermal biological and biomechanical characteristics of 

body motion in running in cold environment. The designs were realized by applying 

advanced clothing CAD technology and advanced seamless knitting technology. The 

functional performance of the design collections were evaluated by testing physical 

properties of fabrics and conducting human subject wear trials to validate body 

compression in lower limb for power enhancement and fatigue reduction. Meanwhile, 

aesthetic art elements such as color, form, texture and proportion were considered 

and integrated with the functional design, which illustrate the fusion of fashion, art, 



Chapter 7 

 

221 
 

technology and science. 

M_POWER won a China successful design award in Shanghai in 2011 (Appendix IV) 

and has been adopted by a well-known branded-listed company to develop new 

generation of products for future market. 

 

 

Figure 7. 32  SP_POWER collection 

SP_POWER 

This collection of cycling wear (Figure 7.32, SP_POWER) was designed and 

fabricated according to the thermal biological and biomechanical characteristics of 

body motion in cycling. The designs were realized by applying advanced clothing 

CAD technology and advanced seamless knitting and garment manufacturing 

technologies. The functional performance of the design collections focuses on 

thermal management and biomechanical compression. Meanwhile, aesthetic art 

elements such as color, form, texture and proportion were considered and integrated 

with the functional design, which illustrate the fusion of fashion, art, technology and 
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science. 

The SP_POWER won the Golden Prize in the 5
th

 Qiaodan Cup international Sport 

Equipment Design Contest in 2010 and has been adopted by a branded company to 

develop new generation of products for future market. 

 

7.5 Conclusion 

This chapter has described the design and engineering process of biofuctional 

seamless sportswear. Multidisciplinary framework was established to guide the 

design and fabrication process with systematic integration of functional and aesthetic 

design with seamless knitting technology. 

Based on the comprehensive understanding and innovative thinking on seamless 

knitting technique, various fabric structures were developed by overcoming the 

difficulties and limitation of combining different stitches onto one piece of garment 

with utilization of CAD and CAM systems. 

According to the multidisciplinary framework, prototype of biofuctional seamless 

cycling wear was realized by advanced seamless knitting technique. Results of 

compression numerical simulation and measurement indicated that functional 

performances were achieved. Moreover, prototype of complete seamless sports bra 

with water pumping effect was realized by integrating innovative design idea and 

engineering technique.  

A number of prototypes of sportswear were fabricated and used to support Hong 

Kong Elite athletes from 2008 to 2012 with excellent feedbacks. Research outputs 

show that the proposed theoretical framework is a systematic, effective and 

practicable engineering methodology for biofunctional sportswear design and 

fabrication.
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusion 

To achieve sportswear requirement today, not only it needs to meet wearers‘ 

aesthetic needs, but also their functional requirements. This research aims to present 

and realize a systematic design and engineering methodology of biofunctional 

seamless sportswear (BSS) that fuses aesthetic, thermal physiological and 

biomechanical functions. It has been established by integrating appropriate textile 

materials, innovative knitted structures and body mapping design concept through 

advanced seamless knitting technology. 

The four principal objectives of this research have been achieved, including: 

1) Establishment of multidisciplinary framework for BSS design and 

engineering. 

2) Thermal physiological function engineering of knit fabric for BSS. 

3) Biomechanical function engineering of knit fabric for BSS. 

4) Realization of BSS for different applications through advanced seamless 

knitting technology. 

The achievements of these objectives have been reported in Chapters 3 to 7 

accordingly.  

Specifically, the studies for this research are summarized as follows: 
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Chapter 1 introduces the research background, describes the research aim and 

objectives of this study, mentions the research significance and value, and reports the 

research methodologies employed for this study. 

Chapter 2 reviews extensive literature to reveal the knowledge gaps in this study. 

The available knowledge in relevant disciplinary fields was surveyed through 

literature review, including the functional requirements of sportswear and their 

influences of sportswear on athletes‘ performance; mechanism of clothing wearing 

comfort; mechanism of heat and moisture transfer through textiles fabrics; knitted 

fabric physical and mechanical properties; characteristics of  seamless knitting 

technique and realization methods of seamless garment; and functional sportswear 

design and fabrication. Based on the literature review, the knowledge gaps were 

identified to realize the biofunctional seamless sportswear. 

The achievement of fabric thermal physiological function engineering was described 

in chapter 3 and chapter 4. 

Chapter 3 describes fabric thermal physiological function engineering by selecting 

fabric structure. Elastic knitted fabrics in different structure were tested in terms of 

air resistance, water vapor permeability, thermal insulation and overall moisture 

management capacity. Data analysis results shows that fabric structure had 

significant influence on its thermal/moisture performance. Mock rib and plain fabric 

had higher air resistance the big mesh and small mesh fabric. Plain fabric had highest 

water vapour permeability. Big mesh fabric exhibited lowest thermal insulation but 

the best overall moisture management capacity. These findings contribute to thermal 

physiological function engineering of seamless sportswear, in aspect of fabric 

selection. Influence of stretch level on fabric thermal/moisture performance has been 
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investigated. Obtained regression equations contribute to thermal physiological 

function engineering of seamless sportswear, in aspect of garment size decision. 

Chapter 4 reports on the fabric thermal physiological function engineering by 

developing innovative fabric structure. Inspired by the garment fabric stretch and 

recovery process which is resulted by wear‘s body movement during sports activities, 

the concept of dynamic water pumping was developed to improve thermal 

physiological comfort through actively managing the inspiration liquid. 

This concept has been realized by developing innovative knitting fabric structure, 

namely, dynamic water pumping fabric (DWPF). DWPF consists of three 

components, including hydrophobic yarn (polypropylene), hydrophilic yarn (Tactel) 

and elastic yarn (Lycra). Its pumping effect was evaluated by morphological 

observation of fabric structure and tested by moisture management testing, which is 

satisfied. DWPF has been successfully applied in the prototype of complete seamless 

sports bra (reported in chapter7).  

 

The achievement of fabric biomechanical function engineering was described in 

chapter 5 and chapter 6. 

Chapter 5 describes fabric biomechanical function engineering in static condition. By 

observing loop configurations, specific tensile deformation mechanism of elastic 

knitted fabric was presented to identify influence factors of fabric tensile 

performance. Influence of fabric structure, material, and knitting engineering 

parameters were investigated through established testing method of Poisson ratio and 

modulus. Experiment results reveal that material and fabric structure significantly 

affected fabric elastic modulus and Poisson ratio. Applying higher modulus yarn and 
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miss stitch is an effective way to enhance fabric elastic modulus for the purpose of 

providing effective body shaping or muscle compression by sportswear. In contrast, 

lower modulus fabric can be obtained by applying lower modulus material and mesh 

structure, which benefits the freedom of body movement. 

 

Chapter 6 describes fabric biomechanical function engineering in dynamic condition. 

Based on understanding the dynamic deformation mechanisms and features of elastic 

knitted fabric, a cyclic tensile testing which simulates the real wearing condition of 

tight-fit sportswear, was conducted to investigate the influence of knitting 

engineering parameters on defined indexes, including relaxation, reverse relaxation, 

load hysteresis and work recovery efficient. Experiment results reveal that Lycra 

input tension, loop length and fabric structure play an important role in dynamic 

stretch and recovery behaviours of elastic knitted fabric. By increasing Lycra input 

tension, fabric load hysteresis would decrease and work recovery efficient will 

increase. Looser fabric exhibited higher load hysteresis and lower work recovery 

efficiency than tighter fabric. Compare to plain fabric, mesh fabric had lower load 

hysteresis and higher work recovery efficient. In addition, fabric direction should be 

carefully arranged in pattern design of sportswear because fabric exhibited different 

dynamic stretch and recover behaviours in wale and course directions. 

 

Chapter 7 reports on the realization of biofunctional seamless sportswear. A 

multidisciplinary framework has been established to guide the design and fabrication 

process of biofunctional sportswear. As a demonstration of the realization process, 

the creation of seamless cycling sportswear prototype was described in detail, 

including thermal physiological and biomechanical requirements identification, 
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creating design prototype by body mapping, knitting pattern development and 

program generation with utilization of CAD/CAM software, garment knitting and 

make-up, and finally evaluation and validation. An innovative prototype of 

sportswear bra has been created to achieve skin sensorial comfort, fitting, supporting 

and thermal physiological comfort. 

A number of prototypes of sportswear were fabricated and used to support Hong 

Kong Elite athletes from 2008 to 2012 with excellent feedbacks.  

A sound and comprehensive knowledge framework for understanding the 

mechanisms of moisture transfer, tensile deformation of elastic knitted fabrics, and 

engineering design and fabrication of bio-functional seamless sportswear has been 

established. Research outputs show that the established theoretical framework 

provides a systematic, effective and practicable engineering methodology for bio-

functional sportswear design and fabrication. 

 

8.2 Future work 

The major objectives of this research project have been achieved. However, further 

work should be considered for the development of a more sophisticated and 

comprehensive knowledge framework for engineering design and fabrication of 

biofunctional sportswear from following aspects: 

1) Further optimize the DWPF to improve the permanence of pumping effect 

which would be reduced by stretch and recovery times. 

2) Expand the application field of sectional modulus fabric, such as protective 

device for sport by using high strength/ modulus material.  
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3) Develop innovative knitting technique to overcome the limitation of stitch 

combination which is reported in Chapter 7. Although a ‗6-way technique‘ 

has been successfully developed on double knitting machine (TERROT 

UCC548), to apply it onto body size seamless knitting machine will be a 

challenge.  

4) Expand new realization method of BSS. Based on established 

multidisciplinary framework, new realization method of BSS may be 

smoothly achieved by filling the characteristics of warp knitting or V-bed 

knitting technology. 

 

 



Appendix 

 

229 
 

Appendix I 

Fabric samples 

Plain  

 

 

Mock Rib  
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Small Mesh 

 

 

Big Mesh 
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DWPF (Technical Front Side) 

 

 

 

DWPF (Technical Back Side) 
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Appendix II 

 

ANOVA results of elastic modulus Ew (Chapter 5) 

 

Tests of between-subjects effects (Dependent variable: Ew) 

 

 

Estimated marginal means of Ew (20/20 cover Lycra) 
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Estimated marginal means of Ew (2.49mm loop length) 

 

 

Post Hoc Multiple Comparisons (Lycra type, Tamhane method) 
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Appendix III 

 

ANOVA results of elastic modulus νw (Chapter 5) 

 

Tests of between-subjects effects (Dependent variable: νw) 

 

 

 

 

 

Post Hoc Multiple Comparisons (Loop length, Tamhane method) 

 

 

Tests of Between-Subjects Effects

Dependent Variable: poisson ratio in wale

.111a 6 .018 21.004 .000

9.047 1 9.047 10313.095 .000

.052 2 .026 29.883 .000

.034 2 .017 19.349 .000

.024 2 .012 13.781 .000

.065 74 .001

9.223 81

.175 80

Source
Corrected Model

Intercept

Loop

Tension

Type

Error

Total

Corrected Total

Type III Sum
of Squares df Mean Square F Sig.

R Squared = .630 (Adjusted R Squared = .600)a. 

Multiple Comparisons

Dependent Variable: poisson ratio in wale
Tamhane

.015 .011 .463 -.01283 .04312

-.045* .011 .001 -.07212 -.01744

-.015 .011 .463 -.04312 .01283

-.060* .010 .000 -.08458 -.03527

.045* .011 .001 .01744 .07212
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Loop length 2.84mm

Loop length 3.24mm
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Loop length 2.84mm

Loop length 3.24mm

Mean
Difference (I-J) Std. Error Sig. Lower Bound Upper Bound

95% Confidence Interval

Based on observed means.
The mean difference is significant at the .05 level.*. 
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Estimated marginal means of νw (40 Lycra) 

 

 

 

Estimated marginal means of νw (Loop length: 3.24mm) 
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Appendix IV 
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