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ABSTRACT 

 

Japanese traditional cotton crepe fabrics (chijimi) were studied to find the 

fundamental relationship among crepe structure, highly twisted weft yarn and effect of 

environmental humidity.  The objective is to find the most dominant parameter to 

fabricate new outerwear wearing under varied relative humidity environment. Using the 

twist level of weft yarn varies the tensile property of crepe fabric.  First of all, the tensile 

load-extension curves of highly twisted yarns (1000T/m, above 2000T/m) were compared 

under 10–90% relative humidity (RH). The extensibility (EM) of highly twisted yarns are 

higher than that of low twisted one under all RH, and the difference increased at humidity 

levels exceeding 60% RH. Then a fabric was fabricated using yarn (2200T/m) for weft 

yarn. Extensibility of this fabric is 16 – 26% at 49N/m in the humidity range of 10-90% 

RH.  Secondly, to improve both extensibility and recovery, the piqué cotton crepe fabrics, 

after special embossed finishing, were used to investigate the effect of piqué and crinkly 

structure on tensile properties under varied RH and in water at 25°C. The crepe fabrics 

with piqué had higher EM and residual strain values than the non-piqué samples under 

all RH conditions.  The EM value of fabric in weft direction is equivalent to that of outer 

knitted fabrics.  Extensibility of piqué fabric showed above 40% at high humidity but 
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resilience was 20%. Additional pique increases the extensibility and maintains the 

recovery below 70%RH.  The Moisture Management Tester (MMT) was used to analyze 

the moisture transportation in both vertical and horizontal direction of these piqué cotton 

crepe fabrics. Wetting time was about 2sec and wetting rate is also higher compared to 

the cotton plain fabric without crinkle. Finally, three pairs of pajama pants were tailored 

from selected piqué cotton crepe fabrics, and three long-term hospitalized patients wore 

the pants for 12 to 18 months.  Fabric after wear-wash cycles retains the piqué shape. 

The EM increased and bending and shear properties decreased, thus generating additional 

softness.  
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Chapter 1  

 General introduction  

 

1.1  An advantage of textiles  

 An advantage of textiles is that varying the constituent yarns and weave structure can 

modify their mechanical and physical properties. Combination of fiber, yarn and weave 

structures must design to satisfy the consumer’s requirement. Crepe fabrics are made from 

various natural and synthetic fibers according to intended end usage. Highly twisted yarns 

with Z- and S- directions are important for creating crinkled or puckered crepe fabrics (1). 

Therefore structural design of crepe fabrics must be considered how highly twisted yarns 

exhibit in the fabric and change the unique concavo-convex texture. It is also important 

to consider how these cotton crepe fabrics behave under varied relative humidity. 

 

1.2  Basic structure of twisted yarn 

1.2.1 The role of twist 

Twist is defined as the spiral disposition of the components of a thread which is usually 

the result of relative rotation of the two ends (2). 

Inserting twist is an essential process in the production of spun yarns by holding a 

linearly assembly of fibers together to form a continuous strand, small in cross section 

but of any specified length (3). Therefore twist is very important for cotton spun yarn to 

hold the individual fibers to achieve the tensile strength and bending rigidity in the 

process of weaving.    
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1.2.2 The idealized yarn structure 

Simple helix model was developed to explain the yarn structure depicting the cyclic path 

migration of the fibers moving from one cylindrical layer to another (3).  Figure 1.1 

shows the idealized helical yarn geometry. It was assumed that yarn is circular in cross 

section. The fibers follow helical paths around concentric cylinders of constant radius. In 

this Figure, explanations of each parameter are as follows: 

R:  yarn radius (cm) 

r:  the distance from the yarn axis 

T:  yarn twist, turn per unit length (cm-1)  

h:  length of one turn of twist 

 :  helix angle of radius r ( degree) 

 :  surface angle of twist, helix angle at radius R (degree)  

l:  length of fiber in one turn of twist, at radius r (cm)  

Then, h = 1/T, tan = 2 R/h   (4) 

Practically, it is useful to use yarn count rather than yarn radius. 

  Yarn count: C = mass of 1km 

              = ( R2 y) x 105tex 

Where, y is the specific volume of the yarn, cm3/g. 

 Twist factor is given by C 1/2 T tex1/2 (turns /cm). 

 

1.3  Theoretical model of twisted yarn to predict tensile property 

The idealized helical yarn geometry has been used to predict the mechanical property, 

mostly tensile strength and strain (5, 6). In the case of spun yarn, the strength is influenced 

by the fiber migration between the outside and inside layers of the yarn (7). To develop 
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the prediction of tensile property, various structure parameters such as fiber volume 

fraction (Vf), yarn surface helix angle, and fiber slippage were used in the model. 

Considering high-twist yarn in the range of 1000 to 3000 turns per meter, Vf was 

estimated to be over 0.7 (8), and no fiber slippage occurred during yarn extension. The 

stress-strain relations based on the conical helix models are predicted for both small and 

large deformations (9).  

However, the useful theoretical model for very high twist yarns has not been developed 

to predict the stress strain behavior of these kinds of yarns.  

 

1.4  Tensile property of cotton yarn  

1.4.1  Early work in the cotton spun yarn 

Early 20th century, important fundamental research works were carried out to develop the 

quality of cotton yarn (10). It was known that direction of twist, twist angle, twist level 

(number of twist per meter), twist multiplier and twist distribution were the main 

characteristics which influenced the strength of the yarn. The relationships between the 

breaking strength, extensibility, and the regularity of the twist distribution were measured 

(11).  Many research works were reported: effect of twist level on tensile strength (12-

28), elongation and irregularity (7, 29) and stiffness and toughness of the yarns (30).  A 

das et.al reported the tenacity, breaking elongation, work of rupture and initial modulus 

of yarns of 100% cotton yarns increase in wet condition. He also found that the finer the 

cotton yarn, the increase in initial modulus of yarn reduces in wet states (31).  

 

1.4.2  Characterization of cotton yarn produced by new spinning system 

Development of the new spinning system created the new structure of yarn. The effects 
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of the process parameters and tensile property were reported, e.g. Vortex yarn (32-34).  

 

1.5  Humidity effect on hydrophilic fiber 

1.5.1  Nanofiber spinning process  

Ambient parameters such as relative humidity (RH) and temperature influenced the fiber 

formation of nanofiber by electrospinning. It is reported the bead formation, rather than 

cylindrical-beads fibers, occurs under high RH for several polymers such as poly 

(ethylene oxide) (PEO) (35) and poly (vinyl alcohol) (PVA) (36). It is also found varying 

RH can affect the presence of pores by electrospinning poly(methyl methacrylate), 

polystyrene, and polyvinyl chloride (PVC) (37, 38).  

The link between ambient moisture during electrospinning and fiber shape and fiber 

surface was studied for soluble eggshell membrane and polyvinyl alcohol (S-ESM/PVA) 

blend nanofibers.  Main results are shown in Table 1.1 and Figure 1.2. 

When the S-ESM/PVA solution was spun at 50%-70% RH, the jet became unstable, 

probably because the S-ESM absorbed more moisture from the surrounding air and also 

the discharge of fiber leaded the fiber flowing. The morphology observation showed the 

S-ESM particle was formed on the surface of fiber at the relative humidity lower than 

30%.  It concluded the importance of surrounding humidity effects for fiber formation 

of hydrophilic fiber.  

 

1.5.2  Nature of cotton fiber, yarn and fabric 

Several articles have been reported that the relative humidity has large influence on the 

structure and physical properties of cotton fibers and its subsequent effect to the tensile 

properties of yarns and fabrics. 
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1.5.2.1  Dimensional change    

The humid environment and condition raise weight of the cotton fiber (39) because of its 

moisture absorbency.  After absorbing the moisture, the diameter of the fibers become 

larger due to the swelling of cotton cellulose (40, 41). The increase in width of the fibers 

leads to an increase in diameter of the constituent yarns of the fabric. Consequently, a 

change in dimension of the fabric happens depending on the closeness of spacing of the 

yarns in fabric (42). The influence of relative humidity on the fiber fineness was examined 

in terms of micronaire readings with absorption and desorption curves. It was obtained 

that micronaire values significantly increased from 80% to 90% RH, while the increase 

from 20 % to 80% RH was small (43). The crystallinity of cotton cellulose increase while 

increasing humidity (44) . 

 

1.5.2.2  Tensile property 

It has been well recognized that relative humidity of the surrounding is important for 

mechanical properties of the cotton materials especially for the tensile property. Many 

reports indicate the tensile property of cotton fibers, yarns and fabrics changed according 

to the environmental humidity.  

Mann reported that the elastic property of single cotton fibers affects the breaking load 

of yarns which increase as RH increase (45). Brown’s et. al found that the breaking 

strength of yarns increased only below 50% RH whilst above 60% RH, there is no 

appreciable change (46). Elastic and plastic properties of cotton fibers were changed  

when fibers were exposed to air at various relative humidity (47).       

  Urquhart reviewed and discussed comprehensively about the correlation of humidity 
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corresponding to the strength of textiles including cotton yarns and fabrics in which their 

strength increase while increasing 30% RH to 90% RH (48).  Peirce and Stephenson 

explained that tensile elongation and strength of cotton yarns perceptibly increased when 

RH is increased from 10% to 90% RH (49).  

Figure 1.3 shows stress – extension curves of cotton single fiber for three different 

humidity conditions at 20oC. Both strength and elongation increased with the increase of 

humidity (50).   

Pillay reported cotton fiber and yarn tensile stiffness and toughness were different at 

dry and wet states (30). Lawson et. al investigated the effect of dynamic or rapidly 

changing RH on the cotton fiber bundle tenacity and elongation (51). Iqbal examined the 

breaking load of warp and weft of cotton fabrics and found that they increase while 

increasing RH (52). Inoue and Niwa reported that tensile and tensile stress relaxation 

properties of 100% pure cotton yarns are higher than that of wool/cotton blended yarns at 

high humidity (53). 

 

1.6  Handle of crepe fabrics 

The crepe design of the fabrics have been produced by using (1) hard-twist filling yarns, 

(2) chemical treatment, (3) crepe weaves, and (4) embossing (54).  

In this thesis, (1) hard-twist filling yarns, and (4) embossing were focused for 

Takashima Crepe fabric. 

 

  1.6.1  Takashima Crepe fabric 

 In the hot, humid summer of Japan, cotton crepe fabrics called chijimi have been 

popular for over a century. The unique concavo-convex texture of this fabric maintains 
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space between the skin and garment, which improves airflow. Takashima chijimi is one 

of the most famous commercialized cotton crepe fabrics for casualwear in Japan, and is 

distinguished from the silk crepe fabrics called chirimen, where untwisted warp yarns are 

woven with high-twisted weft yarns. In Takashima chijimi, both warp and weft yarns are 

twisted, but the twist level of weft yarns is much larger. 

 

1.6.2  Characterization and handle 

Handle properties such as fullness, firmness, crispness, smoothness and drape of fabric is 

of great importance because normally consumers always examine the fabric by touching 

and rubbing the fabric as the first action with considering if it is suitable for their garments 

or end uses. The crepe fabrics structure exactly influences the handle and comfort 

properties of fabrics. Yokura et al. stated handle properties of cotton crepe fabric finding 

subjective, and objective evaluation by Kawabata evaluation system for fabrics (KES-

FB) (55). Moreover, they also investigated silhouette and handle design of silk chirimen 

fabrics for women’s thin dress based on the mechanical properties (56).  

For the application of these cotton crepe fabrics, mechanical property must be 

measured and the water vapor transport properties are also important. Considering the 

comfortable attire for summer season fabrics, the air permeability, thermal insulation and 

moisture transfer properties of fabrics must be characterized.  

 

1.7  Objectives 

In the literature, it is known that yarn twist can increase fabric extensibility. The twist 

level of yarns affects their tensile strength, elongation, irregularity, stiffness and 

toughness. These parameters were not studied in details for cotton crepe fabrics under 
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varied relative humidity.  

An advantage of crepe fabric is that varying the constituent yarn twist can modify their 

mechanical and physical properties. These mechanical and physical properties are 

changed by absorption of moisture. 

In this thesis, the traditional Japanese cotton-crepe fabric chijimi was used for the 

analysis. The high extensibility of this fabric relies on the high-twist cotton yarns used in 

the weft direction. Therefore, final goal of this study is to present the fundamental tensile 

behavior to design yarn and fabric structure.  

In Chapter 2, the effect of environmental humidity on the extensibility of highly twisted 

cotton yarns was investigated to help in choosing weft yarn suitable for woven fabric. 

The cyclic tensile tests were carried out to investigate how yarn and fabric tensile 

extensibility and resilience change at various levels of relative humidity. 

In Chapter 3, the effect of fabric texture on tensile properties under varied relative 

humidity was investigated.  Four crepe fabrics with three emboss and non-emboss were 

used to investigate the effect of pique and crinkle on the tensile extensibility, resilience 

and residual strain under varied relative humidity and in water at 25oC.  

In Chapter 4, the effect of crepe texture on dynamic water transport property was 

investigated to determine the water penetration to the fabric.  

In chapter 5, the performance of the crepe fabrics were quantified in terms of fabric 

durability.  These performances are important to consider the end use of crepe fabric.  

   In Chapter 6, achievement of this study was concluded. 
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Table 1.1 Scheme of jet formation of S-ESM/PVA solution under different relative 

humidity 
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Figure 1.1 The idealized helical yarn geometry (4)   

(a) Idealized geometry (b) “Open-out” diagram of cylinder at radius, (c) “Open-out” 

yarn surface 
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 Figure 1.2 FE-SEM photographs of electrospun S-ESM/PVA nanofibers obtained at 

different relative humidity levels 
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Figure 1.3 Effect of humidity on stress-strain curves of cotton at 20ºC (50)  
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Chapter 2 

 

Tensile properties of cotton crepe yarns under varied relative humidity 

and water 

   

2.1 Introduction 

Highly twisted yarns with Z- and S- directions are important for creating crinkled or 

puckered crepe fabrics (1). In the hot, humid summer of Japan, cotton crepe fabrics called 

chijimi have been popular for over a century. The unique concavo-convex texture of this 

fabric maintains space between the skin and garment, which improves airflow. In 

Takashima chijimi, both warp and weft yarns are twisted, but the twist level of weft yarns 

is much larger. 

Yokura et al., investigated the mechanical properties and handling of various 

Takashima chijimi, and found that fine cotton yarn with adequate twist has the potential 

to be used in women’s dresses and summer jackets rather than underwear (55). The skin 

comfort of Takashima chijimi has been of interest, but the high extensibility of this cotton 

fabric has not been paid much attention. Recently, consumers prefer comfortable 

garments that do not hinder body movement. Elastic fibers are therefore often used in 

cotton fabric blends to increase extensibility. 

It is well known that yarn twist can increase fabric extensibility. The twist level of 

yarns affects their tensile strength (12, 13), elongation and irregularity (15, 29), and 

stiffness and toughness (30). These changes are related to the twisting mechanism in the 

yarn-spinning process, which results in a coherence force that holds fibers together (3, 

14). Pillay showed that tensile-breaking elongation of cotton yarns linearly increases with 
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increasing twists in standard atmosphere and wet states (30). However, the recovery of 

cotton fabric from extension is not as high as others, and is highly influenced by humidity 

in the surrounding environment.  

Considering that an advantage of twisted cotton yarns is their extensibility when 

fabricating summer clothing, how the yarn and fabric tensile extensibility and recovery 

vary with relative humidity environments should be investigated.  

In this chapter, the effect of environmental humidity during tensile testing was focused.  

The tensile property of cotton yarns commercially used for Takashima chijimi was 

measured under 10–90% RH to find the critical RH at which the tensile strength-recovery 

curve changes for a given yarn twist. Based on the observed yarn properties, a fabric 

woven using the yarns investigated in this chapter is used to consider the relation between 

yarn and fabric tensile properties. The objective is to help in choosing weft yarn suitable 

for woven fabric for using high-twist cotton yarns. 

 

2.2   Experiment 

2.2.1 Yarn samples 

Four high-twist single-spun yarns made of 100% cotton were collected. Table 2.1 lists 

the yarn count, twist level, twist factor, and twist angle of the samples along with their 

breaking strength and elongation. Yarn strength and elongation were measured following 

the JIS L1013 standard at 20 °C, 65% RH. Table 2.2 shows the detailed results of the 

breaking strength and elongation of 20 specimens each for all samples. Sample Y1 is 

commonly used for the warp yarn of fabric, and further twisted yarns are commonly used 

for the weft yarn. Y1 further twisted to 2200 T/m was used as Y2. Y3 and Y4 are also 

used for weft yarn, and further twist was applied to 2.2 to 2.5 times that of the original. 
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Figure 2.1 shows images of these samples taken using a 3D microscope (VR-3000 series; 

Keyence). Comparing yarns Y1 and Y2 with the same yarn count, additional twisting 

increases elongation but decreases strength (Table 2.1). 

 

2.2.2 Yarn tensile test 

Yarn was carefully removed from the bobbin and pasted onto graph paper to prevent twist 

relaxation. The prepared sample was dried in an infrared moisture determination balance 

(FD-720; Kett Electric Laboratory) at 100 ºC for 3 minutes. The samples were then 

transferred to a humidity-controlled acrylic chamber connected to a relative humidity 

control supply (SRG-10RAS; Daiichi-Kagaku Inc.). The sample was conditioned under 

10% RH for 10 minutes, and humidity was then increased to preset values (40%, 60%, 

70%, 80%, and 90% RH at a constant temperature of 25 ºC) and conditioned for 1 h. For 

the wet condition, samples were immersed in 25 °C water for 10 minutes and 

measurements were then carried out in the water. Figure 2.2 summarizes sample 

conditioning for the tensile test.  

Moisture regain of a sample was calculated based on the yarn weight. Procedure and 

values of sample moisture regain at corresponding relative humidity are listed in 

APPENDIX 1. Difference of moisture regain among samples was not observed at all RH. 

Tensile properties were measured using a top-loading high-sensitivity tensile tester (KES-

G1S; Kato Tech Co., Ltd.). The gauge length was 5 cm and ten specimens per sample 

were measured under each RH condition. 

Three cyclic force-extension tests were carried out at maximum tensile loads of 1 N 

per yarn with tensile speeds of 0.1 mm per second. The loading and unloading cycles 

were performed in immediate succession with the same specimen. 
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Figure 2.3 shows the force-extension curves for Y2 at 70% RH. Characteristic values 

of three cycles such as extensibility at 1.0 N (EM-1, EM-2 and EM-3, %), tensile energy 

up to EM (WT-1, WT-2 and WT-3, J/yarn), resilience (RT-1, RT-2 and RT-3, %) and initial 

linearity (LT-1, LT-2 and LT-3) were calculated following the KES system 

characterization (57). The residual strains, Δε and Δε0 were defined as(EM1) - (EM2)) 

and ((EM2) - (EM3)) to evaluate irreversible strains after the extension. 

 

2.2.3 Fabric sample and tensile test 

A plain fabric (weave density: 32 × 22 yarns per cm, weight: 9.67 mg/cm2; thickness: 

0.97 mm) was woven using Y1 and Y2 as warp and weft yarns, respectively. The tensile 

test was carried out using the same equipment (KES-G1S with humidity controller). 

Fabric specimens were 1 cm wide and gauge length was 5 cm.  Tensile speed, humidity, 

and water-immersed conditions were the same as those for the yarn test shown in Figure 

2.2. Three cyclic tests of three specimens for each humidity condition were carried out 

for both warp and weft direction at a maximum force of 49 N/m. This maximum load is 

the measuring condition for women’s thin dresses in the KES-system (55, 57). 

Characteristic values of EM (%), WT (J/m2), and RT (%) and LT were also calculated.  

 

2.3 Results and Discussion 

2.3.1 Three cyclic tensile force-extension curves  

Figure 2.4 shows the force-extension curves for Y1 and Y2 at 10%, 50%, 60%, 70%, 80% 

and 90% RH. The force-extension curves for Y3 and Y4 are also shown in Figure 2.5 

under all conditioned RH. As shown in both Figures, the first extended curves show 

profoundly different from those of second and third measurements.   
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   The average, SD and CV values of EM (%), WT (J/yarn), RT (%) and LT for three 

cyclic measurements under (10%, 40%, 60%, 70%, 80%, and 90% RH) are shown in 

Table 2.3, 2.4, 2.5, and 2.6, respectively.  The average values of the EM, WT, RT and LT 

of three cyclic measurements were plotted against RH in Figure 2.6, 2.7, 2.8 and 2.9, 

respectively. Each point is the average value of ten sample specimens. Common tendency 

was observed for all samples as follows. 

EM and WT values of first measurements (EM-1, WT-1) were profoundly larger than 

those of second and third measurements. Energy loss over total energy in the first-cycle 

curve (RT-1) is comparatively larger than those in the following two curves.  

 

2.3.2 Effect of relative humidity on yarn tensile properties  

2.3.2.1 Extensibility (EM) 

Figure 2.10 shows the effect of RH on the first cyclic tensile force-extension curves of 

the samples. When increasing RH, EM-1 yarn values increased. For all samples, yarns 

become more extensible with increased relative humidity, and the hysteresis of curves 

increased accordingly. Curves obtained in water are clearly different from those obtained 

in atmosphere, especially for the initial extension part. In water, fiber torque relaxes 

rapidly and an unbalance of the twist may occur. Therefore the beginning of yarn 

extension might accompany increased inter-fiber friction. Pillay reported decreased 

stiffness of high-twist cotton yarns (24.6Tex) with twist multiplier ranges from 3.75 to 

6.0, but increased toughness in wet states (30). This tendency was not observed in this 

experiment, and the initial slopes of 90% RH conditioned samples were lower than the 

wet samples shown for Y2 and Y4.  

The effect of surrounding atmosphere (RH) on EM was considered more closely 



Chapter 2 – Tensile properties of cotton crepe yarns under relative humidity and 

water             

  

18 

 

referring to Figure 2.6. Y1 and Y2 are compared to investigate the effect of additional 

twist. EM-1 of Y2 is larger than that of Y1 under all RH conditions, and the difference in 

values for the two samples increased at over 60% RH. EM-1 of samples Y3 and Y4 also 

increased with RH. The increased value from 10% RH to 90% RH of Y4 is larger than 

that of Y3, which has a higher twist factor. Yarn stress–strain behavior was described in 

terms of both material properties and yarn structure.  

Theoretical models to predict yarn strength were developed based on the yarn helix 

model (5, 6). Various structure parameters such as fiber volume fraction (Vf), yarn surface 

helix angle, and fiber slippage were used in the model.  Considering high-twist yarn in 

the range of 1000 to 3000 turns/m, Vf was estimated to be over 0.7 (8, 9) and no fiber 

slippage occurred during yarn extension. However, the yarn surface helix angle changed 

during extension and under humidity.  

 

2.3.2.2 Effect of structure 

Yarn stress, isdetermined by the yarn strain, at the humidity condition: 

 ……………………………………………………………………….. (3) 

where, E is the longitudinal modulus. As shown in Figure 3, when EM-1 under the same 

load and varying humidity was compared between Y1 and Y2, the following relation was 

obtained: 

EM-1 (Y2) / EM-1 (Y1) = E1(Y1) / E2(Y2)…………………………………. (4) 

EM-1 (Y2) / EM-1 (Y1) was calculated using the values shown in Figure (2.6), 

resulting in an almost constant value (3.08) at 40–90% RH. A slightly smaller value (2.67) 

was seen at 10% RH. The difference in values for the two samples increased at over 60% 

RH, due to the changes in yarn surface helix angle of Y2 under higher humidity conditions.  
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2.3.2.3 Yarn snarl 

In the case of Y2 and Y4, yarn snarl was observed after extension at over 70% RH for Y2, 

60% RH for Y4, and in water for both samples.  

    Figure 2.11 shows three cyclic tensile load – extension curves of Y1, Y2, Y3 and Y4 

obtained at 70% RH at 25ºC. 

For Y2 and Y4, snarl occurred after the first measurement. When loading 2nd and 3rd 

cycles, tensile forces were oscillating in consequence of snarl relaxing before yarn 

stretching started.    

Figure 2.12 shows an image of yarn twist (Y2) for both snarled and straight parts. Note 

that the twist angle increased in the snarled part, but slightly decreased in the straight part. 

These changes in twist angle are reflected in the yarn extensibility. Torque generated by 

over-twisting is relaxed under high humidity and in water. These snarls are not observed 

for Y1 and Y3, which have lower twist levels.  

 

2.3.2.4 Resilience (RT) and irreversible extent 

The resilience of RT-1 decreased with increased RH for all samples (Figure 2.8). Under 

all RH conditions, RT-1 values for Y1 were higher than those for Y2. The difference 

between the two samples decreased at higher humidity conditions. In water, their RT 

values are almost identical; no effect of twist was observed.  When the sample was 

extended under 90% RH, nearly 50% of EM-1 was not recovered and became the residual 

strain for all samples.  Figure 2.13 shows the relation between RT-1 and EM-1. For yarns 

with smaller twists, such as Y1 and Y3, recovery changed rapidly with increased 

environmental humidity. On the other hand, for high-twist yarns such as Y2 and Y4, 
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resilience depended on both EM and humidity and was less independent at over 70% RH.  

Residual strain (Δε) values showed irreversible extent of yarns after the first test cycle.  

In Figure 2.14 and Figure 2.15, the Δε and Δε0 of Y2 were higher than those of Y1 at 

all RH levels.  

The discrepancy between Δε for Y1 and Y2 increases with RH, because of the 

distinctively increasing Δε of Y2. This tendency is the same as that of EM-1 (Figure 2.6). 

Values of (Δε and Δε0) were shown in Table 2.6 and 2.7, respectively.  In Y1 and Y2, the 

tendency of increasing Δε0 with increasing RH is similar to those of Δε. However, the 

amount of Δε0 was too small enough to be negligible in comparing with Δε. 

 

2.3.3 Effect of relative humidity on fabric tensile properties  

Figure 2.16 shows the texture of a plain-woven fabric made using Y1 and Y2 as warp and 

weft yarns, respectively. After finishing the fabric, the wrinkling structure along the weft 

direction, characteristic of chijimi fabric appeared due to differences in the twist factor of 

the two constituent yarns. The effect of RH on the tensile property of fabric warp and 

weft directions was determined by the constituent yarn property. In the fabric warp 

direction, obtained EM-1 values are in the range 1.78–10% RH to 2.07–90% RH at 

maximum. This small difference arises from the low extensibility of Y1 with humidity 

change (Figure 2.6). Accordingly, the effect of RH on RT-1 in the warp direction was 

small, with obtained values of 47.0% at 10% RH and 43.2% at 90% RH.  

In the case of fabric weft direction, the effect of humidity was observed for both 

extensibility and recovery. Figure 2.17 plots values of RT-1 at different RH levels and in 

water against EM-1. The fabric’s extensibility (EM-1) was in the range of 16–26%, which 

is equivalent to knitted fabrics. Recovery from extension such as RT decreased with 
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increased humidity. When the humidity changed from 10% RH to 40% RH, a nearly 10% 

decrease of RT-1 values was observed with a 5% increased fabric extension. Further 

extension was observed under higher humidity condition such as 80% and 90% RH. 

Hence, the fabrics used under high humidity conditions are easily deformed but retain the 

residual strain. Both EM-1 and RT-1 values obtained while measuring in water are smaller 

than those of 90% RH, which is the same tendency as the results for yarn Y2. For the 

Takashima chijimi, the yarn twist of weft yarn determined the extensibility as well as the 

effect of environmental humidity. 

 

2.4   Conclusion 

The cyclic tensile tests were performed to investigate how yarn and fabric tensile 

extensibility and resilience change at various levels of relative humidity. For all samples, 

yarns become more extensible with increased relative humidity and hysteresis increased 

accordingly. Comparing same yarn-count samples Y1 and Y2, the EM-1 of Y2 (2200 

T/m) was larger than that of Y1 (1000 T/m) under all RH conditions, and the difference 

increased at humidity levels exceeding 60% RH. In water, no effect of twist on RT was 

observed for the two samples. A crepe fabric sample woven using Y1 (warp) and Y2 

(weft) was also tested. The fabric extensibility in the weft direction was in the range 16–

26%, which is equivalent to that of outer knitted fabrics, but in the warp direction 

extensibility was less than 2% at humidity ranges of 10–90% RH. Extensibility and 

recovery of Takashima chijimi was largely dominated by the twist of weft yarns, which 

changes with the relative hum 
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Table 2.1 Specification of yarn samples 

 

 

   K = T  √Tex….……………………………………(1)   

 

   Twist angle () = tan -1 2 r T..…………………….(2)   

                                                                                                                                                                                                                       

 Where, 

 K = Tex twist factor 

 T = turns per meters  

 Tex = yarn count in Tex system 

 r = radius of yarn (m) 

 

 

 

 

  

Sample 

Yarn 

count 

(Tex) 

Original 

Twist 

(T/m) 

Additional 

Twist 

(T/m) 

Total 

Twist 

(T/m) 

Tex Twist 

Factor 

(K) 

Twist 

Angle 

(°) 

Breaking 

Strength 

(N) 

Breaking 

Elongation 

(%) 

Y1 14.8 1000 0 1000 3847.1 24.3 2.19 5.0 

Y2 14.8 1000 1200 2200 8463.6 44.8 1.97 10.6 

Y3 29.5 600 700 1300 7066.79 39.6 5.09 9.9 

Y4 9.8 1200 1800 3000 9410.63 47.8 1.77 8.8 
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Table 2.2 Breaking strength and elongation data measured by KAKEN test center 
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Table 2.3 EM of three cycle tensile linearity under various RH and water 
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Table 2.4 WT of three cycle tensile energy under various RH and water 
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Table 2.5 RT of three cycle tensile resilience under various RH and water 
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Table 2.6 LT of three cycle tensile linearity under various RH and water 
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Table 2.7 Values of Δε of yarn samples 

 

 

Yarn Sample RH (%) EM-1 EM-2 Δε=((EM-1) – (EM2)) 

(Y1) 

1000T/m 

40Ne   

  

10 2.5809 2.1813 0.3997 

40 2.7700 2.1245 0.6455 

60 3.4621 2.3726 1.0895 

70 3.7863 2.4623 1.3241 

80 4.0490 2.7360 1.3129 

90 4.6827 2.9546 1.7281 

water 4.8177 3.0156 1.8021 

(Y2) 

2200T/m 

40Ne   

  

10 6.9047 5.0020 1.9027 

40 8.8724 5.2577 3.6147 

60 10.4043 5.9271 4.4773 

70 11.4868 6.1408 5.3460 

80 12.6601 6.7767 5.8834 

90 14.3340 7.5712 6.7628 

water 10.7717 7.8797 2.892 

(Y3) 

1300T/m 

20Ne   

  

10 3.9080 3.2760 0.6320 

40 3.9520 2.8000 1.1520 

60 4.1876 2.8222 1.3654 

70 4.1875 2.8599 1.3276 

80 4.7925 3.2053 1.5872 

90 4.8759 3.4027 1.4731 

water 4.7393 3.7368 1.0025 

(Y4) 

3000T/m 

60Ne   

  

10 7.1614 4.1758 2.9856 

40 8.6538 4.6251 4.0287 

60 10.1097 5.4884 4.6214 

70 10.4324 5.9504 4.4820 

80 10.4653 5.7621 4.7032 

90 11.2324 6.3429 4.8895 

water 10.0389 7.5329 2.5060 
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Table 2.8 Values of Δε0 of yarn samples 

 

 

 

 

 

 

 

 

 

 

 

 

Yarn Sample  RH (%) EM-2 EM-3 Δε0=((EM-2) – (EM-3)) 

(Y1) 

1000T/m 

40Ne 

 

10 2.1813 2.0939 0.0874 

40 2.1245 2.0524 0.0721 

60 2.3726 2.2207 0.1519 

70 2.4623 2.3134 0.1489 

80 2.7360 2.5422 0.1938 

90 2.9546 2.7056 0.2490 

water 3.0156 2.8549 0.1607 

(Y2) 

2200T/m 

40Ne 

 

10 5.002 4.6946 0.3074 

40 5.2577 4.8499 0.4078 

60 5.9271 5.403 0.5241 

70 6.1408 5.6283 0.5125 

80 6.7767 6.1583 0.6184 

90 7.5712 6.8174 0.7538 

water 7.8797 7.2256 0.6541 

(Y3) 

1300T/m 

20Ne 

 

10 3.276 3.1309 0.1451 

40 2.8000 2.6167 0.1833 

60 2.8222 2.6408 0.1814 

70 2.8599 2.6738 0.1861 

80 3.2053 2.9736 0.2317 

90 3.4027 3.1425 0.2602 

water 3.7368 3.5239 0.2129 

(Y4) 

3000T/m 

60Ne 

 

10 4.1758 3.927 0.2488 

40 4.6251 4.3754 0.2497 

60 5.4884 5.0646 0.4238 

70 5.9504 5.4612 0.4892 

80 5.7621 5.3308 0.4313 

90 6.3429 5.8165 0.5264 

water 7.5329 7.0526 0.4803 
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Figure 2.1 Microscopic images of 100% cotton single-spun yarns with yarn twist  

(: twist angle) 
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Figure 2.2 Yarn sample preparation and conditioning prior to the tensile test 
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Figure 2.3 Tensile force–Extension curves of Y2 at 70% RH, 25 °C (EM-1: First-cycle 

extensibility; EM-2: Second-cycle extensibility; EM-3: Third-cycle extensibility; Δε: residual 

strain (EM-1 – EM-2); : residual strain (EM-2 – EM-3) 
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Figure 2.4 Tensile force-extension curves of three cyclic tests of Y1 and Y2 



Chapter 2 – Tensile properties of cotton crepe yarns under relative humidity and 

water             

  

34 

 

 
 

Figure 2.5 Tensile force-extension curves of three cyclic tests of Y3 and Y4 
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Figure 2.6 Effect of RH on EM-1, EM-2 and EM-3 of yarn samples 
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Figure 2.7 Effect of RH on WT-1, WT-2 and WT-3 of yarn samples 
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Figure 2.8 Effect of RH on RT-1, RT-2 and RT-3 of yarn samples 
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Figure 2.9 Effect of RH on LT-1, LT-2 and LT-3 of yarn samples 

 



Chapter 2 – Tensile properties of cotton crepe yarns under relative humidity and 

water             

  

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           Figure 2.10 Tensile force and first-cycle extension curves for 

Y1 (14.8 Tex; 1000 T/m; 3847.1 K), Y2 (14.8 Tex; 2200 T/m; 8463.6 K),  

Y3 (29.55 Tex; 1300 T/m; 7066.8 K), and Y4 (9.84 Tex; 3000 T/m; 9410.6 K) at 

varying RH 
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Figure 2.11 Three cyclic tensile force-extension curves of yarn samples at 70 %RH  
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Figure 2.12 Microscopic images of snarled and straight sections of yarn Y2 after three 

cyclic tests. The Mean twist angles at 40%, 70%, and 90% RH are respectively 49.1°, 

48.5°, and 52.6° for snarled sections and 37.6°, 35.5°, and 33.8° for straight sections. 
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Figure 2.13 Plots of EM-1 against RT-1 under different RH conditions 
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Figure 2.14 Effect of RH on Δε for the yarn samples 
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Figure 2.15 Effect of RH on Δε0 of yarn samples 
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       Figure 2.16 Image of fabric made of Y1 (warp) and Y2 (weft) yarns 
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Figure 2.17 Plots of RT-1 against EM-1 of fabric in the weft direction under different 

RH conditions and in water 
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Chapter 3 

 

Effect of crepe texture on tensile properties of cotton fabric under 

varied relative humidity 

 

3.1 Introduction 

Crepe fabrics made from highly twisted yarns exhibit a variety of wrinkly structures. 

Such fabrics are produced by using (1) hard-twist filling yarns, (2) chemical treatment, 

(3) crepe weaves, and (4) embossing (54). Japanese cotton crepe, called Takashima 

chijimi, is made by employing twisted yarns in both the warp and the weft; however, the 

weft yarn twist is more than 2000 twists per meter. Such cotton fabrics, which combine 

hard-twist filling yarns and weave density, are popular materials for men’s summer wear. 

Consumer demand for more attractive crepe fabrics and new products signifies a shift in 

preference from casual cotton wear to more formal outerwear, women’s dresses, and 

summer jackets. Accordingly, uniformly ribbed crepe texture has been designed via 

additional embossed finishing of basic crepe weave fabrics with piqué. The number of 

uniform ribs in piqué crepe fabrics may govern not only the design but also the physical 

properties of the fabrics.  

  From the perspective of fabric weave design, the fundamental relationships among 

crepe appearance, yarn twist level, yarn count, and finishing have been reported (58-62). 

These findings are useful for achieving the required crinkly design with respect to the 

effect of twisted yarn shrinkage on fabric crinkling after finishing (63, 64). Yokura et al. 

tried to establish the silhouette and handle design of silk chirimen fabrics for women’s 
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thin dresses on the basis of the mechanical properties of these fabrics (56). In previous 

reports, the mechanical properties of crepe fabrics have been measured under standard 

temperature and humidity conditions (e.g., around 20 ± 3°C and 65% RH) (55). 

However, cotton fabrics are moisture-sensitive materials; thus, the effect of 

environmental humidity cannot be ignored.  

  One advantage of crepe fabrics is their high extensibility along the weft direction. In 

addition, it is necessary to investigate the effect of relative humidity on the tensile 

deformation of crepe fabrics used in attire that is comfortable for hot and humid weather. 

In this chapter, the surface and mechanical properties of cotton crepe fabrics were 

measured using the Kawabata Evaluation System for Fabrics (KES-FB) in order to 

investigate the most distinctive characteristics of these fabrics. Then, the tensile 

properties of the fabrics were measured under varied relative humidity conditions. The 

objective was to determine the influence of relative humidity on the tensile properties 

such as tensile extensibility and recovery of piqué crepe fabrics. 

 

3.2 Experiment 

3.2.1 Samples 

Crepe appearance is governed by the yarn twist level and finishing. A plain weave gray 

fabric (S1, 40Ne: 14.8Tex) was finished by four different processes in order to change 

its appearance, as shown in Figure 3.1. Three samples (S1-2, S1-3, and S1-4) were 

processed with an embossing roller, and two of them (S1-2 and S1-3) were additionally 

accompanied with piqué. S1-5 was treated via normal finishing without embossing. 

Plain weave fabric (S0) using the same warp yarn as the crepe fabric was also produced 

for comparison. The specifications of the samples are listed in Table 3.1.  
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  Figure 3.2 shows microscopic images of the fabrics captured using a 3D microscope 

(VR-3000 series, Keyence). Traces along the warp and weft yarn directions as well as 

those between the yarns are shown in this Figure. The images of samples S1-4 and S1-5 

show a randomly bumpy appearance, whereas uniformly ribbed structures are seen for 

samples S1-2 and S1-3.  

 

3.2.2 Measurement of physical properties of samples 

The physical properties of the samples were examined at 252°C and 50–60% RH by 

using KES-FB testers (Kato Tech Co., Ltd.). The specific characteristic values, 

measurement conditions, and KES-FB testers are listed in Table 3.2. The properties of 

standard-size samples (20 cm  20 cm) were measured three times in the warp direction 

and three times in the weft direction, with a different position used for each 

measurement.  

 

3.2.3 Fabric tensile test 

The procedure of sample preparation and RH conditioning to the fabrics is the same as 

that for yarn which was mentioned in Figure 2.2 of chapter 2. 

 First, the prepared samples (1 cm × 6 cm) were dried in an infrared moisture 

determination balance (FD-720, Kett Electric Laboratory) at 100°C for 3 minutes. Then, 

the samples were transferred to a chamber with a precisely controlled humidity supply 

(SRG-10R-AS, Daiichikagaku, Japan) and conditioned for 10 minutes under 10% RH. 

The humidity was increased to preset values of 40%, 60%, 70%, 80%, and 90% RH at 

25°C, under which the samples were conditioned for 1 h. For the wet condition, the 
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samples were immersed in water at 25°C for 10 minutes and measurements were then 

carried out in the water. The tensile properties were measured using the KES-G1S (Kato 

Tech Co., Ltd.), which equipped with a humidity control chamber. Loading-unloading 

cyclic tests were carried out three times at a maximum tensile load of 49 newton per 

meter and tensile speed of 0.1 millimeter per second. The gauge length was 5 centimeter 

and three specimens per sample were measured under each RH condition.  

   Moisture regain (MR) of samples were calculated based on the weight of fabric 

sample. Procedure and values of sample moisture regain from 40% - 80% RH are listed 

in APPENDIX 2. Difference of moisture regain among samples was about 2% at 

respective humidity condition. 

 

3.3 Results and Discussion 

3.3.1 Effect of crepe appearance on mechanical and surface properties  

Figure 3.3 compares the physical properties of the plain and crepe fabrics. The 

horizontal axis represents the difference between the plain fabric (S0) and the crepe 

fabrics as a percentage.  

The average values of each characteristic of mechanical properties data were shown 

in Table 3.3. 

 

3.3.1.1 Tensile property 

Extensibility and tensile energy values of all the crepe fabrics in the weft direction, 

(EM2) and (WT2), were significantly larger than those in the warp direction. 

Furthermore, EM2 and WT2 of the crepe fabrics were larger than those of the plain 



Chapter 3 – Effect of crepe texture on tensile properties of cotton fabric under 

varied relative humidity 

  

51 

 

fabric.    

Under stretching due to tensile force, the wavy parts of the crepe fabrics were 

flattened. This phenomenon was more apparent in uniformly ribbed crepe (i.e., crepe 

with piqué structure). This made the piqué fabrics more extensible: the higher the 

number of piqués, the more extensible the fabrics. S1-2 (10 piqués per centimeter) had 

larger EM2 and WT2 values than S1-3 (6 piqués per centimeter). The equidistant ribbed 

piqué structure of S1-2 and S1-3 made these fabrics extensible by over 400% as 

compared to S0. In addition, S1-2 and S1-3 showed larger EM2 and WT2 values than 

S1-4 and S1-5 (crepe without piqué). Tensile resilience (RT) reflects the ability of a 

fabric to recover from tensile deformation. The RT2 values of S1-2, S1-3, S1-4, and 

S1-5 were 20.00%, 26.98%, 27.05%, and 23.76% lower than the RT2 value of S0, 

respectively. Thus, higher extensibility was accompanied by lower recovery.  

 

3.3.1.2 Bending property 

The extensibility and bending rigidity of crepe are influenced by the curvature of 

interlacing of the weft yarns on the warp yarns as well as by small crinkles on the base 

fabric.     

  In the case of bending, differences between the piqué and non-piqué fabrics were 

observed in the warp direction. The warp bending rigidity (B1) and bending hysteresis 

(2HB1) values of S1-2 and S1-3 were larger than those of S1-4 and S1-5. When the 

piqué cords along the warp direction were bent, an additional bending moment was 

created. On the other hand, the waved crepe fabric was easily bent in the weft direction 

as compared to the plain fabric. Bending hysteresis represents both the friction between 

yarns and viscoelastic behavior. The 2HB values of the crepe and piqué crepe structures 
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were the same as or smaller than those of the plain fabric. 

3.3.1.3 Shear and compression properties 

The shear stiffness and hysteresis of all the crepe fabrics were smaller than those of the 

plain fabric. Furthermore, the thickness of the crepe fabrics was greater than that of the 

plain fabric because of the bumpy appearance of the crepe fabrics, as shown in Figure 

3.2. This geometry appeared because of the larger compression energy (WC) of the 

crepe fabrics. 

3.3.1.4 Surface property 

 The surface property values of all the crepe samples were larger than those of the plain 

samples in both the warp and the weft directions. In particular, the surface roughness 

values of S1-2 (SMD1 and SMD2) were notably larger than those of the other three 

fabric samples. The surface roughness was measured under a contact force of 0.1 N; 

thus fine piqué shape was maintained, and the piqué fabrics showed larger SMD values 

than the other fabrics. 

3.3.1.5 Air resistance 

   The air resistance of all the crepe fabrics was smaller than that of the plain fabrics. 

Greater spacing was observed between the yarns of the crepe fabrics, as shown in 

Figure 3.2. The average air resistance values of S1-2, S1-3, and S1-4 were 0.083, 0.063, 

and 0.066 kPa·s/m, respectively. Air resistance increased as the piqué became finer.  

 

 3.3.2 Effect of relative humidity on fabric tensile properties 

As shown in Figure 3.3, among all the mechanical properties, tensile properties of the 
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samples showed the largest differences. Therefore, the effect of relative humidity on 

tensile properties was investigated further. The tensile extensibility (EM) in the weft 

direction of the crepe fabrics was larger than that in the warp direction. The effect of 

humidity on EM was measured in both the warp and the weft directions under 10% RH 

and 90% RH. The difference between the EM values under 10% RH and 90% RH in the 

warp direction was in the range of 0.2–0.8%; thus, the effect of humidity was small.    

The subsequent discussion focuses on the fabric tensile properties in the weft direction.   

  After three times of loading and unloading cycles, cyclic tensile force-extension 

curves were obtained. Figure 3.4 shows force-extension curves of weft direction of S1-5 

at 90% RH. The total energy loss in the first cycle curve is comparatively larger than 

that in the other curves. The difference between the second and third curves is small 

because once the crepe fabrics were extended, the subsequent deformation would be 

small. This tendency was observed for all the samples under all the humidity conditions.  

As shown in Figure 3.4, Δε and Δε0 defined as the residual strains were calculated by 

((EM1) - (EM2)) and ((EM2) - (EM3)) respectively. They can represent the 

irreversible strain after the extension, that is, plastics deformation of fabric. 

Figure 3.5, 3.6, 3.7 and 3.8 show the average values of EM (%), WT (J/m2), RT (%) 

and LT for three cyclic measurements under (10%, 40%, 60%, 70%, 80%, and 90% RH) 

were plotted against RH, respectively.  Each point is the average value of three sample 

specimens.  

EM and WT values of first measurements (EM-1 and WT-1) were profoundly larger 

than those of second and third measurements (EM-2, EM-3 and WT-2, WT-3). Energy 

loss over total energy in the first-cycle curve (RT-1) is comparatively larger than those 

in the following two curves.  The linearity of loading curves of LT are not largely 
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different among three cyclic measurements. LT-1 of crepe fabrics were decreasing while 

increasing RH and become close at high humidity. LT-1 of S1-2 and S1-3 fabrics were 

become closer from 70% to 90% RH effect on LT-2 and LT-3 are not so much 

significant for all samples. 

The effect of RH on EM-1, RT-1 and Δε were discussed as follows.  

3.3.2.1 Extensibility (EM) 

Figure 3.5 shows the average EM-1, EM-2 and EM-3 values of three specimens of each 

sample fabric plotted against relative humidity (10–90% RH). The extensibility (EM-1) 

of the samples increased with relative humidity because of the nature of cotton fiber 

(65). The EM-1 values of S1-2 (10 piqués per centimeter) and S1-3 (6 piqués per 

centimeter) were larger than those of S1-4 and S1-5 (without piqué) under all the RH 

conditions, mainly because the piqué shape increased the extensibility. According to the 

surface trace in Figure 3.2, the piqué height of S1-2 was the same as that of S1-3, but 

the trace length of S1-2 was greater than that of S1-3. In Figure 3.5, the difference 

between these two samples (S1-2 and S1-3) is clearer over 60% RH. In chapter 2, the 

EM values of the same yarn used for weft markedly increased over 70% RH. A similar 

tendency was observed for sample S1-2. 

  In water, the EM-1 values of all the samples were smaller than those under 10% RH. 

Water penetrating into the fabric might increase the friction between the yarns and make 

the fabrics less extensible. 

3.3.2.2 Tensile resilience (RT) 

The relationship between RH and RT-1 is shown in Figure 3.7. The tensile recovery 

shows an inverse trend with relative humidity. Significant changes in RT-1 were 
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observed in the range of 40% - 70% RH at 25 °C. The differences among the crepe 

samples were greater in this humidity range than outside it. In water, the RT-1 values of 

S1-2 and S1-3 were the same as those of S1-4 and S1-5, whereas their EM values were 

larger. Although the large extensibility of piqué crepe fabrics (S1-2 and S1-3) is 

beneficial, their poor recovery must be considered when using these fabrics for clothing. 

In light of the irreversible recovery, the residual strain was investigated. 

The tensile force-extension curves of first cycle of crepe fabrics samples under 

different RH and water were shown in Figure 3.9.  The natures of the curves of loading 

and unloading cycles were found as different depend on RH. The hysteresis become 

larger at higher RH indicated poor recovery of fabrics.  Those results come from the 

different fabric geometry because the samples used in this chapter were made from the 

same materials, yarn count and twist levels.  

3.3.2.3 Residual strain (Δε) 

Figure 3.10 shows the effect of RH on Δε and Δε0 values which were detailed in Table 

3.8 and 3.9.  Δε0 values of all samples are very slightly different to each other and 

smaller than Δε under all RH. The Δε values of the piqué fabrics (S1-2 and S1-3) were 

larger than those of the non-piqué fabrics (S1-4 and S1-5). This difference became 

considerably larger when the RH was increased from 70% to 90%RH. Additional piqué 

seemed to increase the extensibility and maintain the recovery below 70% RH. Table 

3.10 lists the values of residual strain against tensile extension under different RH 

conditions for all the fabrics. The values of Δε/EM-1 for the crepe fabrics at 90% RH 

were in the range of 0.5–0.6, indicating that the recovery of piqué decreases as humidity 

increases. From the viewpoint of clothing that allows free body movement, high fabric 
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extensibility is attractive. The extensibility of S1-2 was relatively stable in the humidity 

range below 70% RH. Thus, except under very high humidity, the extensibility of crepe 

fabric with piqué can be used in designing new fabrics for women’s clothing.  

 

3.4 Conclusion 

In this chapter, four crepe fabrics (three embossed and one non-embossed) were used to 

investigate the effect of piqué and crinkle on tensile extensibility, resilience, and 

residual strain under varied relative humidity and in water at 25°C.    

 The results of KES-FB measurements in a standard environment showed that the piqué 

appearance governs some physical properties, namely, EM2, WT2, B1, and 2HB1. The 

shear stiffness and hysteresis values of the crepe fabrics were smaller than those of the 

plain fabric, but no difference was observed between the piqué and non-piqué fabrics. 

The most notable difference between the piqué crepe and the non-piqué fabrics was 

their tensile extensibility. The effect of environmental humidity on the tensile properties 

of the fabrics was investigated, especially in the weft direction.  Piqué crepe fabrics 

(S1-2: 10 piqués per centimeter, S1-3: 6 piqués per centimeter) showed larger tensile 

extensibility (EM-1) and residual strain (Δε) than crinkled fabrics without piqué (S1-4) 

under all RH conditions. Even at 90% RH, the piqué structure was maintained, which 

indicates the high extensibility of piqué fabrics as compared to crinkled fabrics without 

piqué. However, the tensile resilience of the piqué fabrics decreased and their residual 

strain increased over 80% RH. In conclusion, piqué crepe is applicable to new fabrics 

for women’s clothing, except under very high  
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Yarn linear density - warp, weft: 14.8Tex 

       Yarn twist - S0: 1000 twists per meter (warp and weft) 

                 S1~S1-5: warp, 1000 twists per meter; weft, 2200 twists per meter 

 

 

 

 

 

 

 

 

Table 3.1 Specification of fabirc samples 

 

 

 

 

 

 

 

 

 

Sample  

no.  
Structure  

Weave 

density/cm 
Weight  

(mg/cm2)  

Thickness  

(mm)  
Ends  Picks  

S0 Plain  38 29 9.91 0.46 

S1 Gray  27 21 8.09 0.49 

  
No. of piqué per 

cm 
    

S1-2 
Crepe  with 

embossing 
10 40 22 10.64 0.93 

S1-3 
Crepe  with 

embossing 
6 36 22 9.85 0.91 

S1-4 
Crepe  with 

embossing 
0 34 22 9.71 0.76 

S1-5 
Crepe  without 

embossing 
 32 22 9.67 0.97 
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Table 3.2 Physical properties of fabrics measured with the KES-FB  

 

system 
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Table 3.3 Average vlaues of mechanical properties of fabric samples  

 

 

 
1: warp direction    2: weft direction 
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Table 3.4. EM of three cycles under various RH and water 
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Table 3.5 WT of three cycles under various RH and water 
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Table 3.6   RT of three cycles under various RH and water 
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Table 3.7 LT of three cycles under various RH and water 
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Table 3.8 Values of Δε of fabric samples 
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Table 3. 9 Values of Δε0 of fabric samples 
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Table 3.10 Residual strain  against maximum tensile extension EM-1 

 

 

 

Humidity, 

RH, % 

/(EM-1) 

S0 S1-2 S1-3 S1-4 S1-5 

10 0.18 0.22 0.25 0.24 0.24 

40 0.21 0.19 0.23 0.19 0.20 

60 0.24 0.18 0.31 0.25 0.23 

70 0.27 0.29 0.39 0.22 0.29 

80 0.27 0.41 0.45 0.35 0.38 

90 0.24 0.55 0.62 0.53 0.55 
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Figure 3.1 Process for producing samples 
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Figure 3.2 Microscopic images of fabric geometry expressed with traces along warp 

and weft yarn directions and between yarns  

Black curves: traces along the yarns      Blue curves: traces between the yarns   
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Figure 3.3 Physical properties of crepe fabrics 

 

V = (X-XP)/XP100% 

XP = value of plain fabrics 

X = value of S1-2, S1-3, S1-4, S1-5 

1: warp; 2: weft; zero line: V values of plain fabrics 

 



Chapter 3 – Effect of crepe texture on tensile properties of cotton fabric under 

varied relative humidity 

  

70 

 

 

 

 

 

 

Figure 3.4 Tensile load VS extension curves of S1-5 at 90% RH, 25 °C (EM-1:     

First-cycle extensibility; EM-2: Second-cycle extensibility; EM-3: Third-cycle 

extensibility; Δε: residual strain (EM-1 – EM-2); : residual strain (EM-2 – EM-3) 
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Figure 3.5 Effect of RH on EM-1, EM-2 and EM-3 of yarn samples 
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 Figure 3.6 Effect of RH on WT-1, WT-2 and WT-3 of yarn samples 
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Figure 3.7 Effect of RH on RT-1, RT-2 and RT-3 of yarn samples 
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Figure 3.8 Effect of RH on LT-1, LT-2 and LT-3 of yarn samples 
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Figure 3.9 Tensile force VS extension curves of first cycle of crepe fabrics samples under different 

RH and water 
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Figure 3.10 Effect of RH on Δε and Δε0 of yarn samples 
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Chapter 4  

 Liquid moisture transport property of cotton crepe fabrics 

4.1 Introduction 

In hot and humid weather, human beings feel discomfort when it happens to be sweaty, 

clammy and damp.  Moisture in clothing has been widely acknowledged as one of the 

fundamental factors generating discomfort during wear. On the other hand, clothing is a 

good media between human skin and environment which can reduce such discomfort 

and create the balance condition by sucking the sweat and evaporating it into the 

environment.  

Cotton crepe fabric showed the high extensibility according to the pique structure, 

this is one of the advantage for clothing. If the cotton crepe with piqué shows the 

relatively high moisture transport property, it will be extended to development of outer 

wear clothing.   

Characterization methods for moisture transport are reported in literature and 

standard methods such as JIS, ASTM have been used in the industry.  Method has to 

be chosen for the investigation purpose such as effect of finishing (66), weave structure 

(67), fiber and yarn type (68).  It is also important to taking account of liquid moisture 

or moisture vapor transfer, or both of them.  In the structure points of view for fabrics, 

moisture transport along warp and weft direction may not be the same according to the 

weave structure.  Therefore the moisture transport behavior in multi-directions must be 

investigated. Meng et.al reported an objective method to characterize moisture 

management properties of disposable diapers which is no directional effect structure 
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(69).  Zhou et.al evaluated the characterization of liquid moisture transport 

performance of wool knitted fabrics (70). The liquid water transfer is the most 

straightforward to evaluation of water penetration (71).  In this chapter, the penetration 

of liquid moisture was evaluated for cotton crepe fabrics.  The liquid moisture 

management tester (MMT) (72,73) was used to obtain the profile of water penetration 

through cotton piqué fabrics.   The interesting point is whether how surface structure 

influence on the wetting and penetrating moisture of both horizontal and vertical 

direction of a fabric. 

 

4.2 Experiment 

4.2.1 Samples 

Samples used were the same fabric as shown in Chapter 3.  Figure 4.1 shows the 

microscopic images of fabric appearance with the finishing process. Three samples 

(S1-2, S1-3, and S1-4) were processed with an embossing roller, and two of them (S1-2 

and S1-3) were additionally accompanied with piqué. S1-5 was treated via normal 

finishing without embossing. Plain weave fabric (S0) using the same warp yarn as the 

crepe fabric was also produced for comparison. The specifications of the samples are 

the same as listed in Table 3.1 in Chapter 3.  

In Figure 4.2, fabric geometry is expressed with traces along weft yarn direction 

using 3D microscope (VR 3000 series, Keyence).  Figure 4.3 shows the contact area 

with skin, pass of liquid through yarn and between yarns to be considered. 
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4.2.2 Measurement of the dynamic moisture transport 

4.2.2.1 Principle of liquid moisture management tester (MMT) 

This method was commonly used for water penetration type fabrics.  A test specimen 

(8 × 8 cm) is placed horizontally between two sets of concentric rings of sensors.  The 

schematic figure is shown in Figure 4.4, the top sensor down in contact with the bottom 

sensors.  After the simulated sweat is pumped to the top surface of fabric, changes in 

the electrical contact resistance are used to calculate the water content (%).  In Figure 

4.5, the changes of water content for the top and bottom surface are traced with time for 

five samples. Table 4.2 lists the MMT parameters. Wetting time (WT), Moisture 

absorption rate (MAR) and accumulative one-way transport capacity (R) are obtained 

by curves in Figure 4.5.  Wetting time is the time period which the fabric just start to 

be wet. Wetting time is defined as the time when the slope of water content become 

greater than tan (15o). Maximum absorption rate MAR is calculated by the curve, in this 

case the initial slope is highest.   

Accumulative one-way transport capability (R) was defined as the difference between 

the area of the liquid moisture content curves of the top and bottom surfaces of a 

specimen. 

 [Area (UB) – Area (UT)] / T………………………………………………………… (1) 

Where, T is total testing time.            

The solution will transfer in three directions: spreading outward on the top surface of 

the fabric, transferring through the fabric from the top to the bottom surface, and 

spreading outward on the bottom surface and then evaporating.   

Spreading speed is defined as  

SS = MWR/tw ………………………………………………………………………… (2) 
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Where, MWR is maximum wetted radius and tw is the time to reach the maximum 

wetted rings. 

The overall moisture management capacity (OMMC) is calculated as follows: 

OMMC = C1  MAR + C2  R + C3  SS……………………………………………. (3) 

Where C1, C2 and C3 are the weights of the indexes. The values used are C1=0.25, 

C2=0.5 and C3=0.25. 

 

4.2.2.2 Method 

Sample was placed in the conditioned room at 20 2ºC and 60  5%RH. Five specimens 

were used for each sample.  A preset amount of (0.22 cc) of simulating solution (the 

conductivity : 16±0.2mS ) was pumped on to the surface of fabrics. Pumping time was 

20 sec, then measurement was continued for 100 sec. According the AATCC standard 

method 195, MMT index are translated as grade shown in Table 4.3. (71, 74)  

 

4.3 Results and Discussion 

Table 4.4 shows the summary of MMT results. Compared the wetting time (WT) with 

plain and crepe fabrics, all the crepe fabrics were wet within the period of not more than 

2.3 second (mean value) and plain fabric was wet over 4 second. It means that all crepe 

fabrics were wet more rapidly than plain fabrics. Difference between WTT and WTB was 

not observed for all fabrics.  Probably density of these fabrics are not so large and the 

space between the interlacing of warp and weft yarns were large. The effect of crepe 

structure on the wetting time was not distinctive. Top and bottom layers of all crepe 

fabrics were wet simultaneously. Absorption rate of plain fabric is much lower than 

those of crepe fabrics. This indicates that the liquid moisture absorption velocity is 
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lower in comparing with all crepe fabric samples. Effect of pique on MAR was found. 

MART values of sample S1-2 and S1-3 are significantly larger than those of S1-4 and 

S1-5. However it is not clear the difference in number of piqué for MART.      

Water spreading phenomena was examined for crepe fabrics. Figure 4.6 shows the 

photos of water spreading in the fabric surface. Sensor ring of this tester can detect 

maximum radius of 30 mm, but actual radius is more than 30 mm.  Therefore MWR 

values listed in Table 4.4 are not used. Accordingly, SS and OMMC values calculated 

by using MWR are also unreliable.  

  Development of the method is required to evaluate the high moisture pick-up and 

rapid wicking fabrics.   

Values of R were calculated based on the moisture content curves as shown in Figure 

4.5. For the first 20 seconds, the machine pumped liquid solution onto the top surface of 

the fabrics. It was found that moisture content of plain fabrics in top surface UT is 

1250 % and UB is 1850 %, however, UT and UB of crepe fabrics are (1350 %) and 

800 % respectively. According to the water content profile as shown in Figure 6, S1-2, 

UT curve is larger than UB curve and curves of S1-3 behave as the same manner. 

Therefore, their R values show the negative values. In sample S1-4 and S1-5, UB is 

slightly larger than UT. These results must need the further examination.  For the 

calculation of OMMC values, R value is very important. According to AATCC 

technical manual 2012, cotton woven fabrics have OMMC value 0.42, AOTI value is 

(-120.41%), WTT is 2.32 WTB = 2.37, ART = 86.55 and ARB = 71.22, TWR = 30.00 

mm, BWR = 30.00 mm, SST = 8.22 and SSB = 8.07. MMT results of crepe fabrics were 

consistent with the results of AATCC technical manual data. Crepe with pique texture 

has the same properties of cotton woven fabrics. Plain fabrics results are similar to 
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100% cotton knitting fabrics. 

  

4.4 Conclusion 

Moisture management properties of crepe fabrics were investigated by MMT tester. 

The difference between pique and non-pique crepe fabric was not clear for wetting time 

(WT) but slightly observed in maximum moisture absorbent rate (MAR).  The testing 

method used MMT showed the limitation to investigate the cotton crepe fabrics used in 

this chapter. Some other method must be developed for the evaluation of the wetting 

and penetrating moisture of both horizontal and vertical direction of a fabric. 
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Table 4.1  MMT parameters 
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Table 4.2 Grading of MMT indices 
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Table 4.3 Summary of MMT results 
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Figure 4.1 Microscopic images of crepe appearance with the finishing process 
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Figure 4.2 Fabric geometry expressed with traces along weft yarn direction  
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Figure 4.3 Contact surface to the skin of crepe fabric in cross section of weft 

direction 
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Figure 4.4 The schematic of top and bottom sensor of liquid moisture transport 
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Figure 4.5 UT and UB curves for fabrics samples 

 

 

S0 Plain  

S1-2 (10piqués per cm) 

S1-3 (6 piqués per cm) 

S1-4 (no piqué) 

S1-5(without embossing) 
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Figure 4.6   Photos of water spreading in the surfaces of (a) S0: Plain  

(b) S1-3; 6 piqués per cm (c) S1-4; no piqué and (d) S1-5: without 

embossing fabrics 
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Chapter 5  

 

Changes in surface and mechanical properties of cotton crepe fabrics 

after wearing  

 

 

5.1 Introduction  

For over one hundred years, Japanese cotton piqué crepe fabrics have been used for men’s 

underwear because of the fabrics’ suitability to Japan’s hot, humid summers. One reason 

for this is the good hand of these fabrics. Crepe fabrics are constructed from hard twisted 

weft yarns that result in a wrinkled fabric surface, and are currently produced by 

traditional processing techniques in Takashima, Shiga Prefecture, Japan. This eco-

friendly method produces surface crinkling of fabrics without chemical process.  

With growing environmental awareness in society, it is worthwhile to investigate the 

changes in mechanical and surface properties of cotton crepe fabrics after wear–wash 

cycles. Wear trials to find changes in properties are very time consuming, and conditions 

are difficult to control. There are therefore only limited research results in the literature, 

and no data have been published for this particular fabric. This work is a case study with 

the participation of three patients who wore pajama pants made from cotton piqué crepe 

fabrics. Subjective evaluation of fabric hand and wearing comfort is problematic, so the 

mechanical and surface properties of sample specimens from the worn pants wear 

measured by using KES-FB system.  

This study focuses on the surface and mechanical properties of piqué cotton crepe 

fabrics after repeated wear–wash cycles to evaluate their potential for use as a comfortable 
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fabric, in addition to possible ecological benefits of their use.  

5.2 Experiment 

5.2.1 Samples 

Table 5.1 shows details of the fabric specimens. These fabrics were typical cotton 

embossed piqué crepe fabrics for outerwear. A gray fabric (N0) with the same warp and 

weft yarns (9.84 × 2Tex, 29.53Tex) was finished with two warp yarn densities as 

specimens N1 and N2. In the hospital patients’ nightclothes were washed using hot water 

and dried in a dryer at high temperature, so specimen N1 was washed under the laundry 

conditions used in the hospital: washing at 40 °C, followed by 30 min drying at 80 °C.  

This laundered fabric is coded as N1L and it was used for making pajama pants to 

investigate durability under a similar history. Figure 5.1 shows micrographs of N1L 

before and after repeated laundering. The number of embossed piqué was 6 piqué/cm. 

 

5.2.2 Wear trial procedure 

Three pairs of pajama pants were tailored from fabric N1L on the same production line 

at an apparel factory. Three inpatients for a long time wore the pants for 12 to 18 months, 

during which time the pants were laundered about 100 to 200 times (1500 to 3500 h of 

wear). Table 5.2 shows the numbers of launderings for each specimen. The three 

participants in this study spent most of their time in bed with limited mobility. Changes 

in material, mechanical and surface properties can be largely influenced by laundry. After 

the wear trial, three fabric specimens (20cm square) from the seat, back knee, and hem 

area of pants were cut out to investigate differences in the properties.  

 

5.2.3 Measurement of physical properties  
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The mechanical and surface properties of fabrics were measured for all samples using the 

Kawabata Evaluation System for Fabrics (KES-FB) under the conditions for women’s 

thin dresses (75).  

As the crepe fabrics are constructed using hard twist weft yarns that result in a 

wrinkled fabric surface, the tensile and torsional properties were measured for weft yarns 

extracted from two fabrics, N1L and F3S in Table 5.1 and Table 5.2, respectively. Tensile 

properties of yarns were measured on a KES-G1s tensile tester (Kato Tech Co., Ltd.). The 

gauge length of each sample was 30 mm and tensile speed was 1 mm/s. Yarn torsional 

properties were measured on a KES-Y1 torsion tester (Kato Tech Co., Ltd.) (76). The 

length of each sample was 30 mm, maximum angle was ±2π rad/cm, and torsion speed 

was 0.1π rad/s under a constant weight of 0.2 N. The number of twists in weft yarns 

sampled from the fabrics before and after wear (N1L, F3S) was also measured by the 

method defined in JIS L1095:1999. The length of sample yarn in this case was 250 mm. 

Geometrical changes in fabric piqué were examined using a VR-3000 3D measurement 

microscope (Keyence Co., Ltd.). A 20 mm length of fabric surface in the weft direction 

was measured. The average height Rc of the piqué was measured from the macrograph 

images before and after the wear test following the method defined in JIS B0601:2001.  

 

5.3 Results and Discussion 

5.3.1 Changes in the mechanical and surface properties after wearing 

Figure 5.2 shows the mechanical and surface properties of all fabrics used in this study. 

Characteristic values are plotted on a data chart for fabrics used in women’s garments 

(77), with the horizontal axis normalized by the mean value and standard deviation of 

each corresponding characteristic value of the fabrics (n = 280). Of these, all samples 
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exhibit larger values for surface properties (MIU, SMD) and extensibility at maximum 

tensile load (EMT) and tensile energy (WT), but smaller values for tensile resilience (RT) 

and compression resilience (RC) compared with Western-style women’s garments. These 

tendencies were attributed to surface crinkling and piqué along the warp direction (Figure 

5.1).  

Comparing N1L (unworn) with F1, F2, and F3 (worn), we see that the EMT values 

increased with wear, and the bending and shear properties decreased after wear. This 

tendency is more obvious for specimens taken from subject F3, which experienced the 

longest wear period and largest number of launderings. Changes in mechanical and 

surface properties were influenced by laundry more than body movement, because the 

three patients spent most of the wearing time in bed. The ratio of mechanical properties 

of worn samples (F) to those of the reference sample (N1) was calculated. Figure 5.3 plots 

the ratios for shear stiffness G and the bending rigidity B against the number of wash 

cycles. As seen in the changes from the N1L samples, the values of B and G increased 

after the first wash, and then decreased remarkably with the number of wash cycles.  

Table 5.3 shows the mechanical properties and number of twists in weft yarns 

extracted from the before-wear (N1L) and after-wear samples (F3S). Each value was the 

average of ten tests for torsional rigidity, for tensile modulus, and for tenacity and 30 tests 

for number of twists, respectively. The torsion rigidity obtained from over-twisting, the 

tensile modulus and tenacity significantly decreased after wear. However, the number of 

twists did not decrease from the original but rather increase, indicating that fibers or yarn 

may be weakened by repeated wear–wash cycles. This change in yarn mechanical 

properties might be related to the decrease of shear and bending stiffness in fabric F3S. 

Therefore tensile, bending, and shear properties are key parameters in this study. 
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5.3.2 Changes in the fabric structure after wearing 

Table 5.4 lists the parameters related to dimensional changes that occurred before and 

after the wear trials. The values for warp yarn density, thickness, and fabric weight 

increased after laundering and became almost invariant after 100 launderings (1500 h of 

wearing). The value of air resistance R increased with the number of times worn and the 

number of launderings because of the increased density. To estimate the change in 

crinkling and geometric shape of the piqué, the geometrical roughness SMD and average 

height Rc of a sample were examined and listed in Table 5.5. Each value was the average 

of five tests. Values of SMD slightly increase after 150 launderings, but did not show clear 

changes after 200 launderings. The value of average height Rc of piqué slightly decreased 

after wear–wash cycles, depending on the sampled location. Figure 5.1(B) shows a 

micrograph of a piqué crepe fabric surface after 200 launderings (F3S). The crinkling 

shape was found to be retained.  

 

5.4 Conclusion 

A wear trial of pajama pants were carried out to quantify changes in the mechanical 

and surface properties of piqué cotton crepe fabrics after wear–wash cycles. The 

extensibility at maximum tensile load increased with wear, and bending and shear 

properties decreased after wearing and launderings. The tensile modulus, tenacity and 

torsional rigidity of over-twisted yarns in the weft direction decreased slightly with wear, 

suggesting that fibers or yarn may be weakened by repeated wear–wash cycles. Tensile, 

bending, and shear properties are therefore key parameters in this study. The unique 

structure of piqué was maintained after 200 launderings (3500 h of wear). This was 

confirmed by examining the twist of weft yarns in worn samples. The hard twists of weft 
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yarns seem to relate to retaining the geometric shape of piqué. 

 

 

 

 

Table 5.1 Fabric Specimens (cotton piqué crepe fabrics). 
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Table 5.2 Details of the participants and wear trials. 
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Table 5.3 Mechanical properties and number of twists in weft yarns from fabrics 

 

 
Sample No. 

No. 

Torsional Rigidity 
 (μNm2) 

Tensile modulus 
(N/tex) 

Tenacity 
(N/tex) 

Number of 
Twists (T/m) 

Mean SD Mean SD 

Mean SD 

Mean SD 

N1L 
(before) 

0.01437 0.00234 1.1265 0.0838 

0.1474 0.0148 

1481 171.0 

F3S (after) 0.01179* 0.00238 0.7999** 0.0854 

0.1348* 0.0114 

1533 205.9 

*: The difference between N1L and F3S significant at 0.05 level. 

**: The difference between N1L and F3S significant at 0.01 level. 
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Table 5.4 Structural characteristics of fabrics before and after the wear trials. 
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Table 5.5 Geometrical roughness and average height of fabrics 

 

 
 

*: The difference between N1L and each sample significant at 0.05 level. 
**: The difference between N1L and each sample significant at 0.01 level. 
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Figure 5.1 Micrographs of embossed piqué crepe surfaces: before (A; N1L) and 

after (B; F3S) 200 launderings.  

     Bar length: 5 mm. 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

  

                A: N1L                            B: F3S 
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Figure 5.2 Mechanical and surface properties of piqué crepe fabrics before and after the 

wear trial. The horizontal axis is normalized by the mean (M) and standard 

deviation (SD) of the corresponding characteristic values for fabrics (n = 

280) used in women’s garments [7]. 1: warp direction; 2: weft direction. See 

Tables 5.1 and 5.2 for an explanation of the symbols. Unused fabrics are N0 

(●), N1 (◆) and N2 (▲). The dashed line highlights the results of the 

unworn fabric N1L (--◇--). Used samples at three different periods are F1 

(〇), F2 (△), and F3(□). 
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Figure 5.3 Relative changes in the shear stiffness G and bending rigidity B of fabrics 

versus the number of wash cycles. These values are the ratios of the value of 

each parameter after wash F to before wash N1. See Tables 5.1 and 5.2 for an 

explanation of the symbols. Unused fabrics are N1 (◆) and N1L (◇). Used 

samples at three different periods are F1 (〇), F2 (△), and F3 (□). 
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Chapter 6 

  

 General Conclusion 

 

Japanese traditional cotton crepe fabrics (chijimi) were studied to find the fundamental 

relationship among crepe structure, highly twisted weft yarn and effect of environmental 

humidity. The objective is to find the most dominant parameter to fabricate new outerwear 

wearing under varied relative humidity environment. Summary of findings are listed 

below. 

In chapter 2, the cyclic tensile tests of four kinds of highly twisted yarns, namely Y1 

(14.8 Tex, 1000 T/m), Y2 (14.8 Tex, 2200 T/m), Y3 (29.5 Tex, 1300 T/m) and Y4 (9.8 

Tex, 1200 T/m) were performed under different relative humidity (10%, 40%, 60-90% 

RH) and water. The values of tensile parameters such as tensile extensibility at maximum 

applied load (EM, %), tensile energy (WT, J/yarn), tensile resilience (RT, %), tensile 

linearity (LT) and the residual strain (Δε, %) were analyzed. All the values of 1st cyclic 

measurement were larger than those of the following two cycles except from the RT 

values. It was mainly discussed about the effect of relative humidity on the EM and RT 

of first cycle. For all samples, yarns become more extensible with increased relative 

humidity and hysteresis increased accordingly. Comparing same yarn-count samples Y1 

and Y2, the EM-1 of Y2 was larger than that of Y1 under all RH conditions, and the 

difference increased at humidity levels exceeding 60% RH. The decreasing values of RT 

of all samples with increasing RH approach to round about 25% at 90% RH. The 

irreversible strain of Y2 is 1.9% at 10% RH and 6.8 % at 90% RH whereas Y1 is 0.4% 
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and 1.7% respectively. In water, no effect of twist on RT was observed for all samples. 

Yarn snarls occurred after the first cycle tensile measurement of Y2 and Y4 under 70% - 

90% RH. A fabric crepe sample woven using Y1 (warp) and Y2 (weft) was also tested. 

The fabric extensibility in the weft direction was in the range 16–26%, which is equivalent 

to that of outer knitted fabrics, but in the warp direction, extensibility was less than 2% at 

humidity ranges of 10–90% RH. Therefore, extensibility and recovery of the fabrics was 

largely dominated by the twist of weft yarns, which changes with the relative humidity.  

In chapter 3, the physical properties of four crepe fabrics (three embossed and one non-

embossed) and the effect of piqué and crinkle on tensile extensibility, resilience, and 

residual strain of those fabrics under varied relative humidity and in water at 25°C were 

investigated. The results of KES-FB measurements in a standard environment showed 

that the piqué appearance governs some physical properties, namely, EM2, WT2, B1, and 

2HB1. The shear stiffness and hysteresis values of the crepe fabrics were smaller than 

those of the plain fabric, but no difference was observed between the piqué and non-piqué 

fabrics. The most notable difference between the piqué crepe and the non-piqué fabrics 

was their tensile extensibility. The effect of environmental humidity on the tensile 

properties of the fabrics was investigated, especially in the weft direction.  

  Piqué crêpe fabrics (S1-2:10 piqués per centimeter, S1-3: 6 piqués per centimeter) 

showed larger tensile extensibility (EM-1) and residual strain (Δε) than crinkled fabrics 

without piqué (S1-4) under all RH conditions. Even at 90% RH, the piqué structure was 

maintained, which indicates the high extensibility of piqué fabrics as compared to 

crinkled fabrics without piqué. However, the tensile resilience of the piqué fabrics 

decreased and their residual strain increased over 80% RH. In conclusion, piqué crêpe is 

applicable to new fabrics for women’s clothing, except under very high humidity.  
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In chapter 4, dynamic moisture transport properties of same crepe fabrics samples used 

in chapter 3 were investigated by moisture management tester (MMT). The difference 

between pique and non-pique crepe fabric was not clear for wetting time (WT) but slightly 

observed in maximum moisture absorbent rate (MAR).  The testing method used MMT 

showed the limitation to investigate the cotton crepe fabrics used in this thesis. Some 

other method must be developed for the evaluation of the wetting and penetrating 

moisture of both horizontal and vertical direction of a fabric. 

 In chapter 5, a wear trial of pajama pants was carried out to quantify changes in the 

mechanical and surface properties of piqué cotton crepe fabrics after wear–wash cycles. 

Yarn samples Y1 and Y2 were used for warp and weft yarns to fabricate the sample. (Y1 

and Y3 were used in chapter 2). The extensibility at maximum tensile load increased with 

wear, and bending and shear properties decreased after wearing and launderings. The 

tensile modulus, tenacity and torsional rigidity of over-twisted yarns in the weft direction 

decreased slightly with wear, suggesting that fibers or yarn may be weakened by repeated 

wear–wash cycles. Tensile, bending, and shear properties are therefore key parameters in 

this study. The unique structure of piqué was maintained after 200 launderings (3500 h of 

wear). This was confirmed by examining the twist of weft yarns in worn samples. The 

hard twists of weft yarns seem to relate to retaining the geometric shape of piqué. 

Consumer demand for more attractive crêpe fabrics and new products signifies a shift in 

preference from casual cotton wear to more formal outerwear, women’s dresses, and 

summer jackets. Many functional fibers and yarns have been used for underwear, thus 

cotton fibers and its application must be considered.  Finding of thesis based on the 

fundamental experiments can contribute the development of new product. The uniformly 

ribbed crêpe texture has been designed via additional embossed finishing of basic crêpe 
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weave fabrics with piqué but their property have not been evaluated precisely. It was 

found that the number of uniform ribs in piqué crêpe fabrics govern not only the design 

but also the tensile property of the fabrics.  Moisture transport property to evaluate the 

piqué crepe fabrics was not completed in this thesis.  Further research should be carried 

on. To investigate the more detailed to the effect of highly twisted yarns to the water 

absorption and spreading to the fabrics, capillary penetration of water, namely wicking 

action of the fabrics need to be considered. 
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APPENDIX 1: Moisture regain of a yarn sample 

 

Procedure  

1. The sample to be tested is weighed. ( W1) 

2. The sample was dried in an infrared moisture determination balance (FD-720: Kett 

Electric laboratory) at 100oC for 3mimutes and then weighed. (Wd) 

3. When the tensile test was finished at set humidity, the sample was immediately 

weighed again. (Ww) 

4. Moisture regain (MR) was calculated as follows. 

      𝑀𝑅 =
𝑊𝑤−𝑊𝑑

𝑊𝑑
     (%)        …………….. 1 

 In Figure A-1, the average values of MR for seven specimens of each sample are 

plotted against relative humidity (RH).  MR values of difference among samples was 

small in the all humidity range. 

 

 

 

Figure A-1. The relationship between RH and MR of yarn samples 
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APPENDIX 2: Moisture regain of fabric sample  

Procedure 

1. The sample to be tested is weighed. ( W1) 

2. The sample was dried in an infrared moisture determination balance (FD-720: Kett Electric  

laboratory) at 100oC for 3mimuts and then weighed. (Wd) 

3. When the tensile test was finished at set humidity, the sample was immediately weighed 

again. (Ww) 

4. Moisture regain (MR) was calculated as follows. 

𝑀𝑅 =
𝑊𝑤−𝑊𝑑

𝑊𝑑
     100 (%)        …………….. 1 

 In Figure A-2, the average values of MR for seven specimens of each sample are plotted against 

relative humidity (RH).  Difference of MR values among samples were about 2% at respective 

humidity range (40%-90%RH). 

 

 

 

  Figure A-2. Moisture regain of fabric samples during RH conditioning and tensile test 
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