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ABSTRACT  

In this study, thermal properties of pique fabrics knitted with cotton and modal yarns were investigated for 

sportswear. Cotton remains by far the most important natural fibre due to good water vapour and air permeability, and 

hygieinc properties and modal is a processed bio-based textile made from reconstituted cellulose from the beech tree.  In 

many ways, modal acts like cotton, but it also has some significant advantages over cotton.The aim of this study was to 

produce knitted fabrics with better comfort properties by utilizing the excellent characteristics of these fibres. First, short 

staple yarns were spun having linear densities Ne 30/1, and Ne 40/1.Then, pique knitted fabrics were produced with 

different tightness factor with these yarns and the thermal comfort parameters of fabrics were measured on Laser Comp. 

model Fox 314. The results indicated that modal pique fabrics are considered preferred candidates for warmer climate 

sportswear, particularly due to their lower thermal resistance, higher thermal conductivity and higher air permeability.  
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INTRODUCTION 

 Various consumers consider comfort as one of the most important attribute in their purchase of apparel products, 

therefore companies tend to focus on the comfort aspect nowadays[1]. Clothing comfort, may be defined as a pleasant state 

of physiological, psychological and physical harmony between a human being and the environment[2,3]. Upto now, there 

has been no clear definition of comfort, since this subjective feeling differs from person to person, but a lot of researchers 

have investigated comfort over the past years.  

 Comfort involves thermal and non-thermal components and it is related to wear situations, such as, working, non-

critical and critical conditions. The thermal comfort of man depends on combinations of clothing, climate and physical 

activity. ISO 7330 defines thermal comfort as that condition of mind, which expresses satisfaction with the thermal 

environment[4].  

 Thermal comfort properties of textile fabrics are actually influenced by the gamut of fibre, yarn and fabric 

properties. The type of fibre, spinning technology, yarn count, yarn twist, yarn hairiness, fabric thickness, fabric cover 

factor, fabric porosity and finish are some of the factors, which play decisive role in determining the comfort properties of 

fabrics[5,6].  

 Of the other factors that can affect the thermal resistance of a fabric, moisture is probably the most noticeable. 

Previous work showed that thermal insulation reduced markedly as the moisture content increased from 0 to 75% of the 

dry weight[7].  

 The greater the thermal resistance of a fabric, the lower its ability to disperse body heat[8].It was proved that 

fabric thickness, enclosed air and external air movement are the major factors that affect heat transfer through fabric. It was 

noted that thermal insulation increases with decrease in fabric density. 

International Journal of Textile and  

Fashion Technology (IJTFT) 

ISSN 2250-2378 

Vol. 3, Issue 1, Mar 2013, 1-10 

© TJPRC Pvt. Ltd. 



2                   J. R. Ajmeri & S .S. Bhattacharya 

 Two fabric characteristics which obviously have a marked effect on the thermal properties of the fabric are:  

1. In cold weather, the thermal insulation of the fabric. The ability of the fabric to keep the body heat in. The fabric 

property which is most important in this respect, is the fabric thickness. 

2. In warm weather, the ability of the fabric to transport heat from the body. At first sight this would appear to be 

exactly the opposite requirement to (i), so that any fabric with low thermal insulation would be ideal in this 

feature. However, air flow is of greater significance in this respect than under cold conditions, in that the air 

permeability of the fabric is high, air will circulate from the body, taking excessive perspiration with it. 

 More recently attention has been turned towards the effect of the fibre used in the manufacture of the knitted 

fabric, on the comfort in wear garments made for underwear and sports purpose. In particular much publicly and sales 

pressure has been devoted to the concept of the thermal characteristics of knitted garments designed for these purposes, 

leading eventually to the considerable sales publicly to thermal fabric and garments. 100% cellulose fibre garments are 

widely used for general sports clothing and street wear and are generally perceived to be more comfortable than synthetic 

fabrics when worn for normal day-to-day activities[9]. Modern sportswear is most usually made from synthetic fibers. The 

fabrics chosen in this experiment include natural fabrics, cotton and regenerated cellulosic fibres, modal. 

 

MATERIALS AND METHODS 

Preparation of Samples 

 Pique structure were knitted using 100% cotton and modal yarns in two different yarn counts (Ne 30, and Ne 40) 

and with the same twist coefficient (αe = 3.53 and 3.3 respectively). Knitting process was performed on a 24 gauges and 

30” diameter Single Jersey Circular Knitting Machine of Mayer & Cie, Model : S4-3.2, Germany. Samples were produced 

in four different tightnesses in a range that covers a complete range of fabrics that could be knitted from any one of the 

yarns. The knitting process was completed with constant machine settings and the samples were kept under the standard 

atmospheric conditions for 24 hours for the relaxation. 

TEST METHODS 

Fabric Relaxation 

 Full relaxation was carried out of the samples by wet relaxing them in an automatic front loading machine 

followed by rinsing, spinning and tumble drying and finally conditioning for 24 hours in standard atmospheric condition as 

per Standard wash procedure - IS 1299:1984. 

Fabric Weight per Unit Area 

 Standard procedure for measuring GSM as per ASTM – D 3776-1996, IS:1964-2001 was followed using Mettler 

make measuring balance, model PB 602-5 capable of weighing to an accuracy of 0.1 gm.  

Fabric Thickness 

 The thickness of the fabric depends on the yarn count, knitted structure and relative closeness of the loops. The 

thickness of fabric samples was measured as the distance between the reference plate and parallel presser foot of the 

thickness tester under a load of 20 gm / cm2. Standard procedure for measuring thickness using Baker make J02 thickness 

tester as per ASTM – D 1777:197, IS:7702:1975 was used. The mean calculated of the 10 readings. 
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Fabric Tightness Factor 

 The tightness factor f the knitted fabrics was determined by the following equation: 

  K = C.F. = T.F. = √T / ℓ 

 Where T is the yarn count in tex and ℓ is loop length in cm or mm. 

Air Permeability 

 Air permeability of the samples were measured according to ASTM standard D737-1996, using SDL Atlas make 

Air Permeability Tester Model : MO21A. The measurements were performed at a constant pressure drop of 196 Pa ( 20 

cm2 test area ). Ten samples were tested each group and expressed as cm3/cm2/s.  

Porosity  

The porosity was determined using construction parameters of the knit fabric (Benltoufa et al. 2007) using Eq(1):  

 ε  = 1 -  Пd2lcw                (1) 
          2t 
Where:  

 t: sample’s thickness (cm) ;  

 l: elementary loop length (cm) ;  

 d: yarn diameter (cm) ;  

 c: number of Courses per cm ;  

 w: number of Wales per cm[10].  

Thermal Resistance 

 Thermal resistance is an indication of how well a material insulates. It is based on the equation:  

  R = h / λ 

 Where R is the thermal resistance, h is the thickness and λ is the thermal conductivity. 

Thermal Conductivity 

 It is based on equation λ [W/Mk] = Qh / A∆Tt 

 Where Q is the amount of conducted heat (J); A is the area through which the heat is conducted (m2); t is the time 

of conductivity (s); ∆T is the drop of temperature (k); h is the fabric thickness (m). 

It is considered to be dominant in determining the heat transfer through fabrics and garments. SDL Atlas make Laser 

Comp. model Fox 314 was used to measure thermal conductivity and thermal resistance values as per ASTM 1518-2003.  

 All the measurements were done under the standard atmospheric conditions. 

 To address a mathematical relationship between the fabric thickness, fabric weight on thermal properties, a linear 

regression equation was used and applied on the thermal properties. Multiple Regression analyses were made between 

thermal properties and fabric parameters. Thermal properties are defined as dependent variables (Y), loop length, tightness 

factor, fabric thickness and porosity are defined as independent variables (X). Multiple linear regression analysis have been 

applied to the measured values and obtained the best fit equations using MINITAB. To deduce whether the parameters 



4                   J. R. Ajmeri & S .S. Bhattacharya 

were significant or not, p values were examined. Ergun emphasized that if p value of a parameter is greater than 0.05 

(p>0.05), the parameter will not be important and should be ignored. 

RESULTS AND DISCUSSIONS 

Thermal Conductivity 

 Table 1 displays the thermal comfort properties of the pique fabrics knitted with cotton yarns. Thermal 

conductivity is an intensive property of a material that indicates its ability to conduct heat. According to Figure 1, thermal 

conductivity decreases with the openness of structure in the case of Pique fabric knitted with Ne 40s cotton yarn. This 

situation can be explained by the amount of entrapped air in the fabric structure. The amount of fibre in the unit area 

increases and the amount of air layer decreases as the weight increases. As is known, thermal conductivity values of fibres 

are higher than the thermal conductivity of entrapped air. So heavier fabrics that contain less air have higher thermal 

conductivity values. Better correlation coefficient found for Ne 30s knitted fabrics. As R, the correlation is considered high 

which means that the regression equation is reliable for prediction of the thermal conductivity in the fabric weight range 

using the yarn count Ne 30s.  

 Table 2 displays the thermal comfort properties of the pique fabrics knitted with Modal yarns. As per Figure 2, 

better correlation coefficient found for both the yarn counts for modal knitted fabrics. As R, the correlation is considered 

high which means that the regression equation is reliable for prediction of the thermal conductivity in the fabric weight 

range using both the yarn counts.  

Thermal Resistance 

 Thermal resistance is a measure of the body’s ability to prevent heat from flowing through it. Under a certain 

condition of climate, if the thermal resistance of clothing is small, the heat energy will gradually reduce with a sense of 

coolness. It mainly depends on thickness and air porosity nature in the fabric. 

 In fact the general expectation was to register an inverse relation between thermal resistance and thermal 

conductivity (R = h / λ; where R is the thermal resistance, h is the thickness and λ is the thermal conductivity). However, 

the test results revealed that as the thermal resistance decreases the thermal conductivity decreases as well. This 

contradiction might be explained by the fabric thickness. The amount of increase observed in case of pique knitted fabric 

with cotton yarns amount of increase in thickness is 21.61% while in thermal conductivity increase is only 6.9%. While in  

case of modal knitted fabric amount of increase in thickness is 6.1% while in thermal conductivity increase is only 

2.6%.When finer yarn is used in fabric, yarn diameter and therefore fabric thickness decreases. If the amount of decrease in 

thickness is more than the amount of decrease in thermal conductivity, thermal resistance also decreases. As a result of 

statistical evaluation, fabric tightness does not have an important effect on thermal resistance and thermal conductivity. 

 As can be seen from the results (Figures 3 and 4), as the fabric thickness increases the thermal resistance 

increases. The results show that there is no correlation between thermal resistance and fabric thickness of pique fabrics 

investigated. The best regression equations for each thermal property for pique fabric knitted with cotton yarns are given in 

Table 3. Statistical evaluation showed (table 4 and 5) that the effect of porosity and thickness on thermal resistance is 

insignificant for pique fabrics. Together, porosity and thickness accounted for only 42 % of the variance in the thermal 

resistance and 43% of the variance of the thermal conductivity. As per regression analysis (table 6), it was found that the 

equation obtained is a good equation as the R2 value is 96.% for pique knitted fabrics and all these three parameters gives p 

value of 0.003 and are significant.  
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 Tables 4, 5 and 6 shows the regression analysis for pique cotton fabrics. The best regression equations for each 

thermal property for modal knitted pique fabric are given in Table 7.  Tables 8, 9 and 10 shows the regression analysis for 

pique modal fabrics.Statistical evaluations showed that the effect of porosity on thermal resistance and thermal 

conductivity is insignificant for pique fabric. Together, porosity and thickness accounted for 60.0% of the variance in the 

thermal resistance and 67.9% of the variance of the thermal conductivity. As per regression analysis (table 10) it was found 

that the equation obtained is a good equation as the R2 value is  98.3% ( p value = 0.000). 

CONCLUSIONS 

 This paper presents a quantitative study of various comfort related properties carried out on different pique knitted 

fabrics containing cotton and modal yarns, and aiming at the selection of the most adequate fabric for sportswear 

applications. From the results obtained it can be concluded that the thermal performance of the studied fabrics is greatly 

affected by the raw material properties, which significantly increased or decreased the values of different comfort related 

properties evaluated.  

 As a result of research, it was seen that the air permeability of fabric knitted with Ne 40s is determined higher for 

both the yarns. Air permeability has a direct relationship with the count of the yarn.  Air permeability, is a function of 

knitted fabric thickness, tightness factor and porosity. Because of their structural properties, pique fabrics knitted with 

cotton yarns have remarkably lower thermal conductivity and higher thermal resistance values. According to the results 

these fabrics, due to their high thermal insulation values, could be preferred for winter garments in order to protect from 

cold. Based on the thermal behavior demonstrated, modal pique fabrics are considered preferred candidates for warmer 

climate sportswear, particularly due to their lower thermal resistance, higher thermal conductivity and higher air 

permeability.  
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Table 1: Thermal Comfort Properties of the Pique Fabrics Knitted with Cotton Yarns 

 

Fabric 

Code 

Tightness 

Factor, K 

Loop 

Length, 

(mm) 

Weight, 

g/m
2
 

Porosity 

(%) 

Fabric 

Thickness, 

(mm) 

Air 

Permeability, 

(cm3/cm2/s) 

Thermal 

Conductivity 

( W/mk ) 

Thermal 

Resistance 

( m2k/W ) 

C1PT1 1.64 2.7 176.98 94 0.833 147.5 0.5586 0.029 
C1PT2 1.53 2.9 164.21 94 0.814 190.8 0.548 0.032 
C1PT3 1.43 3.1 156.12 98 0.827 209.2 0.5350 0.037 
C1PT4 1.34 3.3 139.27 98 0.821 291.3 0.5366 0.036 
C2PT1 1.42 2.7 128.4 95 0.666 273.4 0.5200 0.042 
C2PT2 1.33 2.9 117.04 95 0.654 303.0 0.5540 0.031 
C2PT3 1.24 3.1 114.94 95 0.648 328.0 0.5380 0.036 
C2PT4 1.16 3.3 105.99 96 0.628 412.5 0.5298 0.039 

    (C: Cotton; 1: Ne 30s; 2:Ne 40s; P:Pique structure; T: Tightness factor) 
 

Table 2: Thermal Comfort Properties of the Pique Fabrics Knitted with Modal Yarns 

 

Fabric 

Code 

Tightness 

Factor, K 

Loop 

Length, 

(mm) 

Weight, 

g/m
2
 

Porosity 

(%) 

Fabric 

Thickness, 

(mm) 

Air 

Permeability, 

(cm
3
/cm

2
/s) 

Thermal 

Conductivity 

( W/mk ) 

Thermal 

Resistance 

( m
2
k/W ) 

M1PT1 1.64 2.7 151.16 99.4 1.641 412.1 0.5994 0.016 
M1PT2 1.53 2.9 145.75 98.5 1.64 482.3 0.5979 0.017 
M1PT3 1.43 3.1 129.66 98.5 1.658 556.5 0.5959 0.017 
M1PT4 1.34 3.3 124.63 98.8 1.644 613.2 0.5969 0.017 
M2PT1 1.42 2.7 114.64 99.5 1.575 585.4 0.6062 0.016 
M2PT2 1.33 2.9 105.64 99.6 1.598 649.5 0.6006 0.015 
M2PT3 1.24 3.1 97 99.6 1.557 681.2 0.6064 0.014 
M2PT4 1.16 3.3 88.31 99.6 1.595 801.8 0.5904 0.019 

    (M: Modal; 1: Ne 30s; 2:Ne 40s; P:Pique structure; T: Tightness factor) 

Table 3: The Regression Equations between Thermal Properties and Fabric Parameters of the Pique Fabrics with 

Cotton Yarns 

 

Thermal Property 
Regression Equation (P:Porosity h: Thickness, 

ℓ:Loop Length,  t: Tightness Factor 

Thermal resistance  R = - 0.0903 + 0.00151 P - 0.0258 h 

Thermal conductivity λ = 0.911 - 0.00441 P + 0.0691 h 
Air Permeability AP = 1281 - 484 t - 2.55 P - 130 h 

 
Table 4: Regression Analysis: Thermal Resistance Versus Porosity, Fabric Thickness 

 

Predictor Coefficient SE Coefficient T P   

Constant     -0.0903 0.08409 -1.07 0.332  
 
 
 
 

Porosity          0.0015115 0.000899 1.68 0.154 

Fabric thickness          -0.02578 0.01526 -1.69 0.152 

S = 0.00369810      R2= 48.0% R2 (adj) = 27.2% 

Analysis of Variance 

Source DF SS MS F P 

Regression 2 0.00006312 0.00003156 2.31 0.195 

Residual Error 5 0.00006838 0.00001368 

Total 7 0.00013150       
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Table 5: Regression Analysis: Thermal Conductivity Versus Porosity, Fabric Thickness 

 

Predictor Coefficient SE Coefficient T P  

Constant     0.9107 0.2603 3.50 0.017  

 

 

Porosity       -0.004408 0.002783 -1.58 0.174 
Fabric thickness   0.06909 0.04724 1.46 0.203 
S = 0.0114474   R2= 43.1% R2 (adj) = 20.3%   

Analysis of Variance 

Source        DF SS MS F P 

Regression        2 0.0004953 0.0002477 1.89 0.245 
Residual Error  5 0.0006552 0.0001310   

Total 7 0.0011506       

 
Table 6: Regression Analysis: Air Permeability Versus Porosity, Fabric Thickness, Tightness Factor 

 

Predictor Coefficient SE Coefficient T P  

Constant 1280.5 959.7 1.33 0.253  
Tightness Factor -484.2 146.1 -3.32 0.03  

 Porosity -2.552 9.676 -0.26 0.81 
Fabric Thickness -130.2 228.5 -0.57 0.599  

 S = 22.3852 R2= 96.0% R2 (adj) = 93.0% 
Analysis of Variance 

Source DF SS MS F P 

Regression 3 48193 16064 32.06 0.003 

Residual Error 4 2004 501   

Total 7 50198       
 

Table 7: The Regression Equations between Thermal Properties and Fabric Parameters of the Pique Fabrics with 

Modal Yarns 

 

Thermal Property 
Regression Equation (P:porosity h: Thickness, 

ℓ:loop Length ,  t: Tightness Factor 

Thermal Resistance R = 0.0616 - 0.000601 P + 0.00894 h 
Thermal Conductivity λ = 0.423 + 0.00236 P - 0.0356 h 
Air Permeability AP = 819 - 746 t + 9.5 P - 79.9 h 

 
Table 8: Regression Analysis: Thermal Resistance Versus Porosity, Fabric Thickness 

 
Predictor Coefficient SE Coefficient T P 

Constant 0.06155 0.06218 0.99 0.360 
Porosity -0.0006009 0.0007247 -0.83 0.439 

Fabric Thickness 0.008939 0.006178 1.45 0.198 
S = 0.00148083 R2= 60.0% R2 (adjusted) = 46.7%   

Analysis of Variance 

Source DF SS MS F P 
Regression 2 0.000019732 0.000009866 4.50 0.064 
Residual Error 6 0.000013157 0.000002193   

Total 8 0.000032889    

 
 

Table 9: Regression Analysis: Thermal Conductivity Versus Porosity, Fabric Thickness 

 
Predictor Coefficient SE Coefficient T P 

Constant 0.4227 0.2119 2.00 0.093 
Porosity 0.002359 0.002469 0.96 0.376 
Fabric thickness -0.03561 0.02105 -1.69 0.142 
S = 0.00504517 R2= 67.9% R2 (adjusted) = 57.2%   
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Table 9: Regression Analysis: Thermal Conductivity Versus Porosity, 

Fabric Thickness - Contd., 

Analysis of Variance 

Source DF SS MS F P 
Regression 2 0.00032351 0.00016176 6.35 0.033 
Residual Error 6 0.00015272 0.00002545   

Total 8 0.00047624    
 

Table 10: Regression Analysis: Air Permeability Versus Porosity, Fabric Thickness, Tightness Factor 
 

Predictor Coefficient SE Coefficient T P 
Constant 819 1126 0.73 0.499 
Tightness factor -745.58 60.52 -12.32 0.000 
Porosity 9.49 12.44 0.76 0.480 
Fabric thickness -79.88 99.45 -0.80 0.458 
S = 21.4787 R2= 98.3% R2 (adjusted) = 97.2%   

Analysis of Variance 

Source DF SS MS F P 
Regression 3 130594 43531 94.36 0.000 
Residual Error 5 2307 461   

Total 8 132901    

 

 

Figure 1: The Relation between Thermal Conductivity and Weight for Pique Fabrics Knitted with Cotton Yarns 

 

Figure 2: The Relation between Thermal Conductivity and Weight for Pique Fabrics Knitted with Modal Yarns 
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Figure 3:  The Relation between Thermal Resistance and Thickness for Pique Knitted Fabrics with Cotton Yarns 

 

Figure 4:  The Relation between Thermal Resistance and Thickness for Pique Knitted Fabrics with Modal Yarns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


