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Abstract 

This research work is focused on the critical investigation of the effect of a crucial parameter 

of pile loop known as loop shape factor on properties and performance of woven terry 

fabrics. Keeping in mind the services required from woven terry fabrics, their properties and 

performance are studied in the descending order of their importance. Loop geometry is 

considered as the most important attribute to characterize overall performance of the terry 

fabrics.  

Water absorbency which is the most important property required from woven terry fabrics, 

has been studied on the priority basis. In this research work, both dynamic and static water 

absorption has been accounted for good water absorbent woven terry fabrics. Effect of fibre 

quality, pile yarn count, pile yarn twist, yarn structure, loop length, loop density, loop shape 

factor , combed yarn, yarn spinning system (ring and rotor)  and wrap yarn quality have been 

studied for their effect on water absorbency. It has been found that terry fabrics produced by 

using long staple cotton, low twist multiplier, finer yarn count, high loop density, moderate 

loop length and high loop shape factor give better performance in terms of water absorbency. 

Using Box-Behnken design of experiments loop density, loop shape factor, pile yarn twist, 

and loop length were also optimized for the better absorbency performance of terry fabrics.   

Mechanical comfort takes the second important place in the characterization of good quality 

terry fabric in this research work. Fabric hand is a measure of the mechanical comfort of the 

fabrics. The strongest point of the subjective hand evaluation is that it takes into account the 

human sensitivity but at the same time it has the weakness of unreliability and non-

reproducibility of the results under certain circumstances.  Because of its weaknesses, 
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objective hand evaluation came into existence and numerous hand equations have been 

developed for different apparel grade fabrics but this investigation for terry fabrics continued 

to remain a grey area for about four decades after development of a systematic hand 

evaluation instrument and method. So in this research work, primary hand equations BJ-101, 

BJ-102, BJ-103, BJ-104 and total hand equation BJ-105 have been successfully developed 

for terry fabric with high accuracy and small error by using their low stress mechanical 

properties. Different yarn and fabric parameters were also studied for their effect on the 

compression and surface properties of terry fabric as these properties were the major 

contributors in the hand of terry fabrics. Using Box-Behnken design of experiments loop 

density, loop length, and loop shape factor were also optimized for the better compression 

properties of terry fabrics.  

Excellent aesthetic characteristics add more value to the products like terry fabrics. The 

appearance of terry fabric is normally evaluated by subjective method by experienced 

personnel. To impart excellent aesthetic characteristics to the terry fabrics, subjective 

evaluation of aesthetics has to be replaced by an objective evaluation. Therefore, an objective 

evaluation of surface texture based on the digital image processing technique has been 

suggested in this research work. Energy, entropy, inertia, fractal dimension, and uniformity 

index have been calculated using well established standard statistical methods. It is found 

that these parameters are very well correlated with the subjective surface ratings of the terry 

fabrics. Different yarn and fabric parameters were also studied for their effect on the different 

texture descriptors and found that terry fabrics produced by using long staple cotton, low 

twist multiplier, finer yarn count, high loop density, moderate loop length, and high loop 

shape factor exhibits better aesthetic characteristics.  
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During the course of research time, it has been found that the loop geometry is a crucial 

parameter that governs most of the properties of the terry fabrics. Therefore, exclusive 

research focus is directed on this to study the science involved in the geometry of loop.  

Formation of loop on terry fabric surface is affected by buckling of yarn which is highly non-

linear in its behaviour. Geometric non-linearity and bending non-linearity both govern the 

yarn buckling process and consequently the shape of the loop. As mentioned in earlier 

research, geometric non-linearity is important for modeling large deformation like buckling 

and non-linear bending rigidity is important to get the real fabric behaviour from the model. 

Considering these two non-linearities, mathematical modeling and finite element modeling 

were carried out. Results of FEM model was very well supported by the results of the 

numerical analysis and actual experiments.  

Life of any product plays a crucial role in its costing and market value. A customer may 

declare a fabric unusable if it loses its aesthetic appeal. A fabric may be uglied out soon 

rather than worn out. Therefore, the research has also been directed towards the 

investigation of effect of home laundering on all the properties of terry fabric so that 

manufacturer may come to know key structural and material parameters which should be 

altered to improve their performance. Number of washing cycles has a very little influence 

on the rate of water absorption of terry fabric. The total amount of water absorbed increases 

with increasing number of wash but after certain washes it starts reducing. Loop density and 

loop length are the two important fabric parameters that were studied here to see their impact 

on the life of the product. It is found that maximum loop density and moderate loop length 

can increase the life of terry fabrics.  
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The complete experiment as regard to fabric development, post weaving treatments and some 

subjective evaluation of this research were conducted under industrial manufacturing 

conditions. Therefore, it is expected that the findings and the recommendations would be 

useful for actual applications in the industry. The newly developed hand equations would 

also be used by many researchers in future years.      



Contents 

   Title        Page no. 

Certificate        i 

Acknowledgements       ii 

Abstract        vi 

Table of contents                 vii 

List of figures                 xxi 

List of tables                  xxxi 

Chapter 1   

Introduction       1 

1.2    Objective        8 

Chapter 2 

   Literature review       11 

2.1   Terry fabrics        11 

2.1.1   Structure of terry fabrics      11 

2.1.2   Production of terry fabric      14 

2.2    Properties of terry fabrics      15 

2.2.1   Absorbency        15 

vii 
 



 2.2.1.1  Theory of water absorption      17 

2.2.1.2  Fabric parameters affecting absorbency     24 

performance of terry fabric 

2.2.1.2.1  Fabric parameters affecting dynamic water absorption  24 

2.2.1.2.2  Fabric parameters affecting static water absorption  26 

2.2.1.3  Processing factors affecting absorbency performance 

 of terry fabrics       27 

2.2.1.4  Measurement of water absorbency     29 

2.2.1.5  Statistical analysis       32 

2.2.2   Compressibility of terry fabric     33 

 2.2.2.1   Mechanics of compression      35 

2.2.2.2   Compression theory       36 

2.2.2.3   Compression measurement      37 

2.3.2.4   Fabric parameters affecting compression properties  38 

2.2.3   Surface properties       39 

2.2.3.1  Surface property measurement     40 

2.2.4   Mechanical comfort       40 

2.2.4.1  Fabric handle        40 

viii 
 



2.2.4.1.1  Fundamental aspects of Fabric Handle    41 

2.2.4.1.2  Instruments for measurement of low stress mechanical   43 

properties of fabrics 

2.2.4.1.3  Comparison between FAST and KES-F    47 

2.2.4.1.4  Application of KES-FB Instruments    48 

2.2.4.1.5  Hand Equations       49 

2.2.4.1.6  Applications of hand equations     52 

2.2.4.1.7 Hand of terry fabrics      56 

2.2.5  Aesthetic characteristics      57 

2.2.5.1  Analysis and measurement of fabric texture   58 

2.2.5.2  Fabric texture evaluation by image processing   60 

2.2.5.3  Determination of effective pile height variation   62 

2.2.5.4  Determination of Fractal Dimension    63 

2.3    Loop geometry       64 

2.3.1  Yarn bending behavior      64 

2.3.2   Mechanics and modeling of yarn     64 

2.3.3   Prediction modeling of loop geometry    68 

2.3.3.1  Prediction of loop geometry by numerical analysis  68 

2.3.3.2  Prediction of loop geometry by finite element simulation  69 

2.4    Effect of home laundering      72 

 

ix 
 



Chapter 3 

   Materials and Methods      75 

3.1    Introduction        75 

3.2    Materials        75 

3.2.1   Fibres         75 

3.2.2   Yarns         76 

3.2.2.1  Normal yarns        76 

3.2.2.2  Special yarns        76 

3.2.2.2.1  Zero twisted        76 

3.2.2.2.2  Porous yarn        77 

3.2.2.2.3  Wrap yarn        77 

3.2.3   Fabrics        77 

3.3    Methods        79 

3.3.1   Fabric analysis       80 

3.3.2   KES-FB system       80 

3.3.2.1  Compression tester (KES-FB3)     81 

3.3.2.2  Surface tester (KES-FB4)      82 

3.3.3   Gravimetric Absorbency Testing System (GATS)   83 

3.3.4   Box and Behnken design of experiments    83 

x 
 



Chapter 4 

 Investigation of factors contributing to    85 

absorbency behaviour of woven terry fabrics 

4.1    Introduction        85 

4.2    Methodology        87 

4.2.1   Materials        87 

4.2.2   Methods        87 

4.2.2.1  Absorbency testing       87 

4.2.2.2  Relative importance of predictor variable    89 

4.2.2.3  Loop shape factor       90 

4.2.2.4  Design of experiments      90 

4.3    Results and Discussion      91 

4.3.1   Effect of different variables on water absorbency   91 

4.3.1.1  Effect of pile yarn count      92 

4.3.1.2  Effect of loop density      93 

4.3.1.3  Effect of loop length       93 

4.3.1.4  Effect of fibre quality      94 

4.3.1.5  Effect of pile yarn twist      95 

xi 
 



4.3.1.6  Effect of loop shape factor      95 

4.3.1.7  Effect of yarn structure      96 

4.3.1.8  Effect of combed pile yarn      96 

4.3.1.9  Effect of spinning system (ring and rotor)    97 

4.3.1.10  Effect of wrap pile yarn      98 

4.3.2  Statistical analysis for relative importance of    98 

predictor variable 

4.3.2.1  Relative importance of predictor variable for    98   

rate of water absorption (Y1) 

4.3.2.2  Relative importance of predictor variables for    100 

total amount of water absorbed (Y2) 

4.3.2.3  Optimizing fabric parameters for water absorbency  100 

4.3.2.3.1  Optimization of loop density, loop length and    101 

pile yarn twist for maximum rate of water absorption 

4.3.2.3.1  Optimization of loop density, loop shape factor and  104 

loop length for total amount of water absorption 

4.4    Conclusions        107 

Chapter 5 

   Objective evaluation of terry fabric hand   109 

xii 
 



5.1    Introduction        109 

5.2    Methodology        112 

5.2.1   Materials        112 

5.2.2   Methods        112 

5.2.2.1  Determination of primary hand and their     112 

weighted contribution 

5.2.2.2  Hand evaluation algorithm      114 

5.2.2.3  Subjective hand evaluation      115 

5.2.2.4  Development of primary hand equation    121 

5.2.2.5  Development of total hand equation    123 

5.2.2.6  Compression properties testing     123 

5.2.2.7  Fabric thickness testing      124 

5.2.2.8  Surface properties testing      124 

5.2.2.9  Fabric areal density       125 

5.2.2.10  Optimization of parameters for compression properties  125 

5.3    Results & Discussion       126 

5.3.1  Objective hand evaluation      126 

5.3.1.1  Suitability of existing hand equation    126 

xiii 
 



5.3.1.2  Development of new primary hand equation for    127 

Fullness & Softness (BJ-101) 

5.3.1.3  Development of new primary hand equation for    129 

Smoothness (BJ-102) 

5.3.1.4 Development of new primary hand equation for   131 

Soft Touch (BJ-103) 

5.3.1.5  Development of new primary hand equation for    133 

Limpness (BJ-104) 

5.3.1.6  Development of new total hand equation (BJ-105)  135 

5.3.1.7  Contribution of different primary hand expression   136   

to the total hand of terry fabric 

5.3.1.8  Prediction accuracy       138 

5.3.1.9  Experimental verification with the test results    139 

from regular KES sensor 

5.3.1.20  Experimental verification with the test results    142 

from modified KES sensor 

5.3.2  Effect of different parameters on the compression   146 

and surface characteristics of terry fabrics 

5.3.2.1  Effect of fibre quality      146 

5.3.2.2  Effect of spinning system (ring and rotor)    147 

xiv 
 



 5.3.2.3  Effect of porous yarn      148 

 5.3.2.4  Effect of pile yarn count      149 

 5.3.2.5  Effect of pile yarn twist      149 

 5.3.2.6  Effect of wrap yarn       150 

 5.3.2.7  Effect of loop density      151 

 5.3.2.8   Effect of loop length       152 

 5.3.2.9  Effect of loop shape factor      153 

5.3.3  Statistical analyses for the relative importance of   153 

predictor variable 

5.3.3.1  Relative importance of predictable variable for    153 

linearity of compression curve 

5.3.3.2  Relative importance of predictable variable for    155 

compression energy 

 5.3.3.3  Relative importance of predictable variables for    156

  compression resilience        

5.3.4  Optimization of key predictor parameters    157 

5.3.4.1  Optimization loop density, loop shape factor and   157 

loop length for linearity of compression curve 

xv 
 



5.3.4.2  Optimization of loop density, loop shape factor and   162 

loop length for compression energy 

5.3.4.3  Optimization of loop density, loop shape factor and   166 

loop length for linearity of compression resilience 

5.4    Conclusions        170 

Chapter 6 

Objective evaluation of aesthetic characteristics of  173 

woven terry fabrics using image analysis techniques 
6.1    Introduction        173 

6.2    Theory of aesthetic characterization    174 

6.2.1  Texture analysis       174 

6.2.2  Determination of effective pile height variation   175 

6.2.3  Determination of fractal dimension    176 

6.3    Methodology        177 

6.3.1   Materials        177 

6.3.2   Methods        179 

6.3.2.1  Texture descriptors       179 

6.3.2.2  Uniformity index       180 

6.3.2.3  Fractal dimension       181 

6.3.2.4  Subjective texture evaluation     181 

xvi 
 



6.4    Results and Discussion      182 

6.4.1   Fractal dimension and texture descriptor    182 

6.4.2  Effect of various fibre, yarn and fabric parameters  185  

on surface appearance 

6.4.2.1  Effect of spinning system (ring and rotor)    185 

6.4.2.2  Effect of combed pile yarn      187 

6.4.2.3  Effect of cotton quality      188 

6.4.2.4  Effect of fibre mix       189 

6.4.2.5  Effect of yarn count (single ply)     190 

6.4.2.6  Effect of yarn count (double ply)     192 

6.4.2.7  Effect of cotton fibre mix      193 

6.4.2.8  Effect of yarn structure       194 

6.4.2.9  Effect of pile yarn twist      196 

6.4.2.10  Effect of wrap yarn       197 

6.4.2.11  Effect of loop shape factor      198 

6.4.2.12  Effect of loop length       199 

6.4.2.13  Effect of loop density      201 

6.5    Conclusions        202 

xvii 
 



Chapter 7 

Prediction of loop geometry of woven terry  203 

fabrics using Mathematical and FEM modelling 

7.1    Introduction        203 

7.2    Structural nonlinearity      204 

7.2.1   Types of structural nonlinearities     205 

7.3    Formation of loop during terry weaving    205 

7.4    Loop shape factor       206 

7.5    Theoretical Analysis       207 

7. 5.1   Mathematical Modelling of loop geometry    207 

7.5.1.1  Mathematical Model and governing Equations   208 

7.5.1.2  Elastica model and governing equation    208 

 7.5.1.3   Numerical Analysis       209 

7.5.2   Finite element modelling of loop geometry    210 

7.5.2.1  Yarn model        212 

7.5.2.2  Material model       213 

7.5.2.3  Finite element implementation     214 

7.5.2.4    Boundary conditions       214 

7.5.3     Experimental        215 

7.5.3.1    Actual loop profile       215 

7.5.3.2    FEM loop profile       215 

7.5.3.3    Loop profile by mathematical modelling    216 

xviii 
 



7.5.3.4    Calculation of loop shape factor     216 

7.6    Results and Discussion      216 

7.6.1   Loop shape by mathematical modelling    216 

7.6.2   Loop shape by FEM modelling     217 

7.6.3   Actual Loop Shape       220 

7.6.4   Prediction accuracy of FEM Model    222 

7.6.5   Effect of loop length and yarn count on loop shape factor 223 

7.7    Conclusions        223 

Chapter 8 

Assessing serviceability of terry fabrics    225 

after repeated laundering      
8.1    Introduction        225 

8.2    Methodology        226 

8.2.1   Materials        226 

8.2.2   Methods        226 

8.2.2.1  Washing        226 

8.2.2.2  Absorbency testing       227 

  8.2.2.3  Compression testing       227 

8.2.2.4  Texture Evaluation       227 

8.2.2.5  Subjective evaluation of texture and hand    228 

xix 
 



xx 
 

8.3    Results & Discussion       228 

8.3.1   Effect of washing cycles on terry fabric properties  228 

8.3.1.1  Effect of washing cycles on water absorbency   228 

8.3.1.2  Effect of washing cycles on surface texture   229 

8.3.1.3  Effect of washing cycles on compression and surface properties 232 

8.3.2   Effect of fabric parameters on after wash performance  233 

8.3.2.1  Effect of loop density on after wash performance   233 

8.3.2.2  Effect of loop length on after wash performance   237 

8.4    Conclusions        241 

Chapter 9 

Summary and Conclusions     243 

References           247 

Appendix A & B          269 

Publications 

Bio-data 


	J.P.Singh (2010TTZ8650).pdf
	1.Cover page
	2.Copyright
	3.Inner cover page
	4.Dedication
	5.CERTIFICATE
	6.Acknowledgements
	Acknowledgements

	7.Abstract
	8.Contents
	9.List of figures
	10.List of table
	Chapter-1 intro
	11.Introduction-final
	Chapter-2 LR
	12.Literature review-4
	2.2.4.1 Fabric handle 
	Postle (1989) established the physical principles to predict the relaxed structure or the basic mechanical properties of extension, shear, bending and compression for all kinds of interlaced woven and knitted fabrics. The results of these analyses led directly to the development of instrumentation for the accurate experimental measurement of fabric low stress mechanical properties, which in turn established the new technology of fabric objective measurement in the late by Kawabata. The modern development of fabric objective measurement technology in Japan was began in 1972 with the establishment of the Hand Evaluation and Standardization Committee (HESC) under the auspices of the Textile Machinery Society of Japan.

	Chapter-3 MM
	13.Materials & Methods-final
	Chapter-4 absorbency
	14.absorbency-final-2
	Chapter-5 hand
	15.Hand and compression-final-1
	Chapter-6 texture
	16.texture-final-1
	Chapter-7 loop
	17.loop geometry-final-1
	Chapter-8 wash
	18.afterwash-final-1
	Chapter-9 S&C
	19.Summary and Conclusion
	Chapter-10 ref
	20.References(mod)
	Chapter-11 appen
	21.Appendix
	22.Publication
	23.Bio-data
	J.P.Singh (2010TTZ8650).pdf
	1.Cover page
	2.Copyright
	3.Inner cover page
	4.Dedication
	5.CERTIFICATE
	6.Acknowledgements
	Acknowledgements

	7.Abstract
	8.Contents
	9.List of figures
	10.List of table
	Chapter-1 intro
	11.Introduction-final
	Chapter-2 LR
	12.Literature review-4
	2.2.4.1 Fabric handle 
	Postle (1989) established the physical principles to predict the relaxed structure or the basic mechanical properties of extension, shear, bending and compression for all kinds of interlaced woven and knitted fabrics. The results of these analyses led directly to the development of instrumentation for the accurate experimental measurement of fabric low stress mechanical properties, which in turn established the new technology of fabric objective measurement in the late by Kawabata. The modern development of fabric objective measurement technology in Japan was began in 1972 with the establishment of the Hand Evaluation and Standardization Committee (HESC) under the auspices of the Textile Machinery Society of Japan.

	Chapter-3 MM
	13.Materials & Methods-final
	Chapter-4 absorbency
	14.absorbency-final-2
	Chapter-5 hand
	15.Hand and compression-final-1
	Chapter-6 texture
	16.texture-final-1
	Chapter-7 loop
	17.loop geometry-final-1
	Chapter-8 wash
	18.afterwash-final-1
	Chapter-9 S&C
	19.Summary and Conclusion
	Chapter-10 ref
	20.References(mod)
	Chapter-11 appen
	21.Appendix
	22.Publication
	23.Bio-data

	J.P.Singh (2010TTZ8650).pdf
	1.Cover page
	2.Copyright
	3.Inner cover page
	4.Dedication
	5.CERTIFICATE
	6.Acknowledgements
	Acknowledgements

	7.Abstract
	8.Contents
	9.List of figures
	10.List of table
	Chapter-1 intro
	11.Introduction-final
	Chapter-2 LR
	12.Literature review-4
	2.2.4.1 Fabric handle 
	Postle (1989) established the physical principles to predict the relaxed structure or the basic mechanical properties of extension, shear, bending and compression for all kinds of interlaced woven and knitted fabrics. The results of these analyses led directly to the development of instrumentation for the accurate experimental measurement of fabric low stress mechanical properties, which in turn established the new technology of fabric objective measurement in the late by Kawabata. The modern development of fabric objective measurement technology in Japan was began in 1972 with the establishment of the Hand Evaluation and Standardization Committee (HESC) under the auspices of the Textile Machinery Society of Japan.

	Chapter-3 MM
	13.Materials & Methods-final
	Chapter-4 absorbency
	14.absorbency-final-2
	Chapter-5 hand
	15.Hand and compression-final-1
	Chapter-6 texture
	16.texture-final-1
	Chapter-7 loop
	17.loop geometry-final-1
	Chapter-8 wash
	18.afterwash-final-1
	Chapter-9 S&C
	19.Summary and Conclusion
	Chapter-10 ref
	20.References(mod)
	Chapter-11 appen
	21.Appendix
	22.Publication
	23.Bio-data

	J.P.Singh (2010TTZ8650).pdf
	1.Cover page
	2.Copyright
	3.Inner cover page
	4.Dedication
	5.CERTIFICATE
	6.Acknowledgements
	Acknowledgements

	7.Abstract
	8.Contents
	9.List of figures
	10.List of table
	Chapter-1 intro
	11.Introduction-final
	Chapter-2 LR
	12.Literature review-4
	2.2.4.1 Fabric handle 
	Postle (1989) established the physical principles to predict the relaxed structure or the basic mechanical properties of extension, shear, bending and compression for all kinds of interlaced woven and knitted fabrics. The results of these analyses led directly to the development of instrumentation for the accurate experimental measurement of fabric low stress mechanical properties, which in turn established the new technology of fabric objective measurement in the late by Kawabata. The modern development of fabric objective measurement technology in Japan was began in 1972 with the establishment of the Hand Evaluation and Standardization Committee (HESC) under the auspices of the Textile Machinery Society of Japan.

	Chapter-3 MM
	13.Materials & Methods-final
	Chapter-4 absorbency
	14.absorbency-final-2
	Chapter-5 hand
	15.Hand and compression-final-1
	Chapter-6 texture
	16.texture-final-1
	Chapter-7 loop
	17.loop geometry-final-1
	Chapter-8 wash
	18.afterwash-final-1
	Chapter-9 S&C
	19.Summary and Conclusion
	Chapter-10 ref
	20.References(mod)
	Chapter-11 appen
	21.Appendix
	22.Publication
	23.Bio-data





