TENSILE MECHANICS OF REGULAR BRAIDED
STRUCTURES

HARSHVARDHAN SARASWAT

DEPARTMENT OF TEXTILE TECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JANUARY 2015



© Indian Institute of Technology Delhi (IITD), New Delhi, 2015



TENSILE MECHANICS OF REGULAR BRAIDED
STRUCTURES

by

Harshvardhan Saraswat

Department of Textile Technology

Submitted
In fulfilment of the requirements of the degree of

Doctor of Philosophy

to the

Indian Institute of Technology Delhi
January 2015



Dedicated to my loving parents



CERTIFICATE

This is to certify that the thesis entitled “Tensile Mechanics of Regular Braided
Structures” being submitted by Mr. Harshvardhan Saraswat, to the Indian Institute of
Technology Delhi, for the award of the degree of Doctor of Philosophy in the Department of
Textile Technology, is a record of bonafide research work carried out by him. Mr.
Harshvardhan Saraswat has worked under my guidance and supervision and fulfilled all the

requirements for the submission of the thesis.

The results contained in this thesis have not been submitted, in part or full, to any other

University or Institute for the award of any degree or diploma.

Dr. Amit Rawal

Associate Professor
Department of Textile Technology
Date: Indian Institute of Technology Delhi

Hauz Khas, New Delhi — 110016
Place: India



Acknowledgements

| am taking this privilege to acknowledge all the persons who have helped me during my
research work. First and foremost, | would like to express my heartfelt gratitude towards my
respectable supervisor, Dr. Amit Rawal, for his continuous guidance, encouragement and
strong support during the course of my PhD work. | am forever grateful for his kindness and
valuable contributions, not only towards my research work, but towards my professional
growth as well. I am also grateful to my SRC members namely Prof. R. Chattopadhyay, Prof.
K. Gupta and Prof. Apurba Das for their valuable comments and suggestions.

| would also like to thank all my fellow researchers, and graduate students who have helped
me in my research work: Mr. Apurv Sibal, Mr. Rajesh Kumar, Mr. Rajendra Singh, Mr. Vijay
Kumar, Mr. P.V.K. Rao and Mr. S.Q. Khan. Special thanks to Mr. Apurv Sibal, for providing

me necessary assistance in development of geometrical models of braided structures.

I wish to acknowledge all the faculty and staff members of the Department of Textile
Technology, IIT Delhi who directly and indirectly contributed towards my research work.

Special thanks to Mr. B. Biswal for his technical assistance in testing the braid samples.

I would like to acknowledge the research grant obtained from CSIR, India (Project No.
22(0490)/09/EMR-11) for partially funding my PhD work in IIT Delhi. In addition, | wish to
acknowledge Dr. D.N. Vyas Principal of MLV Textile and Engineering College, Bhilwara,

India for his sincere cooperation to grant the necessary leave for carrying out my PhD work.

| gratefully acknowledge High Performance Textiles Pvt. Ltd., Superfil Products Ltd. and
Krishana Industries for providing filaments, yarn and elastic core samples for this research

work.

| am indebted to my spiritual master HH Gopal Krishna Goswami Maharaj and my counsellor
HG Sundargopal Prabhu for their spiritual guidance and encouragement. |1 am very thankful
to my mother, Smt. Rekha and my father, Sh. Jagmohan Bhandia for their unconditional love

and sacrifices.



Finally, I wish to thank my Lord SriSri Radha Krishna, the most beneficial and merciful, for
blessing me with an opportunity to attain higher education and making it easier for me to

achieve my goals in my life.

Harshvardhan Saraswat



Abstract

Braiding is a highly versatile and cost-effective method of producing structures that has been
successfully used for numerous applications ranging from ropes, composites, biomedical,
insulation to sports and recreation activities and the list of applications of braided structures is
ever-increasing. The prediction of tensile property is a pre-requisite for the success of
deployment of braided structures in these applications. In this research work, the
mathematical models of stress-strain behaviour of biaxial and triaxial braided structures were
developed on the basis of synergistic deformation behaviour of both twisted strands and
square woven fabrics. These models have accounted for braid geometry, braid kinematics and
constituent strand properties. A series of polypropylene monofilament based braided
structures was fabricated with varying braid parameters in order to validate the tensile
models. A good agreement was observed between the theoretical and experimental stress-
strain curves of biaxial and triaxial braided structures. Various geometrical parameters
including braid angle, crimp, and fibre volume fraction have been used as input parameters
for predicting the tensile properties of braided structures. Accordingly, the mathematical
models of these geometrical parameters for biaxial and triaxial braided structures have been
developed for predefined strand geometries. The strand geometries were classified in the
form of circular and lenticular shapes by defining strand(s) as monofilament or multi-
filaments, respectively. Moreover, the elastic stiffness of biaxial, triaxial braids and their
composites has also been analysed. The coordinate transformations of axial strand crimp
along with the averaging of stiffness and compliance constants on the basis of the fibre
volume fraction in triaxial braids have also been proposed. Specifically, the elastic stiffness
of triaxial braided composites has been validated with the experimental data obtained from

the literature.

A theoretical model of the effective or true stress-strain behaviour of tubular braid consisting
of an elastic core has also been proposed based on defined braid geometry, core properties
and tensile properties of helically undulated strands of filaments. The model has been
validated with four sets of tubular braids consisting of rubber cores of predefined diameters.
A theoretical analysis of some of the most important parameters including strand, core and
braid on the tensile properties of braid-core systems has been presented. A simple analytical

model for predicting the tensile behaviour of multi-layered braided structures has also been
iii



proposed by extending the previously developed model on ‘braid-elastic core’ system. The
model was validated by preparing a series of multi-layered braided structures on circular
braiding machine for obtaining various combinations of braid angles. In general, a good
agreement was observed between the theoretical and experimental values of toughness and
stress-strain characteristics of multi-layered braided structures. Braid angle of the outer layer
was found to be a key parameter in determining the stress-strain characteristics of multi-

layered braided structures.
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