MINIATURIZATION OF PATTERNS
AND
FRICTION AT SOFT INTERFACES

HEMALATHA ANNEPU

DEPARTMENT OF CHEMICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2013


ThesisFigs/iitdlogo.eps

Certificate

This is to certify that the thesis titled "MINIATURIZATION OF
PATTERNS AND FRICTION AT SOFT INTERFACES” being sub-
mitted by Ms Hemalatha Annepu in the Department of Chemical
Engineering, Indian Institute of Technology Delhi, for the degree of
Doctor of Philosophy, is a record of bona-fide research work car-
ried out by her under my guidance and supervision.In my opinion,
the thesis has reached the standards fulfilling the requirements of
the regulations relating to the degree.

The results contained in this thesis have not been submitted to any

other university or institute for the award of any degree or diploma.

Dr. Jayati Sarkar

Assistant Professor

Department of Chemical Engineering
Indian Institute of Technology Delhi



Acknowledgements

It is a pleasure to express profound gratitude to my thesis advisor
Dr. Jayati Sarkar for her continuous support, guidance in the right
direction, for the freedom of thought and affection which I have en-
joyed during these four years of this work. I sincerely thank her for
having always given ample time from her busy schedule to discuss
the work. She has been a constant source of inspiration because of
her relentless drive and enthusiasm for science. I have always ad-
mired her for her originality of thought in research and work ethic.
I am indebted to her for all the help and outstanding ideas she has
given me during the course of this work, spanning over a long pe-

riod of four years.

I acknowledge the support of the Department of Science and Tech-
nology (DST), New Delhi for sponsoring this project.

I am grateful to Professor Sumit Basu, Department of Mechanical
Engineering, IIT Kanpur for introducing me to the field of Finite
Element Methods and for generously training me in his lab for over
six months. It is a pleasure for me to thank him for his continuous
guidance right from the beginning in the work on the finite element

implementation for soft elastic films.

I respectfully acknowledge Professor Ashutosh Sharma for his col-
laboration and fruitful discussions in the area of patterned sub-

strates.

I must also thank Professor Rajesh Khanna (ChE, IIT Delhi) for
valuable suggestions and ideas, some of which were indeed of great

help in understanding parts of this work. I am also very grateful to



him for the valuable emotional support he provided through diffi-

cult times.

Thanks are also due to Dr. Sunil Jha (ME, IIT Delhi) for keeping me
motivated and providing me the strength to keep going even when

the going got difficult.

I appreciate the help provided by the administrative staff of the
Chemical Engineering Department, IIT Delhi in talking care of all
the formalities and simplifying the life of every PhD student.

It is now my turn to recognize all the people who directly con-
tributed in whatever I could do and join up to write this thesis.
I am very thankful to my lab colleagues and friends Kotni Tiru-
malarao and Dheerendra Dubey for being co-workers during my
PhD. I thoroughly enjoyed the opportunity of working with you.
I acknowledge my co-workers, Satish K. Mishra (M.Tech. Student:
2012-2014), Ramesh C. Bunker (M.Tech. Student: 2012-2014), Chan-
drakant Khudsange (M.Tech. Student: 2009-2011), Naipal Singh
(M.Tech. Student: 2011-2013), Himanshu Bathla (B.Tech. Student:
2006-2010), Gaurav Sharma (B.Tech. Student: 2007-2012), Harshith
Rungta (B.Tech. Student: 2008-2012), Abhishek Kumar (B.Tech.
Student: 2008-2012).

I also benefited immensely by closely working with some of the stu-
dents of Prof. Sumit Basu's group at Department of Mechanical En-
gineering, IIT Kanpur. I specially acknowledge Brunda Kattekola
for untiringly addressing all my queries, both major and minor, in
understanding ABAQUS software. I am also thankful to Dr. Prab-
hat Agnihotri for making me understand the cohesive zone mod-
elling. Many thanks are due to Sandhya and Neetu of IRD, IIT Delhi

for their help in various administrative works.

I have been extremely fortunate to have shared the common lab
space with my wonderful present colleagues in the Dr. Jayati Sarkar’s
research group. We chatted about myriads of topics over a cup of

tea. I also cherish the time spent with all past group members. In



the end, I must mention that I was fortunate to have friends like
Sidra Khanam, Ruchika Rai, Prem Prakash, Richa Sehgal who al-

ways extended support whenever I needed them.

That finally brings me to the pleasant task of formally thanking my
family members. I cannot express in words my appreciation for
my parents and for everything that they have done for me. I am
indebted to their love and sacrifices. My sincere gratitude is re-
served for my brothers Suresh and Praveen who always motivated
me to put my best efforts in everything I do and to my cute lit-
tle nephew Pushkar for teh cherishable moments while writing the
thesis. Thank you for always being there whenever I needed you
most and also believing in me. Last but not least, I would like to
thank the almighty God who provided me the strength in making

my own decisions in life.

Hemalatha Annepu



Abstract

Self-organization method is an excellent alternative to conventional
lithographic techniques as the costs involved are significantly less,
large areas can be patterned in very short time and importantly, it
is the only feasible method for patterning of soft elastomeric films
which find usefulness in many important bio-mimicking applica-
tions such as super-adhesives etc. Pattern length scales exhibited
by soft, thin (thickness less than 10 microns) elastic films cast on the
both smooth surfaces and on sharp corrugated surfaces which are
in adhesive contact with an external contactor are investigated by
means of a linear stability analysis and a non-linear finite element
analysis. The pattern instability length scales are found to decrease
with increase in the amplitude of the substrate pattern. The small-
est wavelengths obtainable from the linear stability analysis are
0.296h (h’ is the mean film thickness) with sinusoidally patterned
substrates. The non-linear analysis that is done here by means of
finite element formulation confirms the results of linear analysis,
reiterating the importance of substrate patterning on miniaturiza-
tion of length scales. This work thus is an important starting point
in understanding the role of roughness on the instability length
scales, the morphologies of the instabilities formed and the effect of
this substrate roughness on the evolution of these instabilities and
the debonding forces. The present work at one hand tries to ex-
plore ways to improve formation of patterns at smaller and smaller
length scales and on the other hand it is aimed to understand the
fundamental physics behind phenomena like delamination, that

occur in common practice and to develop means to control them.
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