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Preface

The express purpose of this book series, Advances in Contact Angle,
Wettability and Adhesion, is to provide a continuous state-of-the-art criti-
cal look at the current knowledge and latest developments in the arena of
contact angle, wettability and adhesion.

Some historical facts related to the primordial study and evolution of
contact angles and wetting phenomena were described in the Preface to
Volume 1. Here I would like to supplement that information by mentioning
some other significant milestones in the same vein. First, it is interesting
to note that the titans of science like Einstein, Schrédinger and Bohr—all
Nobel Laureates—evinced keen interest in capillarity (related to contact
angle) and devoted part of their research to this topic. Next, the discovery
of electrocapillarity, which in essence signifies manipulation/modulation
of wettability (contact angle) by application of electric field, is attributed to
the seminal and trailblazing work of Gabriel Lippmann (Nobel Laureate for
Physics 1908) as part of his Ph.D. thesis. Electrowetting (EW) or modern
electrowetting EWOD (electrowetting on dielectric) was developed from
the phenomenon of electrocapillarity investigated in detail by Lippmann.
So Gabriel Lippmann can aptly be called the father of electrowetting. Since
the discovery of electrocapillarity, the ability to manipulate properties at
the phase boundary by applied electric field has been vigorously pursued.
The high tempo of research in EW stems from the fact that EWOD can
be employed for a broad range of applications involving manipulations
of liquids and requiring miniaturization of system size and improving
its effectiveness. Lab-on-a-chip is a prime example of the application of
EWOD. Lab-on-a-chip has been used in biomedical and analytical devices.
Next, the work of the College de France, Paris, a world-renowned research
school headed by Pierre-Gilles de Gennes (Nobel Laureate in Physics
1991), deserves special mention for its tremendous contribution towards
understanding and explaining wetting phenomena (dynamics of wetting).
Therefore, one can see that five Nobel Laureates have contributed to and
brought glamour to the fascinating field of contact angles and wetting
phenomena.



xvi PREFACE

These days there is an overwhelming interest in biomimetics. According
to Wikipedia, biomimetics or biomimicry is the imitation of the models,
systems and elements of Nature for the purpose of solving complex human
problems. Nature is a great teacher and the old adage, “Nature does not
waste time in making frivolous or useless things,” is dead true; in this con-
text, the lotus leaf is a classic paradigm. Even a cursory look at the literature
will evince that currently there is a proliferation of research activity in all
facets/ramifications of contact angles and wetting phenomena, and all sig-
nals indicate that this accelerated pace will be maintained.

The 17 research and review chapters comprising this book are divided
into three parts — Part 1: Fundamental and General Aspects; Part 2:
Wettability Modification; and Part 3: Surface Free Energy and Adhesion.
The topics covered include: wetting of solid walls and spontaneous capil-
lary flow; “ordered water monolayer that does not completely wet water” at
room temperaure; Cheerios effect and its control by contact angle modu-
lation; mathematical analysis of contact angle hysteresis; computational
analysis of wetting and application to self-cleaning mechanisms; bubble
adhesion to superhydrophilic surfaces; relationship between the roughness
and oleophilicity of surfaces; liquid repellent amorphous carbon nanopar-
ticle networks; mechanical durability of liquid repellent surfaces; super-
hydrophobic and superoleophobic biobased materials; laser ablation to
render stainless steel superhydrophobic; RF plasma treatment of Neptune
grass (Posidonia oceanica) to achieve superhydrophilic surfaces; combined
photochemical and laser surface modifications to achieve liquid repellent
textile surfaces; modification of paper/cellulose to control liquid wetting
and adhesion; surface free energy of superhydrophobic materials; role of
surface free energy in pharmaceutical tablet strength; and why test inks
cannot tell the whole truth about surface free energy of solids.

As for this volume, it is essentially based on the written accounts of
papers presented at the Ninth International Symposium on Contact Angle,
Wettability and Adhesion held at Lehigh University, Bethlehem, PA, on
June 16-18, 2014, under the auspices of MST Conferences. It should be
recorded for posterity that all manuscripts submitted for this book were
rigorously peer reviewed, suitably revised (some twice or thrice) and prop-
erly edited before inclusion in this book. As a matter of fact, some manu-
scripts are not included as they did not pass muster. So this book is not a
mere collection of unreviewed and unedited papers, rather it represents
articles which have passed rigorous peer scrutiny. Concomitantly, these
articles are of archival value and their standard is as high as any journal or
even higher than many journals.



PREFACE xvii

It is quite manifest from the topics covered that the 17 chapters written
by top-notch researchers which comprise this book address many aspects
and ramifications of contact angles and wettability. The book provides a
commentary on the current research being actively pursued in this domain
and summarizes the research results of many active researchers in this field.
Yours truly hopes that anyone wishing to stay abreast of the latest develop-
ments and prospects within the purview of contact angle, wettability and
adhesion will find this book of great interest and value. In essence, Volume
2 supplements the information consolidated in its predecessor, Volume 1.
In closing, I hope the information presented in this volume will spur fur-
ther research and will serve as the provenance for new ideas. As we learn
more about the wettability behavior of surfaces, new and exciting applica-
tion vistas will emerge. All signals indicate that the high tempo of research
in this field will continue unabated.

Now it is my pleasant duty to thank all those who contributed in many
different ways in bringing this book to fruition. First and foremost, I am
beholden to the authors for their enthusiasm, cooperation and contribu-
tion, without which this book would not have seen the light of day. Second,
I would like to profusely thank the reviewers for their time and efforts in
providing invaluable comments and suggestions which definitely improved
the quality of articles included in this book. The comments from peers are
a prerequisite for maintaining the highest standards of any publication.
Last, but not least, my sincere appreciation goes to Martin Scrivener, pub-
lisher, for his unwavering support of this project and for giving this book
a body form.

Kash Mittal

P.O. Box 1280

Hopewell Jct., NY 12533

E-mail: ushaRmittal@gmail.com
May 28, 2015






Contents

Preface

Part 1: Fundamental and General Aspects

1 Wetting of Solid Walls and Spontaneous Capillary Flow
Jean Berthier and Kenneth A. Brakke
1.1 Introduction: Capillary Flows and Contact Angles
1.2 A General Condition for Spontaneous Capillary

Flow (SCF)

1.2.1 Theoretical Condition

1.2.2  Comparison Between Theory and Numerical
Approach

1.2.3 Discussion

1.2.4 Conclusion

1.3 The Dynamics of SCF

1.3:1
1.3.2

1.3.3

1.3.4
1.3.5

Open and Confined Systems

The Lucas-Washburn-Rideal (LWR) Law for
Confined Cylindrical Channels
Generalization of the Lucas-Washburn-Rideal
Law to Composite, Confined Microchannels
of Arbitrary Cross Section

Experimental Results for Confined Channels
Capillary Flow in Open Microchannels:

The Example of Suspended Microflows

1.4 Conclusion

References

193]

10
13
14
15
15

15

17

28

31

41
42



vi CONTENTS

2 A Review of “Ordered Water Monolayer That Does
Not Completely Wet Water” at Room Temperature
Chunlei Wang and Haiping Fang

2.1
2.2

2.3

24

2.5

2.6

2.7
2.8

Introduction

“Ordered Water Monolayer that Does Not Completely
Wet Water” at Room Temperature

Effect of Surface Point Defects on the Ordered Water
Monolayer

Thermal Properties of Ordered Water Monolayer
Simulation or Experimental Observations on the
Phenomenon of Water Droplets on Water Monolayers
on Real Solid Surfaces at Room Temperature
“Ordered Ethanol Monolayer that does not Completely
Wet Ethanol” at Room Temperature

Discussion

Summary

Acknowledgements
References

3 Cheerios Effect and its Control by Contact Angle
Modulation
Junqi Yuan and Sung Kwon Cho

3.1
3.2

3.3
34

Introduction

Theoretical Models

3.2.1 Model for Two Infinite Vertical Plates

3.2.2 Model of Two Vertical Cylinders

3.2.3 Model of Two Floating Spherical Particles

3.24 Model of Floating Spherical Particle and
Vertical Wall

Control of Cheerios Effect

Concluding Remarks and Outlook

Acknowledgement
References

4 Recent Mathematical Analysis of Contact Angle Hysteresis
Xianmin Xu and Xiaoping Wang

4.1
4.2

Introduction

The Physical Principle and Mathematical Method
4.2.1 The Physical Principle

4.2.2 Homogenization

47

47

49

55
56

59

61
64
65
66
66

73

74
76
77
82
89

93
102
105
107
107

111

111
113
113
114



CONTENTS Vii

4.3 The Wenzel's and Cassie’s Equations 114

4.4 'The Modified Cassie Equation 118

4.5 Contact Angle Hysteresis 119
4,5.1 Quasistatic Process of a Two-dimensional

Problem 120

4,5.2 Three-dimensional Case 122

4.6 Conclusion and Outlook 124

Acknowledgments 125

References 125

5 Computational Analysis of Wetting on Hydrophobic Surfaces:

Application to Self-Cleaning Mechanisms 129
Muhammad Osman and Roger A. Sauer
5.1 Introduction 130
5.2 Basic Relations in Differential Geometry 131
5.3 System Model 133
5.4 Governing Equations 134
5.4.1 Droplet Membrane 134
5.4.2 Surface Contact 136
5.4.3 Line Contact 137
5.5 Force Analysis 139
5.6 Results and Discussion 140
5.6.1 Wetting on Rough Surface 140
5.6.2 Adhesion Between Droplet Surface and a
Contaminant Particle 142
5.7 Conclusions 145
Acknowledgement 146
References 146
6 Bubble Adhesion to Superhydrophilic Surfaces 149
Ridvan Ozbay, Ali Kibar and Chang-Hwan Choi
6.1 Introduction 150
6.2 Theoretical Models 151
6.3 Experimental 154
6.4 Results and Discussion 155
6.5 Conclusions 161
Acknowledgement 162

References 162



viii CONTENTS

7 Relationship Between the Roughness and Oleophilicity of
Functional Surfaces
Luisa Coriand, Markus Rettenmayr and Angela Duparré

7.1
7.2

7.3

7.4

Introduction

Basics and Experimental

7.2.1 Preparation of Rough Steel Surfaces

7.2.2 Roughness

7.2.3  Wettability

7.2.4 Roughness Measurements

7.2.5 CA Measurements

Results and Discussion

7.3.1 Preliminary Investigation: Influence of
Temperature and Effect of Pre-wetted Surface

7.3.2 Relationship Between Roughness and
Oleophilicity

Summary

Acknowledgements
References

8 Liquid Repellent Amorphous Carbon Nanoparticle Networks

Ilker S. Bayer, Alexander J. Davis and Eric Loth

8.1
8.2
8.3
8.4
8.5

Introduction

Templates for Liquid Repellent Surfaces

Synthesis Without Flames

Synthesis by Combustion of Terpenoids

Amorphous Carbon Networks on 3-D Porous Materials
for Liquid Filtration

8.6 Towards Robust Carbonaceous Films on Micro-textured
Polymer Surfaces

8.7 Conclusions

References

9 Recent Progress in Evaluating Mechanical Durability
of Liquid Repellent Surfaces
Athanasios Milionis, Ilker S. Bayer and Eric Loth

9.1
9.2

Introduction

Durability to Tangential Shear
9.2.1 Linear Abrasion

9.2.2 Circular Abrasion
9.2.3 Blade/Knife Test

165

165
166
166
166
168
168
169
170

170

172
175
176
176

179

180
180
184
189

191

193
208
209

211

211
218
219
224
225



CONTENTS iX

9.2.4 Pencil Test 227
9.2.5 Oscillating Steel Ball 228
9.2.6 Oscillating Steel Ring 230
9.2.7 Finger Rubbing 231
9.3 Durability to Dynamic Impact 233
9.3.1 Solid Particle Impact 233
9.3.2 Liquid Jet/Droplet Impact 236
9.3.3 Gas Pressure Impact 238
9.4 Durability under Vertical Compression/Expansion 239
9.4.1 Tape Peeling 239
9.4.2 Compression Followed by Tension 242
9.5 Wear in Liquid Baths 242
9.5.1 Laundry Test 243
9.5.2 Ultrasonication 247
9.5.3 Rotary Slurry Test 248
9.6 Inherently Durable Liquid Repellent Materials 249
9.6.1 Bulk Materials that are Inherently Liquid
Repellent 249
9.6.2 Materials that become Liquid Repellent with
Mechanical Wear 251
9.7 Future Directions for Investigating Mechanical
Durability 251
References 253

10 Superhydrophobic and Superoleophobic Biobased Materials 259
Ilker S. Bayer

10.1 Introduction 260
10.2  Advances in Liquid Repellent Cellulose Fiber Networks 260
10.3 Liquid Repellent Materials: Cellulose Derivatives 270
10.4 Liquid Repellent Thermoplastic Starch and

Biopolyesters 277
10.5 Conclusions 281
References 282

Part 2: Wettability Modification

11 Laser Ablated Micro/Nano-Patterned Superhydrophobic
Stainless Steel Substrates 287
Sona Moradi, Saeid Kamal and Savvas G. Hatzikiriakos
11.1 Introduction 288



x CONTENTS

11.2 Materials and Experimental Methods
11.2.1 Materials
11.2.2 Surface Laser Irradiation
11.2.3 Surface Analysis
11.3 Experimental Details
11.4 Results and Discussion
11.4.1 Surface Morphology
11.4.2 Surface Wettability
11.4.3 The Effect of Overlap on Surface Wettability
11.5 Conclusions
Acknowledgement
References

12 RF Plasma Treatment of Neptune Grass (Posidonia oceanica):

A Facile Method to Achieve Superhydrophilic Surfaces for
Dye Adsorption from Aqueous Solutions
Hernando S. Salapare III, Ma. Gregoria Joanne P. Tiquio
and Henry ]. Ramos
12.1 Introduction
12.1.1 Surfaces and Wetting
12.1.2 Plasma Surface Modification
12.1.3 Posidonia oceanica
12.2 Experimental Details
12.2.1 Materials and Experimental Procedures
12.2.2 Characterizations
12.2.3 Dye Adsorption
12.3 Results and Discussion
12.3.1 Plasma Treatment of Posidonia oceanica
12.3.2 Dye Adsorption by Posidonia oceanica from
Aqueous Solutions
12.4 Conclusions
References

13 Highly Liquid Repellent Technical Textiles Obtained
by Means of Photo-chemical and Laser Surface
Modifications
Thomas Bahners and Jochen S. Gutmann
13.1 Introduction
13.2 Background of the Conceptual Approach
13.2.1 Surface Free Energy and Liquid Repellence

290
290
290
292
292
293
293
297
300
301
302
302

305

306
306
311
314
315
315
317
318
319
319

324
328
329

333

334
335
335



CONTENTS Xi

13.2.2 Enhancing Liquid Repellence through Surface
Roughness

13.2.3  Peculiarities of Textile Substrates and their
Relevance to Wetting

13.2.4 The Concept of Roughness Formation by Laser
Irradiation

13.2.5 Introducing Low Surface Energy to the
Roughened Surface

13.3  Application of Combined Laser and Photo-chemical
Modifications to Technical Textiles
13.3.1 Increasing Water Repellence of Technical
Fabrics Made of PET and Aramids
13.3.2 Increased Oil Repellence of Technical
PET Fabrics
13.4 Summary
Acknowledgement
References

14 Modification of Paper/Cellulose Surfaces to Control Liquid
Wetting and Adhesion
Victor Breedveld and Dennis W. Hess

14.1 Introduction

14.2 Plasma Processing

14.3  Sticky vs. Roll-off Superhydrophobic Surfaces
14.4 Local Wetting/Adhesion Control

14.5 Superamphiphobic/Superomniphobic Paper
14.6 Summary and Conclusions
Acknowledgments

References

Part 3: Surface Free Energy and Adhesion

15 Surface Free Energy of Superhydrophobic Materials
Obtained by Deposition of Polymeric Particles on Glass
Konrad Terpilowski
List of Notations

15.1
15.2

Introduction
Experimental
15.2.1 Materials and Methods

336

337

342

346

347

349

354
358
360
360

365

366
366
367
369
372
374
375
375

381

382
382
385
385



xii CONTENTS

15.3

15.2.2

15.2.3
15.2.4
15.2.5

Preparation of Superhydrophobic Layers
Deposited on the Glass Surface

Contact Angle Measurements

Photographs of PS Layers

Imaging the PS Layer Surface with an Optical
Profilometer

Results and Discussion

15.3.1

15.3.2

15.3.3

15.3.4

15.3.5

15.3.6

15.3.7

Contact Angles Measured on Glass Plates
Covered with Pure PS Layers

Apparent Surface Free Energy Calculated for
Glass Plates Covered with Pure PS Layers
Contact Angles Measured on Glass Plates
Covered with the PS Layers with Embedded
Polymer Fillers

Apparent Surface Free Energy Calculated for
the Glass Plates Covered with the PS/ Filler
Layers

Optical Photographs of the PS Layers with
Embedded Polymers Particles

Images of the Superhydrophobic Layers
Using Optical Profilometry

Tadmor’s Equilibrium Contact Angles

154 Conclusions
References

16 Tablet Tensile Strength: Role of Surface Free Energy
Frank M. Etzler and Sorana Pisano

16.1

16.2

Introduction

16.1.1 Overview

16.1.2 Densification of Powders under Pressure
16.1.3 Measurement of Tablet Tensile Strength
16.1.4 The Ryshkewitch-Duckworth Equation
16.1.5 Surface Science of Adhesion

16.1.6 A Model to Predict the Tensile Strength of

Applicability of the Proposed Model to Pharmaceutical

Tablets from Individual Components

Materials

16.2.1
16.2.2

Experimental Details
Ryshkewitch-Duckworth Equation as a
Predictor of the Tensile Strength of Binary
Mixtures

385
386
386

387
387

387

388

388

389

390

392
392
394
394

397

398
398
399
399
400
401

402
404
404

406



