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  Pref ace   

 Surface science involves studies of properties and characteristics of solid surfaces 
and their interactions with liquids. It is a multidiscipline fi eld with great academic 
interests and tremendous applications in the industry. Unfortunately, the fi eld of 
surface has been full of controversies and misconceptions. The Young’s equation is 
widely credited as an initiator of surface research. However, it is also a source for 
continuous arguments and debates. I and Hong Zhao stumbled into this fi eld seri-
ously about 8 years ago with the objectives of understanding how inks adhere on 
and release from different printing surfaces during the printing process. It was our 
hope that fundamental understandings of various ink–surface interactions would not 
only lead to improvement in the printing process but also enable better ink and sur-
face material designs. However, we found the literature messy and not very helpful. 
Our literature study yielded limited guidance and the messages obtained at times are 
confusing. There was no standardized measurement protocol. We often found that 
defi nitions were unclear and terminologies were created arbitrarily. In our lab, the 
structure–property relationship only followed about 50 % of the time and unex-
pected observation was always classifi ed as exception. This certainly does not sound 
like a mature science fi eld. We were actually not alone because many academic 
colleagues also echo these shortfalls. This has been the main motivation and passion 
for us to write this book. We would like to share some fundamental basic concepts 
we have learned through this journey. This book is not intended for expert research-
ers who may view the content as nothing new. Rather, it is intended for senior under-
graduate and graduate students in various science and engineering fi elds as well as 
researchers like us who have the need to get into the fi eld of surface in their jobs.  

  Penfi eld, NY     Kock-Yee     Law    
 Richmond, VA, USA      Hong     Zhao     
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    Chapter 1   
 Background                     

    Abstract     Studies of surface and liquid–solid interaction have always been an 
important branch of science, and its role just increases exponentially due to the 
expanded application of digital printing. To date, due to the on-demand nature of 
ink printing, it has become a manufacturing technology for many current and futur-
istic electronic devices, such as display, printed electronics, and wearable and fl ex-
ible devices. Research on surface has always been messy, however. Debates and 
rigorous discussion on the Young’s contact angle, measurement procedures, and 
data interpretation have been ongoing in the surface literature for many decades. In 
this chapter, the justifi cation of writing this book is described. The shortfalls in sur-
face science are briefl y overviewed. A roadmap that systematically addresses fun-
damental issues on measurements, basic concepts in wetting and surface 
characterization, and defi nitions and terminologies is provided throughout this 
book. It is our hope that this collection of surface fundamentals will improve read-
ers’ basic understanding of all the key concepts, which will eventually enhance the 
quality of surface research in the future.  

  Keywords     Surface   •   Young’s equation   •   Contact angle   •   Wetting   •   Liquid–solid 
interaction   •   Young’s angle   •   Contact angle measurement   •   Data interpretation  

            Surface   is a very important branch of science that touches all facets of our lives. 
Fundamental understanding of the interactions between a liquid droplet and a solid 
surface, such as wetting, spreading, adhesion, and de-wetting, is not only crucial to 
the science itself, but also of tremendous values to many seemingly unrelated appli-
cations. In our daily activities such as cleaning and washing, surface  active materi-
als   known as detergents are commonly used to aid detachments of dirt and stain 
from a solid surface initiating the cleaning process. Although we have been taken 
the process for granted, there is a lot of science involved in washing and cleaning, 
e.g., the type of detergent used, its effi ciency, cost, and the impact to human and 
environment. Even as simple as ink writing with a fountain pen, Kim and co-work-
ers [ 1 ] found that the line width of the ink image on paper depends on the speed of 
the pen as well as the physicochemical properties of both ink and paper. Controlling 
ink wetting and spreading is crucial in avoiding clogging and ink spreading. 
Similarly, mastering and controlling liquid–solid interactions have become critical 
skills in many industries, such as in the design and manufacturing of paints, stain/
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soil-resistant textiles and clothing,  anticorrosion   surfaces for bridges and other 
metal structures, antifouling coatings for ships and marine structures, anti-icing sur-
faces for power line, airplane and roof-top, mining, and petroleum fracking. Whether 
it is surface design or process development, knowledge in manipulating liquid– 
surface interaction in the “right” place at the “right” time is imperative in microfl u-
idic device [ 2 ,  3 ], oil/fl uid transportation [ 4 ], and printing and coating [ 5 ,  6 ], just to 
name a few. In printing, understanding the wetting and de- wetting of ink on differ-
ent printing surfaces is critical to the quality of the fi nal print. As a society, we have 
been practicing offset printing for more than a century, and the entire print process 
is a good illustration on the importance of ink–surface interaction [ 7 ]. A schematic 
for the offset printing process is shown in Fig.  1.1 .

   In a very simple term, the offset printing process involves (1) wetting of the plate 
cylinder with a fountain solution image wise through the dampening system, fol-
lowed by (2) inking the plate cylinder with the inking system, (3) transfer of the ink 
image from the plate cylinder to an offset blanket, and (4) fi xing it on paper. In the 
fi rst step, the desirable outcome is to have the fountain solution fi rst wets and then 
pins on the surface of the plate cylinder. While wetting is required for the formation 
of the wetted images, a successful pinning of the contact line on the plate cylinder 
is needed to ensure image integrity and resolution control. Offset inks are acrylate 
materials, and they will be repelled by areas that are wetted with the fountain 
 solution. On the other hand, ink will be attracted and adhered to the oleophilic areas 
on the plate cylinder surface. Controlling ink adhesion in the oleophilic region and 
repelling it from the fountain solution wetted areas are critical to the image quality 
of the output. Afterward, the transfer of the ink image to the offset blanket and then 
paper is more straightforward as these surfaces are selected based on their relative 
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affi nity to the ink materials. Although printing (on papers) is an industry in decline, 
printing has evolved and has become a manufacturing technology for printed elec-
tronics, fl exible and wearable devices, ceramics, textiles, solar cells, and many oth-
ers [ 8 – 20 ]. Arias et al. [ 19 ] showed that balance between pinning and overspreading 
of printed liquid ink on the solid surface is very important in defi ning the position, 
resolution, and size in the fabrication of thin-fi lm-transistor array. Jetted ink drop is 
also known to form the so-called coffee ring stain due to un-optimized spreading 
and drying, which is detrimental to the quality of the printed image and ultimately 
the performance of the printed device [ 21 ]. The need of characterizing surfaces and 
understanding liquid–surface interaction continues to play a critical role in the  mod-
ern technology arena   [ 8 ]. 

 Studies of surface and  liquid–surface interaction   can be traced back to Thomas 
Young’s work two centuries ago [ 22 ]. In his legendary article entitled “An Essay on 
the Cohesion of Fluids,” he described his study of wetting of glass by water and 
mercury, wetting of various metal surfaces by mercury and the capillary effect. He 
descriptively stated that the angle of contact between a liquid on a solid surface is 
the result of a mechanical equilibrium among the three surface tensions at the con-
tact line. They are the liquid, solid and liquid–solid interfacial surface  tensions  . This 
has become the famous  Young’s equation   in the literature. Today, surface is a mul-
tidiscipline subject and is studied by chemists, physicists, and engineers both theo-
retically and experimentally worldwide. Research topics range from fundamental 
understanding of the wetting, spreading, adhesion, and de-wetting phenomena to 
their applications in materials, surface coatings, and device innovations. 
Unfortunately, there have been continuous confusion and faulty intuition about the 
measurements, data interpretation, and defi nitions in the surface literature. One of 
the reasons is due to the multidiscipline nature in this fi eld, where researchers with 
a very diverse background are investigating surfaces together. Another reason, 
which was pointed out by Gao and McCarthy, is their insuffi cient basic surface 
training in school [ 23 ,  24 ]. This fl aw in surface science has been recognized by 
expert researchers. In 2009, Gao and McCarthy published an excellent article titled 
“Wetting 101°” where they discussed the faulty perception and used demonstrative 
examples to illustrate the correct basic concepts [ 24 ]. While we are certainly bene-
fi tted from the article and references therein, the faulty perception and confusion are 
continuing unfortunately. 

  Contact angle measurement   is commonly used to characterize a surface and to 
study various  wetting and de-wetting phenomena  . While the measurement is sim-
ple, the interpretation is not. This point has been noted by many surface investiga-
tors in the past, e.g., Pease in 1945 [ 25 ], Morra et al. [ 26 ] in 1990, Kwok and 
Neumann [ 27 ] in 1999 and more recently by Marmur [ 28 ] as well as Strobel and 
Lyons [ 29 ]. Prior to data interpretation, one has to make sure that the measurement 
apparatus and procedures are impeccable. Over the years, many have voiced con-
cerns over surface preparation and conditioning, measurement procedure and tech-
nique, and data analysis [ 26 ,  30 – 35 ]. It is therefore imperative for the community to 
have a set of common measurement protocol or guideline, so that inter laboratory 
data can be compared. Discrepancy in conclusion can be rationalized without con-
cerns of experimental setups or procedures. 

1 Background
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 In view of the ongoing discussions on measurement procedures, data 
 interpretation, terminologies, and defi nitions, the surface community would be ben-
efi tted for an overview of the past conversations and a recent account of the resolu-
tion. The objective of this book is to provide a coherent, easy to understand, 
fundamental picture on surface  wetting and characterization  . In Chap.   2    , we fi rst 
summarize the best practices in  static and dynamic   contact angle measurements. 
This may be served as a standard protocol for surface researchers and practitioners 
in the future. From there, data collected in different laboratories can be compared 
without casting doubt to each other. Some of the fundamental measurement issues, 
such as drop size, drop dispensing procedure, lab ambient condition (temperature 
and relative humidity), and method of calculating the contact angle will be dis-
cussed. This is followed by discussions of the concept of wetting, fi rst on smooth 
surfaces in Chap.   3     and then on rough surfaces in Chap.   4    . Important concepts such 
as (1) the  Young’s angle   is a result of a mechanical equilibrium, not thermodynamic 
equilibrium, at the three phase contact line, (2) the liquid droplets are all in their 
metastable states in their static, advancing and receding positions, and (3) contact 
line, not contact area determines the contact angle, will be articulated with conclu-
sions that are supported by both experimental and theoretical data. The rationale for 
the shortfall in both the Wenzel and Cassie–Baxter analysis of wetting on rough and 
porous surfaces is summarized. Recent results on factors that govern wettability and 
wetting dynamics of liquid on rough surfaces are overviewed. Visuals on the distor-
tion of the contact line by  surface roughness   as well as the structure of the liquid–
solid–air composite interfaces are reported. Chapter   4     also includes discussions on 
the design principles for  superhydrophobic and superoleophobic   surfaces as well as 
the challenges related to technology implementation. 

 Due to simplicity of the contact angle measurement, it has become a popular tool 
to characterize the property of a surface or probing liquid–solid  interactions  . 
However, the literature is full of confl icting information owing to the diffi culty in 
correctly interpreting contact angle data. Chapter   5     is devoted to provide experi-
mental data to shrine light into this specifi c issue. Evidence is provided that advanc-
ing and receding contact angles are measurement of surface  wettability and 
adhesion  , respectively. The stickiness of liquid on surface can be predicted from the 
sliding angle. A recommendation for surface characterization is provided. As for 
contact angle hysteresis, the difference between advancing and receding contact 
angle, it is shown to relate to adhesion and stickiness qualitatively only. More work 
is needed to clarify the origin of contact angle hysteresis as well as its role in surface 
characterization. As a fundamental book, it is hard not to discuss the “pains” we 
have in surface defi nitions and terminologies as well as early work on the use of 
contact angle to determine the surface energy of solid, where the practice and its 
usefulness have been constantly challenged. In Chaps.   6     and   7    , updates on the defi -
nitions for hydrophilicity/hydrophobicity, oleophilicity/oleophobicity, and other 
related terminologies will be provided. The different methodologies used to deter-
mine surface energy will briefl y be reviewed. Fundamental issues will be discussed, 
and a path to move forward is shared. We are not taking side in these discussions, 
rather updating the readers with the latest experimental data and the current status. 

1 Background
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This book will conclude with a brief look back on the evolution of surface science, 
followed by a summary of some of the basic concepts as a reminder for new or 
young researchers in this fi eld. It is our hope that surface science will prosper when 
researchers in the next-generation are armed with improved basic concepts and 
fundamentals.    
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Chapter 2
Contact Angle Measurements and Surface 
Characterization Techniques

Abstract Contact angle measurement has been an indispensable tool for surface 
characterization and wetting study due to its simplicity and versatility. In this chap-
ter, major measurement techniques for static contact angle, sliding angle, and 
advancing/receding angle are overviewed. Critical procedural details including 
sessile-drop dispensing, drop size, drop profile capturing, and analysis are high-
lighted and discussed. Best practices on measuring sliding and advancing/receding 
angles are recommended with support of publications from leading researchers. It is 
our hope that the techniques described within will be used as guidelines for the 
research community.

Keywords  Contact  angle  measurement  •  Goniometer  •  Static  contact  angle  • 
Advancing contact angle • Receding contact angle • Sliding angle • Contact angle 
hysteresis  • Wilhelmy  plate  technique  •  Captive  bubble  method  •  Tilting  plate 
method

2.1  Introduction

The notion of wettability was first described by Young two centuries ago [1]. Wetting 
of a solid surface by liquid can be quantitatively described from the profile of a liq-
uid droplet, more specifically from the tangential angle at liquid–solid–air interface. 
This  angle  of  contact  θ  is  defined  as  the Young’s  angle  or  static  contact  angle 
(Fig. 2.1). It is a result of a mechanical equilibrium among the three surface ten-
sions, the liquid surface tension (γLV), the solid surface tension (γSV), and the liquid–
solid interfacial tension (γSL) and is expressed as the Young’s equation to date.

 g g gSV LV SL= × +cos qq  (2.1)

According to Pease [2] and later Morra et al. [3], Rayleigh [4] and Bartell [5] had 
observed two contact angles besides the Young’s angle that could be measured reli-
ably with liquid advancing and receding at a very slow rate. These are the advancing 
and receding angles we know to date, and their difference is hysteresis and has 
become a signature of real surface during that research era. As procedure and instru-
ment are improved, measuring the static contact angle by the sessile drop method 
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becomes more accurate and reproducible. Owing to simplicity of the technique, 
contact angle measurement has become a very popular tool for surface characteriza-
tion and studies of various liquid–solid interactions. As mentioned in Chap. 1, the 
interpretation of contact angle has not been straightforward and has been a subject 
of constant debate in the literature. There are multiple contributors to this debate, 
and they include methods and conditions of generating consistent reliable data, 
comprehension of the basic wetting concepts, and sometimes faulty intuitions. In 
this chapter, the apparatus and the procedures for various contact angle measure-
ments are reviewed with special attention to the critical details that were of concerns 
in the past. Most of these critical details turn out to be a source of data variability. 
A thorough understanding of these details coupled with the best work practice 
would allow the community to produce trustworthy reproducible data. When that 
stage is reached, inter-laboratory data can be compared with confidence and data 
interpretation and conclusion can be drawn without concerns of doubtful inputs. At 
the end of this chapter, a set of general procedures useful for routine surface charac-
terization and wetting study is summarized. Basic concepts on the wetting of smooth 
and rough surfaces will be presented and discussed in Chaps. 3 and 4. In Chap. 5, 
the focus is on connecting the contact angle data to wetting interactions and surface 
properties.

It is important to point out that most interests in surface are the learning of the 
chemical or physical properties of the solid surfaces and their interactions with liq-
uids. This can simply be done by studying the static and dynamic contact angles of 
the liquid on the solid surface. A key basic criterion for the study is that the liquid 
and the solid surface have to be nonreactive both physically and chemically. The 
solid surface should be cleaned appropriately, and the liquid should be purified and 
free of surfactant-like contamination. Measurements should not be carried out if 
distortion of the surface dimension or liquid adsorption or dissolution of surface 
materials  occurs.  Liquid  droplets  are  usually  in  the millimeter  range.  Since  the 
angle of contact is captured optically, the solid surface has to be flat optically. 
The constituents on the solid surface have to be homogeneous relative to the size 
of the liquid droplet. Any microscopic heterogeneity, whether it is chemical or 
physical in origin, should be small and cause no distortion to the optical profile of 
the sessile droplet. Theoretical calculation on textured surface suggested that micro-
scopic heterogeneity three orders of magnitudes smaller than the sessile droplet 
should have little effect on the optical profile [6]. In most practice, the diameter of 
the sessile drop is around 1–5 mm, suggesting that useful contact angle data can still 
be obtained with samples comprising microscopic heterogeneity on the order of 
 100–200 μm. We highly recommend using complemental surface characterization 

vapor
liquid

gLV

gSL gSV
solid

q

Fig. 2.1  Graphic vector 
representation of 
parameters in a sessile 
drop
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techniques, such as atomic force microscopy (AFM) or scanning electron  microscopy 
(SEM), when studying microscopic heterogeneous flat or rough surfaces. Although 
small area samples and curved or super-rough surfaces are not covered in this 
chapter, we believe that these measurements still can be done by proper modifica-
tion of the apparatus and procedure based on known principle.

Another important point is that contact angle measures macroscopic properties 
of the solid surface. Interactions between liquid and surface are molecular level 
events. The angle of contact on heterogeneous surface is still dictated by the chem-
istry of the local area at the microscopic level. The observed contact angle (some 
literature called this as apparent contact angle) is simply the sum of all contributing 
components, providing the heterogeneity is homogeneous with length scale ~3 
orders of magnitude smaller than the probing liquid droplet.
The most widely adopted technique for measuring contact angles is the optical- 

based sessile drop method. A typical goniometer consists of a horizontal stage with 
a solid sample mount, located between a light source and a CCD camera. A motor-
ized liquid dosing system dispenses a certain amount of testing liquid onto the solid 
surface, forming a sessile drop. The first contact angle goniometer was designed by 
William Zisman in 1960 and manufactured by ramé-hart [7]. The original manual 
contact angle goniometer used an eyepiece with a microscope and the contact angle 
was determined by a protractor (Fig. 2.2a). Since then, many goniometers have been 
designed by various manufactures with slightly different designs, accessories, and 
subsystems. The current generation of contact angle instruments uses cameras and 
software to capture and analyze the drop shape (Fig. 2.2b).  In  addition,  today’s 
goniometers usually have modular design, which enables the apparatus to be 
upgraded to accommodate additional capabilities, for example, high temperature 
environmental chamber, pressure/vacuum chamber, nano/pico dosing units, titling 
base, and full automation for drop dispensing for advancing and receding contact 
angle studies. If a high-speed camera system is installed, the dynamic of the wetting 
process can also be studied.

Fig. 2.2 Photographs of goniometers (a) classic ramé-hart model A100 [7] and (b) model OCA20 
from Dataphysics

2.1 Introduction
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2.2  Determination of Static Contact Angle

2.2.1  Basic Measurement and Techniques

In most static contact angle measurement, the sessile drop is usually formed in 
open lab atmosphere by dispensing the testing liquid through a microsyringe gently 
onto a horizontal solid surface using a motor-controlled dosing unit. A schematic 
of the procedure is given in Fig. 2.3. As a general practice, both the test surface and 
the microsyringe should be appropriately cleaned. Particularly, the solid surface 
should be free of dirt, dust, and any contaminant. The  test  liquid should be best 
solvent grade, e.g., free of surfactant. Preferably, the entire apparatus should be on 
a vibration- free table, so that the drop formation is not affected by any vibrational 
noise from the surrounding environment. After the liquid droplet first contacts 
(wets) the surface, it spreads. As a rule of thumb, one should allow the drop to 
stabilize to reach its final static state before taking any measurement. For common 
liquids, such as water, hexadecane, and diiodomethane, this should take less than a 
second. For liquid with higher viscosity or new liquid/solid system, one can moni-
tor the dynamic of the wetting process using the video system in the goniometer. 
When the liquid drop first contacts the surface, the dynamic contact angle is close 
to 180°, and the dynamic angle should decay to the steady state. From there, the 
drop profile is captured and analyzed. The static contact angle is obtained by curve-
fitting the drop profile using vendor provided software. Details regarding drop 
shape analysis will be given in Sect. 2.2.4. The repeatability and accuracy of the 
measurement, to a large extent, depends on the consistency of the drop dispensing 
process, baseline determination on the sessile drop profile, and accuracy of the drop 
shape analysis.
The measurement and analysis for each liquid–solid system should be repeated 

5–10 times in different area of the sample. For a well-behaved system, the 
variation among 5–10 measurements should be <2°. This will signal not only the 
procedures are reproducible, but the property of the surface is homogeneous and 
uniform.

sy
ri
ng

e

Solid surface Sessile drop

a wetting; b and c spreading

a cb

Fig. 2.3 A schematic showing the formation of a sessile droplet during static contact angle 
measurement
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2.2.2  Best Practices and Critical Details

Throughout the development of surface science, researchers have not been thrilled 
seeing unreliable or inconsistent contact angle data [5, 8–11]. Good even recom-
mended not to publish the paper if only one contact angle was reported, and he 
actually called for standardization of the measurement procedure ~40 years ago 
[10]. The issue involved is beyond cleanliness of the surface or purity of the solvent. 
Researchers are worried about the critical details during the course of the contact 
angle measurement, which may lead to variability and discrepancy between labora-
tories.  Shuttleworth  and  Bailey  [12] noted in 1948 that the final static position 
reaches by the sessile drop depends not only on the surface tensions of the liquid, 
solid, and liquid–solid interface, but also on the manner the drop is dispensed and 
the roughness of the surface. As our understanding of the wetting fundamentals is 
improved, we come to realize that the static state described by Young is actually a 
metastable wetting state (Sect. 3.3). The sensitivity of the measured static contact 
angle to experimental details is understandable. In this section, some of the critical 
details, which may not only affect the quality and consistency of the data, it can 
sometimes skew the trend being studied and leads to a different conclusion.

As mentioned above, a lot of measurement is carried out in open lab atmosphere. 
Even when the lab is conditioned (with controlled temperature and relative humid-
ity), solvent still can evaporate. This is especially problematic with volatile liquids. 
When solvent is evaporated, the contact line starts to de-pin and recede. The contact 
angle is then technically not static. The drop is in the receding mode, but not neces-
sarily  in any equilibrium condition. This may  introduce variability. On  the other 
hand, we [13] as well as Zisman [9] found that contact angle measurements with 
water and hexadecane could be measured reliably and reproducibly (<2° error) in 
open lab environment. Zisman [9] did notice the solvent evaporation effect from low 
boiling point alkanes, such as pentane and hexane. If the use of volatile liquid is 
unavoidable, a simple way to eliminate data variability induced by solvent evapora-
tion is to place the sample platform in a close chamber. By doing that, the liquid 
phase is in equilibrium with air and the temperature of the sessile drop and the vapor 
pressure of the solvent are constant throughout the measurement [11]. Better yet, if 
an environmental controlled unit such as that shown in Fig. 2.2b is used, one can not 
only maintain a constant temperature and vapor pressure, but also have the ability to 
regulate the measuring temperature anywhere from lab ambient (20 °C) to 400 °C.

Another frequently asked question is how long will it take for the sessile drop to 
reach the static state? As shall be discussed in Chap. 3, the wetting dynamic is 
driven by surface tension, viscosity, and temperature for a given liquid–solid system 
(Sect. 3.2). Figure 2.4 shows the effect of temperature on the surface tension and 
viscosity of water [14]. Both viscosity and surface tension decrease as temperature 
increases. Therefore, controlling the temperature of the measuring system will go a 
long way in getting consistent data. Solvents with high viscosity can still be prob-
lematic because wetting may become hydrodynamic control  (Sect. 3.2). While  it 
may take water less than a second to reach the static state, the time it takes for a 
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viscous liquid to reach its static state can be minutes to hours (Fig. 3.5). As a recom-
mendation, we would suggest to capture the wetting process with a video from the 
moment the drop contacts the surface to the point where it reaches the final static 
state (Fig. 2.3a–c) for viscous liquids or any liquid–solid systems when there is a 
concern if a static state is attained or not.

According to the fundamental of wetting dynamics, the sessile droplet will reach its 
static state when all the kinetic energy in the droplet is consumed (Sects. 3.2 and 3.3). 
In order to obtain a consistent drop profile, one has to have a precise control of the 
drop size as well as minimizing the variation of the kinetic energy input during the 
dispensing process. In most commercial goniometers, testing liquid is dispensing 
through a motor-controlled dosing unit, and the drop volume can be controlled 
within a percent. There are many ways to form a sessile droplet on the solid surface. 
For example, one can generate a liquid droplet and suspend it at the tip of the needle 
first. The dispensing process can be (a) dropping the liquid droplet onto the solid 
surface through gravity, or (b) moving the sample table up very slowly and allow the 
droplet  to  be  “picked  up”  by  the  surface  from  the  needle.  Each method  has  its 
advantage and disadvantage. For example, dispensing the drop through gravity can 
eliminate any influence of the needle on the drop shape. The downside is that even 
the drop height is tightly controlled and to a minimum drop height, the drop never-
theless gains a small amount of kinetic energy. Depending on the liquid and the 
surface, varying the drop height can generate a different wetting state and a different 
contact angle. Two practical examples illustrating the drop height effect on contact 
angle are discussed in Sects. 3.6 and 4.3.3.
The potential influence of the drop profile by the needle always exists for the 

drop pickup method. While this method minimizes the kinetic energy gained by 
the drop during gravity dispensing, it is usually difficult to pick up a suspended 
drop onto a solid surface with extremely high repellency due to the strong 
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adhesion between the drop and the dosing needle as compared to the wetting sur-
face. Smaller needles with a Teflon-like coating at the tip can facilitate liquid dis-
pensing in this situation. If the suspended liquid drop cannot be easily transferred 
onto the solid surface, another option is to keep the sample stage in the measure-
ment position, adjust the distance between the dosing needle and the sample so that 
at the end of the dosing process, the drop will touch the sample surface and a rapid 
drop deposition on the sample is resulted. The choice of method may depend on the 
liquid–surface system one  is  investigating. Sometimes, careful planning and pre-
testing may be needed to determine the proper dispensing method for a given study.

2.2.3  Effect of Drop Size

According to the Young’s equation, the static contact angle is not a dependence of 
the drop size. However, it is intuitively expected that gravity will start distorting the 
shape of the drop when the volume of the liquid become very large, which may 
affect the contact angle. This issue was recently studied thoroughly by Extrand and 
Moon [15] who examined the drop shapes and contact angles of water, ethylene 
glycol, and diiodomethane on a Teflon PFA (perfluoroalkoxy copolymer) surface as 
a function of the volume of the sessile droplet. Assuming the drop is spherical, the 
sessile droplet can be described by its base diameter (2a), height (h), and contact 
angle (θ) (Fig. 2.5a). The effect of drop volume as it varies from 1 to 2000 μL on 2a, 
h and θ was studied for the three solvents. Results show that both 2a and h increase 
initially as the drop volume increases in the small volume regime and h tends to 
level off for volume >1000 μL. The  results  for water are plotted  in Fig. 2.5b, c. 
When 2a is plotted against h, one can clearly observe the existence of three volume 
regimes. In the small volume regime (less than ~10 μL), 2a is linearly correlating to 
h indicating that the drop expands spherically as the volume is increasing. In the 
large volume regime (>1000–2000 μL), increasing the volume of the drop does not 
lead to any increase in drop height. This suggests that for large drop, the shape is 
distorted and controlled by gravity. In between is the intermediate regime. Extrand 
and Moon also measured the transition points when gravity starts having an effect. 
The transition volumes for water, ethylene glycol, and diiodomethane were found 
to be at 39, 25, and 6.3 μL, respectively. According to theoretical modeling, the 
decrease of surface tension and increase of density are the deciding factors for the 
decrease of transition volumes for ethylene glycol and diiodomethane. The sessile 
drops and contact angle data for water on PFA with drop sizes of 1, 50, and 2000 μL 
are given in Fig. 2.5d–f, respectively. The angles were curve-fitted with the tangent 
method and are found to be the same within experimental error. Similarly, Kranias 
[16] showed the absence of any drop volume effect for drops ranging from 1 to 
10 μL on both hydrophilic and hydrophobic surfaces. As a preference, Kranias indi-
cated that smaller drops are preferred for hydrophilic surfaces, while larger drops 
are more desirable for hydrophobic surfaces.

2.2  Determination of Static Contact Angle
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For contact angle measurement on surfaces with large contact angles, which are 
usually rough or textured, care should be taken in selecting the drop size for accurate, 
reproducible measurement. One may have to identify a drop size that will be at least 
2–3 orders of magnitude larger than the roughness length scale to avoid significant 
distortion of the contact line due to roughness [6, 17], at the same time, small enough 
to make sure that the drop shape will not be overly distorted by gravity. Gravity is 
known to distort the shape of sessile droplet with large contact angle (>150°) to a 
larger extent due to the small contact area underneath the drop [18–20].
Extrand and Moon [18] reported the use of the classic numerical solutions from 

the Bashforth and Adams equation [21] to study the role of flattening of drops by 
gravity on superhydrophobic surfaces. The calculated theoretical drop profiles agree 
well with the experimental drop profile on a completely non-wetting TFE (tetrafluo-
roethylene  oligomers)-modified  surface. They  concluded  that  the  shape  and  any 
perceived additional spreading (or wetting) for the larger drops are due to distortion 
by gravity. Localized distortion near the bottom portion of the water drop was 

Fig. 2.5 (a) Dimensional parameters for a sessile drop, (b, c) plots of drop diameter and height as 
a function of drop volume for water on PFA, and (d, e, f) images of a 1, 50, and 2000 μL water 
sessile drop on PFA [inset: photographs of the same drops at the same magnification] (Reproduced 
with permission from [15], Copyright 2010 The American Chemical Society)

2 Contact Angle Measurements and Surface Characterization Techniques
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observed for the 3.4 μL droplet, and the distortion is shown to increase as the drop 
size increases and becomes more global for the 20–33 μL drops (Fig. 2.6).

For low surface tension and high density liquids, this flattening effect due to 
gravity is more pronounced [18, 19]. Figure 2.7b–d show the sessile drop images of 
the  diiodomethane,  ethylene  glycol,  and  hexadecane  droplets.  The  distortion  of 
these droplets, while smaller in drop sizes, is comparable to that of the distorted 
water droplet at 33.2 μL (Fig. 2.7a).

On the one hand, smaller drops are sensitive to optical errors associated with 
light scattering, diffraction, evaporation, and correspondingly uncertainty in pre-
cisely locating the baseline and digitizing the drop profile. In addition, line tension 
effect on contact angle measurement may need to be considered when extremely 
small drops are studied [22, 23]. We would recommend the use of smaller drops 
when measuring the contact angles of super repellent surfaces (>150°). The choice 
of the drop size may be a balance between the gravity effect and the roughness 
length scale effect on the drop distortion.
A different observation was reported by Cansoy [24] who showed that the mea-

sured contact angles for water on several microtextured superhydrophobic surfaces 
are insensitive to the drop size ranging from 0.5–19 μL. There may be multiple 
causes for the observation, such as dispensing procedure, extraction of baseline 
from the drop profile or drop shape analysis. The discrepancy between the Cansoy 
observation and early work may be resolved if details of the dispensing procedure 
is provided and images of the sessile droplets and procedure for the drop shape 
analysis are reported.

Fig. 2.6 Images of sessile water drops (a) 3.4 μL, (b) 8.7 μL, (c) 20.7 μL, and (d) 33.2 μL on a 
completely nonwetting hydrophobic surface made from TFE powder. The curves are theoretical 
profiles calculated  from  the Bashforth and Adams equation  (Reproduced with permission  from 
[18], Copyright 2010 The American Chemical Society)

2.2  Determination of Static Contact Angle
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2.2.4  Drop Image Capturing and Drop Shape Analysis

The repeatability and accuracy of contact angle measurements,  to a  large extent, 
depend on the consistency of capturing the drop profile, establishing the baseline on 
the sessile drop profile, and performing accurate drop shape analysis. In the goni-
ometer, the lens and the CCD camera are preferably tilted 1–3° down towards the 
horizontal plane  to avoid blocking  the contact  line of  the sessile drop  [25]. This 
arrangement also brings portion of the drop profile near the liquid–solid interface 
into focus and includes a small amount of reflection image below the baseline which 
greatly  facilitates  the  detection  of  the  baseline.  Typical  practices  include  light 
brightness adjustment, selectively blocking part of the light, and turning off other 
room lights if possible. A clear and sharp liquid–solid interface, high-quality sessile 
drop image with sharp and focused boundary, will reduce errors in assigning the 
baseline and fitting the drop profile.

After the drop shape profile is captured, the contact angle can be calculated using 
curve-fitting  software  available  in most  of  the  commercial  goniometers.  Several 
mathematical methods have been used to calculate the contact angles at the three- 
phase contact line, including tangential method, θ/2 method and circle method 
[26–28],  ellipse  method  [29, 30],  Young–Laplace  method  [31–35], polynomial 
method [36, 37], and B-spline snakes method [38].

Fig. 2.7 Images of sessile droplets from (a) water 33.2 μL, (b) diiodomethane 3.2 μL, (c) ethylene 
glycol 15.2 μL, and (d) hexadecane 11.6 μL. The curves are theoretical profiles calculated from the 
Bashforth  and Adams  equation  (Reproduced  with  permission  from  [18],  Copyright  2010  The 
American Chemical Society)

2 Contact Angle Measurements and Surface Characterization Techniques
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Tangential method  is  to directly  take  the  tangent  at  the  contact  point  after 
digitization of the drop profile. This method is a curve-fitting method and may have 
large errors due to disturbance in the drop shape caused by dust particles or con-
taminants or surface irregularities.
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θ/2 method and circle method [26–28] assume that the liquid drop on the sample 
surface is part of a sphere under the effect of liquid surface tension only (Fig. 2.8). 
θ/2 method calculates the contact angle by measuring the drop height H and the 
contact base radius r:

 
qq = × ( )-2 1tan H r/

 (2.3)

Circle method performs a circle fitting for the detected drop profile. The static con-
tact angle is calculated between the baseline and the tangent of the fitted circle at the 
contact points, which are the two intersection points of the baseline and the fitted 
drop profile. θ/2 method and circle fitting method are suitable for surfaces with 
small contact angles or when very small drop volumes are used because they assume 
no gravitation effect on the drop shape.
Ellipse method [29, 30] assumes that the liquid drop on the sample surface is part 

of an elliptical shape. An ellipse equation is fitted to the drop profile to generate 
least fitting error. The static contact angle is calculated at the contact points based 
on the fitted ellipse equation and the baseline. However, ellipse fitting method is 
using mathematic  algorithm without  physical meanings.  This may  lead  to  large 
deviation between the fitted curve and the captured drop profile, especially for large 
droplets with large contact angles.
Young–Laplace method provides excellent repeatability if a sessile drop presents 

a high degree of symmetry in its drop shape. It is also called axisymmetric drop 
shape analysis (ADSA). It assumes that gravity is the only external force, and the 
drop shape is axisymmetric under the surface tension and gravity forces. After 
Rotenberg  et  al.  [31]  creates  the first  generation of ADSA algorithm,  significant 
improvements have been made to enhance the robustness of the method, including 
ADSA-P (profile)  [32], ADSA-D (diameter)  [33, 34], and ADSA-NA (non-apex) 
[35]. Among the ADSA methods, ADSA-P is the most frequently used algorithm in 
the commercial goniometer software. The ADSA methods adjust the interfacial sur-
face tension and solve the Laplace equation iteratively to produce theoretical drop 
profiles with least fitting error to the experimental drop profiles. This method has 
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been used extensively in pendant drop analysis. In contact angle measurement, it is 
also often used if the drops are highly axisymmetric.
The fitting error shows how well the captured drop contour profile agrees to the 

fitted and calculated contour lines. It is recommended to check the total fitting error 
to ensure a close fitting at  the  liquid–solid–air  three-phase  interface. Recently, 
Xu [39] reported an error analysis of the three fitting methods (circle fitting, ellipse 
fitting,  and ADSA-P fitting)  on water  drop profiles with different  drop volumes, 
contact angles, and noise levels. The errors in the contact angles by the circle and 
ellipse fitting increase as the drop volume increases. Circle fitting has a larger fitting 
error than that of the ellipse fitting method. The deviation occurs when the water 
drop profile deviates from the circle or ellipse assumption as drop volume increases. 
The results also showed that the contact angle error increases as the contact angle 
becomes larger for the circle and ellipse fitting methods. Based on this analysis, 
Xu [39] defined a critical water drop volume which corresponds to the water drop 
volume with a certain contact angle error. Presumably, if the water drop volume is 
less than the critical water drop volume, the fitting error will be less than the speci-
fied contact angle error. The Xu paper is worth reading for anyone who is interested 
in learning more about drop size and curve-fitting errors.
The ADSA-P method gives the lowest fitting error as both the drop volume and 

contact angle increases. However, it gives rise to greater errors when there is high 
level of noise in the drop profile and when the drop shape is deviated from a perfect 
axisymmetric shape [39]. For very small contact angles (e.g., <15°), circle fitting 
gives the most robust fitting against noise. Ellipse fitting provides very good robust-
ness against noise except very small and very large contact angles. Therefore, for a 
typical surface with contact angle ranging between 20° and 120°, ellipse fitting of a 
5 μL drop can be safely used to calculate the surface contact angle [30, 39]. Generally 
speaking, circular fitting will provide minimal fitting error for contact angle smaller 
than 20°. As for contact angle larger than 150°, a combination of using a small drop 
size and the ADSA fitting software may produce the most desirable result.
For non-axisymmetric drop shapes, circle fitting and the ADSA fitting cannot be 

performed without resulting in large fitting errors. Although ellipse fitting was 
employed to calculate the contact angles of non-axisymmetric drops in some special 
cases [40], it is not capable of fitting any shape of the drop especially when surface 
wetting gradient and surface heterogeneity exist. Polynomial fitting and B-spline 
fitting can be employed to fit the drop profile above the baseline, without any 
assumption on the drop shape. Therefore, these two methods can be applied in vari-
ous conditions, large or small drops, symmetric or asymmetric drops, and various 
contact angles, etc. By optimizing the fitting parameters, this method can provide 
closer fitting to the drop profile.
Polynomial fitting [36, 37] is different from the ADSA global fitting. It fits the 

captured drop profile near the local contact point, and the contact angle is calculated 
using the slope of the polynomial at the contact points to show the local surface 
wetting property. The order of the polynomial and the number of pixels in the curve- 
fitting procedure are the two main parameters for polynomial fitting. Bateni et al. 
[37] recommended a third-order polynomial with 120–140 pixels as an appropriate 
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combination for measuring water contact angle on PMMA surface (72°–74°). 
However, fitting error analysis should be performed to find out the optimum fitting 
parameters (e.g., polynomial order and number of pixels) for a specific application. 
Higher order polynomials, which require more number of pixels for the fitting, are 
not necessarily better since they are more sensitive to experimental noises.
B-Spline fitting [38] defines the contour of the drop as a versatile B-spline curve 

without making physical assumptions. Similar to polynomial fitting, B-spline fitting 
provides contact angles at the position of the contact points; but it also retains the 
global fitting of the drop shape. This is especially helpful to precisely detect the 
liquid–solid interface and contact points using the reflection of the drop. This method 
has been  implemented  in  the  free software  Image-J as DropSnake fitting method. 
Inter-knot distance is a critical parameter, which determines how many knots are 
needed to correctly represent the drop profile. Due to its elasticity of the active 
contour, it is very flexible for all different kinds of contact angle measurements, static 
or dynamic contact angles, nonsymmetric or even irregular drop shapes.

It is worth noting that the polynomial and B-spline fitting methods are sensitive 
to some objective selections of fitting parameters, for example, fitting orders and the 
number of pixels for fitting, inter-knot distance. In addition, disturbance in the drop 
shape caused by dust particles or contaminants or surface irregularities may also 
affect the accuracy of the contact angle measurements.
Selection  of  curve-fitting method  appears  to  be  important  in  determining  the 

contact angles for super repellent surfaces. With the same 5 μL water droplet, Zhang 
et al. [19] showed that the calculated contact angles can vary from 152° to 179.8°, 
depending on the curve-fitting method used (Fig. 2.9). Tangential fitting and circle 
fitting gave a contact angle of 152–153°, the lowest among the four fitting methods. 
A contact angle of 156.5° was obtained by ellipse fitting, while a 179.8° contact 
angle  was  calculated  from  the  Laplace–Young  fitting.  By  comparing  the  fitting 
curves and the drop profile, large deviations can be observed near the contact lines 
for  the  circle fitting,  tangential fitting  as well  as  the Laplace–Young fitting. The 
ellipse fitting seems to render the smallest fitting error, presumably producing the 
most accurate contact angle measurement.

However, the ellipse fitting may have shortfall for large droplets on super repel-
lency surfaces due to flattening of the drop by gravity [18, 19]. Figure 2.10a shows 
the drop profile of a 5 mg water drop on a superhydrophobic surface with a mea-
sured contact angle of 156° using ellipse fitting [41]. After 40 min exposure in air, 
the drop volume reduces to 0.3 μL and drop distortion (by gravity) is visibly reduced. 
The  contact  angle  is  calculated  to  be 173° by  ellipse fitting. The discrepancy  in 
contact angles between different fitting methods can be minimized when using 
smaller drops [18].
In 2011, Srinivasan et al. [20] systematically assessed the contact angle measure-

ment of superhydrophobic surfaces using a perturbation solution of the Bashforth- 
Adams equation. The uncertainty in the calculated contact angle is determined by the 
uncertainty in the drop height measurement. For example, assuming the resolution 
limit of the imaging camera is 10 μm, for a 0.7 μL water drop of 153° contact angle 
calculated from Bashforth-Adams equation, will result in an uncertainty of 3° in the 
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contact angle. On a hypothetical surface with a true contact angle of 179°, an 
uncertainty as small as 1 μm in the measurement of the height or the location of the 
baseline for a 1.4 μL water drop can lead to an uncertainty of 10° in the contact angle. 
A similar concern exists in contact angle sensitivity for various sessile drop fitting 
methods, when contact angles approach 180°, the uncertainty in contact angle mea-
surements increases dramatically due to the imaging resolution in height or in defining 
the location of the baseline. It is desirable to have high quality optics and cameras to 
enable accurate capture of the drop shape on super repellent surfaces.

Fig. 2.9 Comparison of curve-fitting methods for a 5 μL water sessile drop on a superhydrophobic 
surface: (a) ellipse fitting, (b) circle fitting, (c) tangent searching, and (d) Laplace–Young fitting. 
The figures include the simulation lines of the shape of the water droplets and the horizontal base-
lines (Reproduced with permission from [19], Copyright 2008 The Royal Society of Chemistry)

Fig. 2.10 (a) Image of a 5 mg water sessile droplet on a superhydrophobic surface and (b) drop in 
(a) exposed in air for 40 min (Modified with permission from [41], Copyright 2004 The American 
Chemical Society)
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2.2.5  Captive Bubble Method

An alternate method frequently mentioned in the literature is the so-called captive 
bubble technique [42]. Experimentally, an air bubble of known volume is produced 
at the tip of a microsyringe. This bubble is then injected into a tank containing the 
test liquid. The test surface is positioned on the top of the test liquid and 2–3 mm 
above the injected air bubble. A captive bubble is formed when the air bubble floats 
upward and be “captured” by test surface. Contact angle θ, formed at the three phase 
contact line, follows the same Young’s equation in Eq. (2.1) and can be calculated 
from the drop profile of the bubble in a manner similar to the sessile drop method. 
A schematic of the captive bubble method is shown in Fig. 2.11.

Comparing to the sessile drop method, the captive bubble method has the advan-
tage of measuring contact angles without the influence from the needle and drop 
height. Temperature can be easily controlled through the liquid, and the vapor phase 
is always in equilibrium with the liquid phase. Disadvantages are also obvious. 
A large quantity of liquid has to be used and the solid is in contact with the test 
liquids over long period of time, which may lead to swelling or other side effect. 
Although a good agreement was achieved on clean smooth surfaces between the 
sessile drop and captive bubble methods [43], the latter is still limited to measure-
ment of contact angles on special surfaces. This in part may be due to the simplicity 
of the sessile- drop method.

2.3  Determination of Sliding Angle

2.3.1  Measurement Procedures and Details

Sliding angle measures surface stickiness or  the mobility of  the  liquid drop on a 
solid surface. Experimentally, after a sessile drop is formed at the horizontal posi-
tion, the sample stage together with the solid sample is then tilted at a very low 
speed. Sliding angle α is defined as the angle when the drop starts to move on the 
tilted surface. The tilting speed needs to be low enough, e.g., ~1°/s, to ensure that 
the motion of tilting will not cause any drop movement. Figure 2.12a shows a pho-
tograph of a water drop on a titled surface. Clearly, the spherical droplet is distorted 
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γLV
Test Liquid
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θ

Fig. 2.11  Schematic of 
contact angle measurement 
using the captive bubble 
method
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by gravity due to tilting and the 2D view of the sessile drop showing the tilting 
action is depicted in Fig. 2.12b. When the surface is tilted, a gravitational force is 
acting on the drop. This force pulls the drop downward, causing distortion of the 
drop shape, e.g., from a spherical shape to the shape shown as curve 1 schematically 
illustrated in Fig. 2.12b. The pull force F is given by:

 F mg= ×sin a  (2.4)

where m is the mass of the drop, g is gravitational constant, and α is the tilt angle.
The  retention  force or  friction  that  keeps  the drop  from sliding  is  f and is 

given by [44]:

 
f R k= × × × -( )g LV min maxcos cosqq qq

 (2.5)

where γLV is the surface tension of the liquid, R is the length scale for the contour of 
the drop, k is an adjustable parameter based on experimental data, θmax is the contact 
angle at the lead edge, and θmin is the contact angle at the trail edge.

As the tilt angle continues to increase, the drop shape is distorted further, curve 
1 to 2 in Fig. 2.12b. When F = f, the drop begins to move and the tilt angle is recorded 
as α.
The criteria to determine if a drop starts to move is very subjective. Since the 

drop will only start to slide when the contact line at the trail edge is de-pinned, it 
would be very helpful to place a tiny droplet of a nonvolatile liquid next to the trial 
edge as a positional reference. The volume of the reference drop is so small that it 
will never move during tilting. By carefully examining the distance between the 
reference drop and the trail edge, one can easily capture the moment when the drop 
starts to slide.
Since the starting point for the sliding angle measurement is the sessile drop on 

a horizontal surface, for consistency and reproducible measurement, all cautious 
details  discussed previously  for  preparing  the  sessile  drop  are  applied. This will 
ensure the same metastable wetting state will start the titling experiment. As an 
antidotal experiment, Pierce, Carmona, and Amirfazli  [45] demonstrated that the 
sliding angles measured for drops prepared on inclined surfaces are consistently 
smaller than those prepared from leveled surfaces.

Fig. 2.12 (a) A photograph of a water droplet on a tilted surface and (b) a 2D schematic showing 
the effect of tilting on the profile of the sessile droplet
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2.3.2  Effect of Drop Size

According to Eq. (2.4), the measured sliding angle is a strong function of the drop 
mass/volume, the heavier/larger the drop, the smaller the sliding angle. Figure 2.13a, b 
show plots of the contact angles and sliding angles as a function of the size of hot 
polyethylene wax droplets on two different surfaces. Consistent with the discussion 
in Sect. 2.2.3, variation of the drop size has little effect on the contact angle. 
In contrast, there is a strong drop size effect on the sliding angle, the larger the drop 
the smaller the sliding angle.
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Fig. 2.13  Effect  of  drop  size  on  the  contact  angle  and  sliding  angle  of  hot  polyethylene 
 droplets on (a) a hydrophobic sol gel coating and (b) a fluorinated self-assembled-monolayer on 
silicon wafer
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The  drop  size  dependent  on  sliding  angles  is  very  general  and  has  also  been 
observed for water and hexadecane on other surfaces. In 1994, Murase et al. [46] 
reported a study of the interaction between water and 20 different polymer surfaces. 
They also observed a strong drop mass effect on the sliding angle, and a typical plot 
is highlighted in Fig. 2.14a. Later Rios and co-workers [47] reported the use of the 
sliding angle to probe water/ice adhesion on five different polymers and also 
observed a strong drop size effect. In view of the strong mass/volume dependence, 
we recommend that drop mass/volume has to be reported along with the sliding 
angle data. It would be misleading if one claims a surface sticky for a 1 μL drop that 
is not sliding at 90° tilt angle or a fast sliding drop with drop volume of > 20 μL for 
example. The data in Figs. 2.13 and 2.14 suggest that the appropriate range to study 

Fig. 2.14 (a) Plot of water drop mass versus sliding angle on five different polymer surfaces 
(Reproduced with permission  from  [46], Copyright 1994  John Wiley & Sons),  and  (b) plot of 
water sliding angle versus drop volume on polymer surfaces (Reproduced with permission from 
[47], Copyright 2007 Taylor & Francis Group)
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sliding angle would be ~5–10 μL depending on the liquid–surface system being 
investigated. This is  the range where the sliding angle tends to be most sensitive 
when the drop mass/volume is varying.

2.4  Determination of Advancing and Receding 
Contact Angle

2.4.1  Needle-embedded Sessile Drop Method

Advancing and receding contact angle have been known for more than a century to 
be the maximum and minimum angle that can be measured reliably and reproducibly 
when liquid is added to or withdrawn from a liquid droplet at a very slow rate [4, 5]. 
Most of the current goniometer is equipped with an automated dosing system, 
where drop volume and rate of addition/withdraw can be controlled very precisely. 
The needle-embedded sessile drop method is the most frequently used method and 
is schematically shown in Fig. 2.15.
Experimentally, a small sessile drop (1–2 μL) is first dispensed on the test surface, 

small amount of liquid is then precisely pumped through the microsyringe to the 
sessile drop at a rate of <0.2 μL/s. As the volume of the sessile drop is increased, 
the contact line advances outward. The advancing experiment is usually considered 
as complete when the drop size increases to ~20 μL. It is a good practice to let the 
system stabilized for a few seconds prior to the receding angle measurement, which 
is done by reversing the springe pump and withdrawing the liquid from the expanded 
sessile drop at the same slow rate. Images of the drop profiles during advancing and 
receding are captured and an example of the output is given in Fig. 2.16. From the 
drop profiles, the advancing and receding contact angles at different drop volumes 
can be calculated used curve-fitting software as described in Sect. 2.2.4. Usable 
fitting methods include:  tangential method, ellipse fitting, polynomial fitting, and 
B-spline fitting. Tangential method is usually preferred for receding contact angle 
calculation especially if the drop changes into a triangle shape during the receding 

Fig. 2.15  Schematic  showing measurement of θA and θR using the drop expansion/contraction 
technique
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process. Similar to static contact angle measurement, one should check the fitting 
error to ensure a close fitting especially near the contact points region.
Since the needle is embedded in the sessile drop, the ADSA-P method will not 

be applicable due to the missing apex on the drop profile and the embedded needle. 
However, there are two approaches to apply the Young–Laplace method to calculate 
the advancing and receding angles. One approach is to dispense the liquid through 
a hole in the bottom of the surface [45]. Carefully prepared solid surface will ensure 
axisymmetric drop shape during drop expansion and contraction. Another approach 
is to use the recently developed ADSA-NA (no-apex) drop shape analysis algorithm 
[35], which does not require information about the apex region.

Dosing of low surface tension liquids during the advancing contact angle experi-
ment may be problematic due to the strong adhesion between the small diameter 
needle and the liquid. While switching to a larger diameter needle may circumvent 
the problem, larger diameter needles however tend to produce more disturbance. If 
that is the case, we would recommend using a Teflon coated dosing needle for the 
needle-embedded advancing and receding angle measurements. This approach may 
provide a proper balance between liquid dispensing due to adhesion issue and drop 
shape disturbance due to the needle.

2.4.2  Tilting Plate Method

Another method that has been used to determine advancing and receding contact 
angle is the tilting plate method [48]. In this method, the advancing angle is the 
contact angle at the lead edge, and the receding angle is the contact angle at the 
trail edge of the distorted droplet on the inclined surface when the drop starts 
sliding (Fig. 2.17).

Fig. 2.16  Sessile drop images of water droplets on PTFE during advancing and receding contact 
angle measurement

2 Contact Angle Measurements and Surface Characterization Techniques



27

When the drop just about to slide at α, F = f. From Eqs. (2.4) and (2.5), plot of sinα 
versus (cos θR–cos θA) should yield a linear relationship if θA = θmax and θR = θmin. 
Experimentally,  a  very  scattered  plot  was  obtained  (Fig.  5.13), indicating that 
θA ≠ θmax and θR ≠ θmin. The fundamental related to the inequality between θA/θmax and 
θR/θmin will be addressed in Sect. 5.3. In any event, the inequality suggests that the 
use of the titling plate method to determine sliding angle is technically incorrect.
More  recently,  Pierce,  Carmona,  and Amirfazli  [45] compared the θA and θR 

values of water droplets obtained from the drop expansion/contraction method to 
the θmax and θmin values obtained from the tilting plate method on a Teflon coated 
silicon surface and an alkyl ketene dimer (AKD) polymer surface. The advancing 
and receding contact angle data for the two surfaces are summarized in Fig. 2.18, 
and comparisons of the angles obtained from these two methods are tabulated in 
Table  2.1.  On  the  Teflon  coated  silicon  surface,  both  methods  produce  similar 
results. This cannot be said on the AKD surface. Although the θA and θmax values are 
same, the θR and θmin values are significantly different. This can be attributed to the 
low receding angle on the AKD surface. As seen in the data in Fig. 2.18b, due to 
the high adhesion between water and the AKD surface,  the receding contact  line 
was never in mechanical equilibrium during the receding angle measurement. 

Fig. 2.17  Schematic 
showing the relationship 
between θmax, θmin, and α 
on an inclined solid surface

Fig. 2.18 Advancing and receding contact angle measurement for water droplets on (a) Teflon 
coated silicon and (b) AKD  polymer  surfaces  with  the  drop  expansion/contraction  technique 
(Reproduced with permission from [45], Copyright 2008 Elsevier)
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This observation is in agreement with the theoretical modeling study reported by 
Krasovitski and Marmur [49], who predicted inequality between θA/θmax and θR/θmin 
for surfaces with large hysteresis. Hence, we would not recommend anyone to use 
the tilting plate method to measure their advancing and receding angles unless 
there is experimental difficulty in executing the drop expansion/contraction method, 
e.g., high temperature measurement.

2.5  Wilhelmy Plate Technique

Wilhelmy plate method provides an indirect force measurement technique to obtain 
liquid–air and liquid–liquid interfacial surface tensions, static and dynamic contact 
angles,  and  dynamic  advancing  and  receding  contact  angles  [50].  To  date,  the 
Wilhelmy plate experiment can be carried out on a commercial high-precision ten-
siometer, such as model DCAT 21 from DataPhysics. The apparatus consists of a 
high-precision electrodynamically compensated weighing system with automatic 
calibrating function with a weighing resolution of 10 μg, software-controlled motor-
ized height positioning of the sample vessel with variable speed ranging from 
~0.7 μm/s to ~500 mm/min, and a heating/cooling mantle to control the liquid tem-
perature (−10–130 °C).
In the Wilhelmy plate experiment, the solid surface has to be fabricated in plate 

form with well-defined dimension both sides. Experimentally, it is immersed into 
the  testing  liquid  to  form  a  liquid–solid–air  interface. The  forces  exerted  on  the 
sample are gravity (g), surface tension (FWetting) and buoyance (FBuoyance) forces, and 
the force by the tensiometer (i.e., action-reaction forces, it is also the force mea-
sured by the tensiometer). The free body diagram of the plate is shown in Fig. 2.19 
[51]. The equation for the force balance is described as [52]:

 
F F F gTensiometer Wetting Buoyance= - +

 (2.6)

where the wetting force F LWetting LV= × ×g cos qq , and L is the wet-length for the 
three-phase contact line (2d + 2 W). Usually, the weight of the plate and harness is 
set to zero on the tensiometer and Eq. (2.6) can be rewritten to:

 F F gMeasured Tensiometer= -  

 
= - = × × - × × ×F F L L h gWetting Buoyance LVg Drcos qq

 (2.7)

Table 2.1 Comparison of the θA and θR values from the drop expansion/contraction method to the 
θmax and θmin values from the tilting plate method (data from [45])

Drop expansion/contraction method Tilting plate method

θA θR θmax θmin

Teflon coated silicon ~128° ~115° ~124° ~112°

AKD polymer surface ~163° <10° ~163° ~83°
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where h is the immersion depth, and Δρ is the density difference between the liquid 
and air.
Static  contact  angle θ  can be calculated  from Eq.  (2.7) once the force on the 

tensiometer is recorded, and the geometrical dimensions and immersion depth are 
measured. Contact angle measured by the Wilhelmy plate method is believed to be 
more accurate [53, 54]. The method is based on high-precision force measurement 
and does not have many subjective errors or noise factors, such as needle effect on 
the drop shape, identification of baseline, and drop shape analysis, associated with 
the  optical  sessile  drop  method.  The  main  disadvantage  of  the Wilhelmy  plate 
method is its stringent requirements for the test surface. The dimension of the test 
sample has to be well defined as the wet-length L is a key parameter in calculating 
the contact angle. In addition, the test sample has to be flat and rigid with homoge-
neous surface property on both sides.
A significant advantage of the Wilhelmy plate method is its ability to study the 

kinetics of the moving contact lines in both advancing and receding modes. For 
instance, instead of measuring the force Fmeasured in the static mode, one can measure 
it during advancing and receding at a given velocity (V). The wetting force (FA) dur-
ing immersion (advancing) as a function of V is given in Eq. (2.8) [52].

 F LA LV A= × ×g cos qq  (2.8)

where γLV is the surface tension of the liquid, and θA is the dynamic advancing contact 
angle at V.
Similarly the receding force (FR) withdrawing at a speed of V is given by:

 F LR LV R= × ×g cos qq  (2.9)

where θR is the receding contact angle at V.

FTensiometer
FBuoyance

FWetting

h

g

Fig. 2.19  Schematic 
showing the dimension of 
the wet-length L and the 
forces that act on the solid 
surface in a Wilhelmy plate 
experiment

2.5  Wilhelmy Plate Technique
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Figure 2.20 shows an illustrative example of an experimental plot of FA and FR as 
a function of the immersion depth at V  [55]. From the intercepts, the dynamic 
advancing and receding contact angles (θA and θR) at V are calculated.

On smooth flat surfaces, the dynamic θA/θR increases/decreases very slowly in 
the low-speed regime, and the rate of change increases at higher speed. The θA/θR 
values extrapolate to V = 0 would be comparable to those measured from the drop 
expansion/contraction method. Typical results can be found in the work of Hayes 
and Ralston [56], and an illustrative plot is reproduced in Fig. 2.21. In most practical 
situations, the surface or sometimes the liquid are not static, e.g., liquid movement 
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Fig. 2.20 Plot of wetting 
and receding forces as a 
function of immersion 
depth in water at velocity V 
on an experimental PDMS 
surface (Reproduced with 
permission from [55], 
Copyright 2014 The 
American Chemical 
Society)

Fig. 2.21 Plot of dynamic 
contact angles for water 
(open square) and glycerol 
(open circle) on PET as a 
function of immersion 
velocity V (Reproduced 
with permission from [56], 
Copyright 1993 Elsevier)
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in pipeline or microfluidic device and printing. The dynamic measurement capability 
of the Wilhelmy Plate technique would provide a useful tool to study the dynamics 
of the liquid–solid interactions realistically. In addition, the technique has been 
shown to be able to quantify contact angle hysteresis, detect roughness length scale 
as well as wetting transition [55, 57].
Finally, Wilhelmy plate has also been used extensively to measure liquid sur-

face tensions and liquid–liquid interfacial surface tensions by using a roughened 
platinum/iridium plate rendering excellent wetting by test liquids with a contact 
angle of ~0°.

2.6  Summary

This chapter summarizes most of the major measurement techniques that are used 
for surface characterization and wetting studies. In addition to the usual best lab 
practices, such as clean surface, purified liquid, and ambient condition control, cer-
tain specific critical details that may facilitate consistency and enhance reproduc-
ibility are also provided. The contact angle measurements include in this chapter 
are: static contact angle, sliding angle, advancing and receding contact angle, and 
dynamic advancing and receding contact angle.
Static  contact  angle  has  been widely  used  for  surface  characterization  and  is 

probably the most measured contact angle in the literature. We recommend it to be 
used in a temperature/humidity-controlled laboratory on a vibration-free table. 
For data consistency, drop dispense should be gentle with minimal disturbance of 
the sessile drop by the needle in the microsyringe and drop impact. Close chamber 
should be employed  if volatile  liquid  is used. Although  the Young’s angle  is not 
supposed to be sensitive to drop size, we would recommend a 5 μL drop size for 
general characterization. One may consider using a smaller drop when studying 
super repellent surfaces, especially with low surface tension and high density liquids. 
The will eliminate any distortion of the drop profile due to gravity.
Sliding angle is determined by the tilting plate method. The sessile drop should 

be dispensed horizontally before tilting. Since sliding angle is dependent of drop 
mass, α must be reported with a drop mass or volume. Large drops, e.g., >20 μL, 
should be avoided as α becomes less sensitive to mass changes. The proper drop 
size likely depends on the system studied. Available data suggest that 5–10 μL drops 
would be appropriate for most systems.

Advancing and receding contact angle should be determined by the drop expansion/
contraction technique. The tilting plate method has significant shortfall particularly 
with high hysteresis samples and should be avoided if possible.
The Wilhelmy Plate technique is the most versatile tool for surface characterization 

and wetting study. The more elaborate measurement procedure as well as sample 
preparation have hindered its popularity. However, it is still the best tool when it 
comes to studying the dynamics of the liquid–solid interactions.

2.6  Summary
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Chapter 3
Wetting on Flat and Smooth Surfaces

Abstract The Young’s contact angle gives a notion of wettability when a liquid 
wets and spreads on a solid surface. However, it is also a source of arguments and 
controversies in the literature. The objective of this chapter is to clarify a couple of 
fundamental issues that have been debated for more than a century. These issues 
are: (1) is the liquid droplet in thermodynamic or mechanical equilibrium in the 
static position as described by Young? And (2) what determines the contact angle, 
the contact line or the contact area? Studies of the dynamics of the wetting process, 
by molecular kinetic theory, hydrodynamic theory and experiments, reveal that liq-
uid usually spreads after it wets the surface. The action of spreading is retarded by 
friction due to molecular adhesion and/or roughness at the liquid–solid interface. 
The liquid droplet will cease to advance and end up in the final static position with 
a static contact angle θ when all of its kinetic energy is dissipated. Evidence is pro-
vided that the liquid droplet is metastable in this static position. When sufficient 
vibration energy is provided to the liquid droplet, the contact line is shown to de-pin 
and the droplet is driven to its thermodynamically stable state, resulting in the most 
stable droplet with an equilibrium contact angle θeq. Two simple and clever experi-
mental designs from the literature are reviewed. Both experiments involve the fab-
rication of chemically heterogeneous surfaces comprising millimeter-size spot of 
material-1 on a surface of material-2. The contact angles for the spot and the bulk 
surface are very different. Advancing contact angle measurement was performed 
from the center of the spot. As the contact line is advancing, the contact angle 
switches from material-1 to material-2 as soon as the advancing contact line reaches 
the bulk surface. This is despite the fact that the change in surface energy for the 
contact area is very small. The results clearly demonstrate that contact angle is deter-
mined by the energetics around the contact line, not the contact area underneath the 
liquid droplet. Recent thermodynamic modelling also confirms that contact angle is 
a one-dimensional phenomenon.

Keywords  Wetting  • Young’s  equation  • Smooth  surfaces  • Wetting dynamics  • 
Dynamic  contact  angle  • Metastable wetting  state  •  Equilibrium  contact  angle  • 
Drop vibration • Static contact angle • Advancing contact angle • Receding contact 
angle • Most stable contact angle • Contact line • Contact area
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3.1  The Young’s Equation

In 1805, Thomas Young [1] stated in his legendary paper that an angle of contact is 
formed when liquid wets a solid surface. He descriptively stated that this angle, 
which is commonly known as static contact angle (θ) in contemporary literature, is 
a result of the balance of three forces acting on the liquid droplet. These three forces 
are: surface tension of the wetting liquid (γLV), surface tension of the solid surface 
(γSV), and the liquid–solid interfacial tension (γSL). A vector representation showing 
the three surface tensions acting at the three phase contact line is given in Fig. 3.1.

This has become the famous Young’s equation:

 g g gSV LV SL= × +cos qq  (3.1)

The concept of contact angle gives a notion of wettability. Zisman [2] defined 
spreading when qq =0°  and wetting when qq ¹180° . In other words, partial wetting 
occurs in most of the cases we encounter.

3.2  Wetting Dynamics on Smooth Surfaces

Shuttleworth and Bailey [3] noted in 1948 in their study of liquid wetting on rough 
surfaces that the spreading of a liquid droplet on a solid is a complex phenomenon. 
The final static position of the advancing liquid not only depends on the surface 
energy of the liquid, the solid, and the liquid–solid interface but also on the rough-
ness of the surface and the manner in which the liquid is placed on the solid. This 
statement is not only insightful, but also accurate even by today’s standard. In this 
section, we will focus our attention on wetting of smooth surfaces.

The dynamics of wetting and spreading of liquid droplets on solid surfaces has 
been studied by many research groups both theoretically and experimentally. 
Large- scale molecular dynamic simulations of liquid drops spreading on solid sur-
faces with varying liquid–solid interaction have been studied by Bertrand, Blake, 
and De Coninck [4]. Figure 3.2 shows profiles of the molecular dynamic simula-
tions for four droplets with increasing liquid–solid interaction. At equilibrium, 
CSL = DSL. CSL and DSL are coupling coefficients at the liquid–solid interface for the 
repulsive and attractive terms in the Lennard-Jones potential. These two are adjust-
able terms in the simulation, and they increase as the liquid–solid interaction 
increases. The results clearly show that the contact angle at equilibrium decreases 
with increasing liquid–solid interaction. This is intuitively expected since contact 
angle is expected to decrease as wettability increases.

vapor

liquid
gSL gSV

gLV

solid

q

Fig. 3.1 Graphic vector 
representation of the three 
surface tensions acting on 
the sessile droplet
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The dynamics of spreading a liquid droplet to its final static state on a solid 
surface has been modelled by molecular kinetic theory and hydrodynamic theory 
[5–16]. The molecular kinetic theory emphasizes the importance of liquid–solid 
interaction during liquid advance. The latter studies the influence of viscosity on the 
relationship between advancing contact line velocity V and dynamic contact angle 
θD. To date, although a quantitative predictive theory remains elusive, the emerging 
view is that the advancing contact line will cease to advance when all of its kinetic 
energy is dissipated. Figure 3.3 depicts a schematic of the liquid wetting and spread-
ing process. Shown in the inset of Fig. 3.3 is a magnified view of the advancing 
contact line moving at V with a dynamic contact angle θD.

When the liquid drop first wets the surface, θD is at its theoretical maximum 
value of 180°. The liquid drop then wets and spreads with an advancing contact line 
velocity V at dynamic contact angle θD. The velocity V and θD both decrease as the 
kinetic energy of the liquid droplet is dissipating due to friction at the liquid–solid 
interface. When V =0 , the drop reaches its final position and the static contact 
angle θ is attained. The velocity for the advancing contact line (V) is given by Eq. 
(3.2) according to the improved molecular kinetic theory [6, 7].

 

V cos= -( )1

0z
g LV Dqq qqcos

 
(3.2)

where γLV is the surface tension of the liquid, θ is the static contact angle, θD is 
dynamic contact angle at V, and ζ0 is friction coefficient per unit length of the con-
tact line and is given by:

Fig. 3.2 Typical profiles of 40,000 atom drop at equilibrium with varying liquid–solid interaction 
(simulated with coupling coefficients: CSL = DSL = 0.2, 0.4, 0.6, and 0.8) (Reproduced with permis-
sion from [4], Copyright 2009 IOP Publishing)
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ηL is viscosity of the liquid, υL is the volume of the unit flow, λ is characteristic length 
of displacement, Wa is the work of adhesion, n is the number of sites per unit area of 
solid which the energy is dissipated, kB is Boltzmann constant, and T is temperature.

It is clear from Eq. (3.2) that the main drivers for a high velocity advancing 
contact line are strong liquid–solid interaction (low θ) and low friction. The rate of 
spreading for the liquid droplet can also be modelled using molecular dynamic simu-
lations. Figure 3.4 shows the relaxation of the contact angle (θD) as a function of 
computer time. Three sets of data points are generated for three different liquid–solid 
interactions, again the stronger the interaction (larger CSL and DSL) the smaller the 
final contact angle. The three curves shown in the plot are calculations from the 
molecular kinetic theory. The good fit shown in Fig. 3.4 indicates that the molecular 
dynamic simulation and the molecular kinetic theory are in agreement in this case.

In reality, wetting and spreading on solid surface is complicated. Typically, the 
decay of the dynamic contact angle ranges between t−0.1 and t−1 over time (t) 
 depending on the modes of energy dissipation for the spreading liquid [6, 7, 15]. 
The mode of energy dissipation during spreading can be dominant by the hydrody-
namic of the liquid, where viscosity will be the main driver. It can be dominated by 
the liquid–solid interaction, which can originate from molecular adhesion for 
smooth  surface  or  pinning  in  case  of  rough  surface.  Of  course,  mixed mode  is 
always a possibility. In any event, both modes of energy dissipation have opposite 
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Fig. 3.3 Schematic showing the wetting and spreading of a liquid droplet on a solid surface (Inset: 
Magnified view of the advancing three-phase zone, V is the velocity of the advancing contact line 
and θD is the dynamic contact angle which decreases as wetting proceeds)
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consequences. For example, a favorable liquid–solid interaction would facilitate 
liquid advancing (wetting). On the other hand, the strong interaction may increase 
the frictional force and slow down the advance of the contact line. An illustrative 
example of the complexity can be found in the work of Vega and co-workers [15] 
who reported a study on the wetting dynamics of polyethylene terephthalate (PET) 
fiber by silicone oils in 2005. The kinematic viscosities of the silicone oils (PDMS5, 
20, 50, and 500) vary from 5 to 20 to 50 to 500 mm2 s−1 as the molecular weight of 
PDMS (polydimethylsiloxane) increases. The time-dependent meniscus profile due 
to wetting was captured by a high-resolution, high-speed camera. Figure 3.5 plots 
the dynamic contact angles versus time for the four silicone oils. The overall result 
indicates that there is a strong viscosity effect on the wetting dynamics. Further 
modelling of the system revealed that there is a difference in wetting dynamics 
between the low and high viscosity fluid. In the low viscosity regime, wetting is 
controlled by the interaction between the liquid and the solid. The dynamic follows 
the molecular kinetic theory and θD decays as t−1. As the viscosity is increased, there 
is a cross-over in regime. The wetting dynamic becomes hydrodynamic control. For 
example, the decay kinetic for PDMS500 is dominated by viscosity and θD decays 
as t−0.5. It is important to note that the surface tensions for these oils are practically 
the  same,  20.5 ± 1  mN/m.  The  critical  surface  tension  for  PET  is  known  to  be 
~43 mN/m [2], suggesting that all four oils should wet the PET fiber favorably and 
equally. Based on energetic consideration, the final static contact angles for these 
oils should all be close to 0°. On the other hand, the data in Fig. 3.5 suggest that, 
although they all exhibit a low contact angle, their final contact angles are not the 
same. They decrease in the following order: PDMS500 > PDMS50 > PDMS20 ~ PD
MS5, suggesting that the four silicone oils may have been ending up in four different 
wetting states on the PET fiber surface.

Fig. 3.4  Molecular dynamic simulations for the relaxation of the contact angle as a function of 
liquid–solid interaction (Reproduced with permission from [8], Copyright  1999 The American 
Chemical Society)

3.2 Wetting Dynamics on Smooth Surfaces



40

3.3  The Four Measurable Contact Angles

One of the faulty perceptions in the surface literature is the constant citation that the 
droplet for the Young’s angle is from a thermodynamically equilibrium state. Young 
did use the term equilibrium in his paper. He wrote the following sentences related 
to the state of the sessile droplet on a surface. “We may therefore inquire into the 
conditions of equilibrium of the three forces acting on the angular particles, one in 
the direction of the surface of the fluid only, a second in that of the common surface 
of the solid and fluid, and the third in that of the exposed surface of the solid.” Given 
the era the paper was written, which is 200 years ago, 50 years after Newton devel-
oped the classical mechanics, and ~50 years before thermodynamics, what Young 
clearly meant is that the angle of contact is a result of a mechanical equilibrium at 
the three phase contact line, not thermodynamic equilibrium. He discussed lengthy 
about the balance of the wetting force and the cohesion of the liquid in his sessile 
drop and capillary tube/plate experiments. The persistent misquotation by research-
ers may be due to their strong bias in thermodynamics. Kinetic factor very often has 
become a secondary cause or even regarded as exception. What if there is insuffi-
cient kinetic energy to bring the drop to the most stable state and the drop is pinned 
in a metastable state?

It has been known in the literature for a long time that there are three measurable 
contact angles, θ, θA, and θR for a given liquid–solid system [17–19]. The static 
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contact angle θ, often called the Young’s equilibrium contact angle, lies between the 
advancing angle θA and receding angle θR. There were reports as early as 1940 that 
the Young’s angle is not from an equilibrium wetting state. For instances, Fowkes 
and Harkins [20] reported shaking the liquid–solid interface prior to contact angle 
measurement, which could bring the system in equilibrium. The resulting contact 
angles were  reported  to be  reproducible with zero hysteresis. Pease  [19] showed 
that liquid droplets could be converted to a stable wetting state upon slight jarring 
or after vibration. In recent years, two types of apparatuses have been used to inves-
tigate the metastable states between θA and θR. The first configuration involves 
immersing a plate (the solid surface) into a liquid and a mechanical noise is supplied 
to perturb the liquid–solid interface. The changes in the three phase contact line 
before and after vibration can be monitored as contact angle via the meniscus height 
or as a wetting force measured by the microbalance in a modified Wilhelmy plate 
setup [21]. The second lab configuration involves attaching a vibration or noise 
source to the solid surface. After the sessile drop is dispensed onto the surface, noise 
of varying amount of energy can be supplied to the sessile droplet. The  contact 
angles before and after vibration are recorded [22]. Representative lab setups are 
shown in Fig. 3.6.

In 1978, Smith and Lindberg [23] first explored the use of acoustic energy from 
a loud speaker to influence the water contact angles on different surfaces. They 
showed that the contact angle θ of water decreases as the input energy increases. 
The result implies that there are many metastable states between the advancing and 
receding angles. Andrien and co-workers [24] observed de-pinning of the contact 

Fig. 3.6 Experimental setups for vibrating (a) the contact line and (b) the sessile drop 
(a. Reproduced with permission from [21],  Copyright  2002  Elsevier;  b.  Reproduced  with 
 permission from [22], Copyright 2004 Elsevier)
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line when a vertical vibration (50 Hz at variable amplitudes) is applied to the water 
and diiodomethane droplets on various surfaces. Decker and Gareff [25] reported 
probing the energy barrier between the wetting states of the advancing and receding 
angle using vibration. By studying the capillary rise of the liquid, they found that 
advancing angle decreases and receding angle increases as the input energy increase. 
The implication of this work will be discussed in more detail in the next section. 
Similarly, Della Volpe and co-workers [21] studied the change in advancing and 
receding contact angles as a function of vibration energy using a microbalance in a 
Wilhelmy plate setup (Fig. 3.6a). Similar to Decker and Gareff, they also found that 
hysteresis decreases as the input energy increases. Both groups also found a good cosine 
relationship between the equilibrium contact angle (θeq) and θA and θR Eq. (3.4).

 
cos . cos . cosqq qq qqeq A R= +( )0 5 0 5

 (3.4)

More recently, Marmur and co-workers  [22, 26] reported studies of the effect of 
vibration on the wetting states of sessile droplets on both rough and smooth sur-
faces. The results on rough surface will be detailed in Chap. 4. In their 2010 study, 
they measured the water static contact angle θ as well as the advancing and receding 
angle (θA and θR) on 42 smooth surfaces. Vibration of each droplet for 15 s leads to 
the formation of the most stable droplet with an equilibrium contact angle of θeq. 
Their results confirm that there exist four measurable contact angles, namely θ, θeq, 
θA, and θR when a liquid wets a surface. A schematic for these four contact angles is 
depicted in Fig. 3.7. Figure 3.8 compares the position of θeq relative to the other 
three contact angles. In agreement with the literature, the static contact angle θ lies 
between θA and θR. θeq is also between θA and θR, but it is different from θ. In a slight 
disagreement with early work, Marmur and co-workers [26] showed that θeq is not 
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Fig. 3.7 Schematic of the four measurable contact angles for a given sessile droplet
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equal to the average of θA and θR (or the cosine average according to Eq. (3.4)) 
among the 42 smooth surfaces. In any event, the significance of the 2010 study is its 
clear demonstration that static contact angles determined on smooth surfaces are all 
from the metastable wetting states.

3.4  Wetting States on Smooth Surfaces

The thermodynamic of the wetting process has been modelled by Johnson and 
Dettre [27], Neumann and Good [28] and more recently by Long and co-workers 
[29]. Conceptually, wetting of a surface involves moving the advancing contact line 
as the liquid spreads. According to both molecular kinetic theory and hydrodynamic 
theory, the advancing contact line will cease to move when all of its kinetic energy 
is dissipated by friction. This friction can be from roughness or adhesion interaction 
between the liquid and the surface. Theoretically, the friction can be viewed as a 
series of energy barrier the advancing liquid has to overcome. A schematic showing 
the changes in Gibbs free energy and contact angle as wetting proceeds is given in 
Fig. 3.9. The process of wetting simply involves the liquid traveling through a series 
of energy barrier. When the liquid first wets the surface, the dynamic contact angle 
is essentially 180°. As it spreads, the kinetic energy is dissipating due to frictions 
created by the energy barriers. When all of the kinetic energy is consumed, the liquid 
droplet will be stuck in a metastable wetting state. If sufficient kinetic energy is 
provided to the liquid droplet, such as through vibration, the contact line will be 
de-pinned and the liquid droplet will force to spread and overcome all the energy 
barriers. It will end up in the thermodynamically stable wetting state with a contact 
angle of θeq. The wetting states due to liquid advancing and receding are always 
metastable, and their respective angles are known to be the largest and smallest 
among the four measurable angles. The relative position of the four measurable 
contact angles: θ , θeq, and θA and θR are shown in Fig. 3.9.
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Evidence for the existence of multiple wetting states between the advancing and 
receding metastable states comes from the study of Decker and Gareff [25]. These 
authors studied the advancing and receding contact angles through a capillary rise 
experiment. The advancing or receding contact angles are calculated from the height 
of the meniscus when the glass substrate is immersing or withdrawing from a beaker of 
water in a Teflon beaker. Variable amount of vibration energy was supplied to the wet-
ting contact lines, and the results are summarized in Fig. 3.10. There are two impor-
tant messages from these data. First, with the maximum amount of energy supplied 
via a lot of pulses, the contact line reaches the most stable state and θeq is obtained. 
Secondly, the results clearly show that different metastable state can be populated 
depending on the amount of energy supplying to the system, in both advancing and 
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receding modes. As the energy supplied to the contact line is increased, both advanc-
ing and receding metastable states would continue to drive toward the equilibrium 
state. Very similar results were obtained by Mettu and Chaudhury [30]. They reported 
the use of white noise vibration to drive the water droplets from the “receding” and 
“advancing” states to the most stable equilibrium state, on PDMS surface. In the low 
noise regime, they were able to populate intermediate advancing and receding states 
analogously to those reported by Decker and Gareff.

3.5  What Determines Contact Angle? Contact  
Line or Contact Area

As described earlier, the Young’s equation is merely a mechanical description of the 
balance of the three forces that act on the three phase contact line. The concept and the 
measurement of the contact angle are deceptively simple, but the Young’s equation 
has been a source of argument for a long time. Two of the four quantities, γSV and γSL, 
in the equation cannot be measured reliably. These two quantities are related to the 
surface tension of the solid and the interfacial tension between the liquid and the solid. 
They are not only of academic interest, but also relevant to materials design and 
many industrial applications. According to Zisman [2], earlier researchers tried to 
solve the Young’s equation using thermodynamics. Dupre [31] introduced the con-
cept of reversible work of adhesion (WA) between the liquid and the solid surface 
and its relation to γSV and γSL is given by:

 WA SV LV SL= + -g g g  (3.5)

This equation is basically a thermodynamic expression that the work done to separate 
the liquid droplet from the solid surface must be equal to the free energy changes of 
the system. In other words, the thermodynamic approach would suggest that the 
interactive energy in the contact area beneath the liquid droplet is critically impor-
tant in determining the contact angle. A 3D representation showing partial wetting 
of the solid surface by the liquid droplet is shown in Fig. 3.11.

The validity of the thermodynamic approach has been a controversial subject. 
Conceptually, WA is the free energy of adhesion between the liquid and the surface 
divided by the wetted area. Its unit is mN/m. The unit for the three surface tensions 
in the right hand side of Eq. (3.5) is also mN/m. Although the unit between them is 
the same, they are different fundamentally. In 1965, Gray [32] wrote: “It is clear 
from these definitions that surface tension and surface-free energy are quite distinct 
quantities. Surface tension is a tensor, which act perpendicularly to a line in a sur-
face. It is the quantity involved in contact angle equilibrium. Surface-free energy is 
a scalar quantity without directional properties and it is a property of an area of the 
surface. It is the quantity involved in thermodynamic properties of surfaces.”
Pease [19] was the first to point out that the air–liquid interface in contact with 

the solid is a one-dimensional system (the contact line), not a two-dimensional 
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 system (contact area) (Fig. 3.11). Any work of adhesion calculated from the contact 
angle would only reflect on work done on the contact line. This is different from the 
thermodynamic approach, which optimizes the free energy of the entire wetted area 
beneath the drop. He concluded that “the application of Young’s equation to equilib-
rium angle is not at all a measure of the overall mean work of adhesion between 
solid and liquid.” Bartell and Shepard [33] also concluded that contact angle is 
determined by the contact line at the liquid–solid–air interface, not the area beneath 
the drop. In their study of the wetting of paraffin surfaces with controlled roughness, 
they found that contact angle is insensitive to the height of the asperities (which lead 
to increased surface area), but sensitive to the inclination angle of the asperities. In 
1959, Johnson [34] pointed out the lack of rigor by surface researchers in his era 
when dealing with the quantities in the Young’s equation. Terms such as surface 
tension, surface energy, and surface-free energy were used as desired. This had 
contributed to the mass confusion in the literature. He went on to derive the Young’s 
equation using the technique of Gibbs. Gravity and adsorption were explicitly con-
sidered. He found that Young’s equation is a relationship among different surface 
tensions, not surface-free energies.

While progress has certainly been made in understanding the physics and ther-
modynamics of the wetting process, the state of confusion in the surface literature 
on the other hand is continuing. It appears that this situation can only be improved 
if the theory is back up by experimental facts. In 2003, Extrand [35] reported the 
fabrication of two smooth surfaces (verified by AFM) comprising chemically het-
erogeneous domains several mm in size in the center of the sample. The  configuration 
of the surfaces studied is shown in Fig. 3.12a. The first heterogeneous surface was 
prepared by coating a thin layer of polystyrene from a dilute solution onto an oxygen 
plasma-cleaned silicon wafer. The polystyrene domain is hydrophobic, whereas the 
silicon wafer is hydrophilic. The second surface was prepared by etching a small 
area in a PFA (perfluoroalkoxy) film with a sodium naphthalene complex solution. 
In this case, the etched area is hydrophilic, whereas the rest of the surface is hydro-
phobic. The advancing contact angle data for the materials in these two surfaces are 
summarized in Table 3.1. The changes in contact angles during the advancing con-
tact angle experiments with Surfaces 1 and 2 are given in Fig. 3.12b and the contact 
angle data are included in Table 3.1. Initially, a small water droplet was gently 
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Fig. 3.11 A 3D view showing partial wetting of a solid surface by a liquid droplet
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deposited in the center of the polystyrene domain in Surface 1 (d < D). The t = 0 θA0 
was measured at 95°. As small amount of water is added to the droplet, its volume 
expands. When the contact line advances beyond the polystyrene domain and makes 
contact with the silicon wafer (d ≥ D), a drastic decrease in contact angle is observed 
(Scenario 1). The measured θA1 is ~6°, identical to that of the oxygen plasma-treated 
silicon wafer. As for Surface 2, θA0 was measured at 67°, same as the etched PFA 
control. As  the  contact  line  advance  across  the  etched  PFA  domain,  there  is  an 
increase in contact angle (Scenario 2) and θA2 was measured at 109°, identical to that 
of the PFA control. In these two experiments, at the moment the advance contact 
line  crosses  the  polystyrene  or  etched PFA domains,  the  change  in  surface-free 
energies is small. In fact, the average surface-free energy in the contact area can be 
estimated based on the solid area fraction of the materials involved. In any event, the 
fact that θA1 and θA2 is dictated by the materials at the three phase contact line 
rather than the materials in the contact area positively proof that it is the contact 
line not the contact area determines the magnitude of the contact angle.
A very  similar  experimental  design was  reported  later  by Gao  and McCarthy, 

whose objective was to use the experimental data to argue “How Wenzel and Cassie 
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Fig. 3.12 (a) Configuration and materials for the two chemically heterogeneous surfaces 1 and 2, 
(b) water contact angles at t = 0 and after the contact lines advance across the material boundary

θA θA0 θA1 θA2

Si-wafer ~7°

Polystyrene 95°

Etched PFA 67°

PFA 109°

Surface 1 95° ~6°

Surface 2 67° 109°

Table 3.1  Contact angle data 
for materials and surfaces 1 
and 2 (data taken from [35])
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Were Wrong?” [36]. More detailed discussion on the story of Wenzel and Cassie will 
be given in Chap. 4. Here, the two surface designs (a and b) in Gao and McCarthy’s 
work are depicted in Fig. 3.13. Sample a comprises a hydrophilic spot within a 
hydrophobic silicon surface. The sample was prepared by first making a cleaned sili-
con wafer hydrophobic with a perfluoroalkyldimethylchlorosilane, followed by etch-
ing a spot with a sodium hydroxide solution. The advancing/receding contact angles 
(θA/θR) for the hydrophobic and hydrophilic areas are found to be (119°/110°) and 
(35°/10°), respectively. Experimentally, three different spot diameters (d = 1, 1.5, and 
2 mm) with varying water droplet diameters (D) were studied. The (θA/θR) results are 
summarized in Table 3.2. Without exception, when the diameter of the water droplet 
is smaller than the diameter of the hydrophilic spot (d > D), the contact angle data 
indicate that the drop is in the hydrophilic area. On the other hand, when d < D, the 
contact angle data indicate that the surface is hydrophobic. This is despite the fact 
that majority of the contact area is hydrophilic.

Similar results were obtained with surface b. Surface b was prepared by first 
texturing a rough spot of diameter d on a cleaned silicon wafer followed by a fluo-
rosilane treatment. The θA/θR ratios for the textured and smooth areas are found to be 
168°/132° and ~117°/~82°, respectively. The textured area is superhydrophobic, and 
the smooth area is hydrophobic. Again, three different spot diameters (d = 1, 1.5, and 
2 mm) with varying water droplet diameters (D) were studied and the results are also 
included in Table 3.2. Similar to the results obtained with Surface a, the contact angle 
data with Surface b show that the droplet reveals superhydrophobicity when d > D 
and hydrophobicity when d < D. Again, the size of the contact angle is dictated by the 
location of the contact line, not the surface energetic of the contact area.
In summary, the experimental data from Extrand as well as Gao and McCarthy 

leave little doubt that the energetics at the three phase contact line determines the 
size of the contact angle, not the contact area. Additional support for this conclusion 
comes from Bormashenko [37], who reported a detailed thermodynamic analysis of 

Fig. 3.13  Schematics of the chemically heterogeneous surfaces fabricated by Gao and McCarthy, 
Surface a comprises a partially hydrolyzed hydrophilic spot (white) on a hydrophobic silicon wafer 
(gray); Surface b comprises a superhydrophobic (textured) spot on the hydrophobic wafer (white); 
d is the diameter for the heterogeneous spot; and D is the diameter of the water droplet used in 
contact angle measurements (Reproduced with permission from [36],  Copyright  2007  The 
American Chemical Society)
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the wetting of smooth as well as composite surfaces and concluded that contact 
angle is a one-dimensional, not two-dimensional phenomenon.

3.6  Effects of Solvent and Temperature

From Eq. (3.1) to Eq. (3.3), surface tension, viscosity, and ambient temperature are 
parameters that will have an effect on the measured contact angle. While viscosity 
will primarily influence the rate of relaxation of θD during wetting, surface tension 
will have effects on both the relaxation rate Eq. (3.2) and the final contact angle 
Eq. (3.1). Surface tension is a property of liquid caused by uneven attraction of 
liquid molecules (or surface cohesion) at or near the surface, the higher the surface 
tension, the larger the resistance for the liquid to wet. The effect of solvent on contact 
angle has been studied on many polymer surfaces, such as poly(tetrafluoroethylene), 
poly(vinylidene fluoride), poly(ethylene), poly(vinyl chloride), poly(vinylidene 
chloride), polystyrene, and the like and adsorbed monolayers from aliphatic fatty 
acids and perfluoro fatty acids. The subject was summarized well by Zisman [2]. The 
solvent effect is usually plotted as cos θ versus γLV of the liquid. A typical plot 

d (mm) D (mm) θA/θR

Surface a 1 0.5 33°/11°

1 1.5 119°/110°

1 2.0 118°/108°

1 2.5 119°/108°

1.5 0.7 35°/9°

1.5 2.0 120°/110°

1.5 2.5 118°/109°

1.5 3.0 120°/111°

2 0.7 35°/10°

2 2.5 120°/110°

2 3.0 119°/110°

2 3.5 118°/111°

Surface b 1 0.5 168°/32°

1 1.1 117°/81°

1 1.2 117°/82°

1 1.3 117°/81°

1.5 0.7 166°/134°

1.5 1.6 117°/82°

1.5 1.7 117°/81°

1.5 1.8 117°/82°

2 0.7 165°/133°

2 2.1 117°/82°

2 2.2 117°/81°

2 2.3 118°/82°

Table 3.2 Water contact 
angle data for Surfaces a and 
b as a function of spot size 
and water droplet diameter 
(data taken from [36])
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showing the data taken on poly(tetrafluoroethylene) is given in Fig. 3.14. cos θ ver-
sus γLV exhibits a linear relationship in the low γLV regime. At g LV mN m>40 / , the 
relationship becomes nonlinear and is attributable to H-bonding and polar interac-
tions between the liquid and the solid surface. The critical surface tension, γC, is 
defined by the intercept at cos .qq =1 0 . As it turns out, γC was found to be the most 
valuable parameter in the plot because it is the characteristic of the surface tension of 
the solid surface [2]. The plot, known as Zisman plot today, is still a useful methodol-
ogy in gaining information about the surface energetics of new surface materials [38].

The effect of temperature on contact angle has seldom been studied. However, as 
the printing industry is evolved, printing has become a manufacturing technology 
for additive manufacturing and printed electronics. Inks are no longer just printed 
on paper at room temperature, they have been printed on different substrates, includ-
ing plastics and metal foils under a variety of conditions, e.g., temperature higher 
than ambient. Fundamental understanding of how liquid interacts with solid surface 
has shown to be crucial not only to the functional performance of the printed device 
[39, 40] but also to its resolution [41]. Mettu, Kanungo,  and Law  [42] recently 
reported a wetting study of a UV ink monomer (neopentyl glycol diacrylate, 
SR-9003) on four different coated substrates (DTC-coated and Flexo-coated biaxial 
oriented polypropylene (BOPP) and SGE paper) at temperatures ranging from ~22° 
to 95 °C. These substrates are macroscopically smooth, but do comprise micro/nano 
scale roughness. Figure 3.15 summarizes the results on the time-dependent wetting 
behavior of the UV ink monomer on these four substrates at ~22° and 95 °C.
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Fig. 3.15  Plots of the time-dependent contact angles for the monomer at substrate temperatures of 
22 °C and 95 °C on (a) DTC-coated BOPP, (b) Flexo-coated BOPP, (c) DTC-coated SGE, and (d) 
Flexo-coated SGE (Reproduced with permission from [42],  Copyright  2013  The  American 
Chemical Society)

The results in Fig. 3.15b–d indicate that increase of temperature results in an 
increase of the rate of relaxation for the contact angle and a decrease of the final 
contact angle. Since both surface tension and viscosity are known to decrease as 
temperature increases, the increase in relaxation rate is certainly rational. The 
decrease in the final contact angle can attribute to the temperature effect on surface 
tension. On the other hand, an anomalous temperature effect is observed on the DTC-
coated BOPP substrate (Fig. 3.15a). The final contact angle at 95 °C is higher than 
that at 22 °C (~52° vs. 30°). Study of the effect of temperature on the surface mor-
phology by AFM shows that nano protrusions were developed as the polypropylene 
fibers in BOPP undergo thermal expansion underneath the DTC coating (Fig. 3.16). 
The nano protrusions create friction against liquid spreading, resulting in pinning 
of the liquid droplet as the liquid contacts the rough substrate surface at 95 °C. This 
interpretation is supported by measuring the contact angle obtained from different 
dispensing drop heights. The results are summarized in Fig. 3.17a, b. At 22 °C, the 

3.6 Effects of Solvent and Temperature
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final contact angle is at ~30° and is insensitive to the drop height as it varies 
between 4 and 35 mm. On the other hand, the final contact angle is shown to be 
sensitive to the drop height at 95 °C, the higher the drop height the smaller the final 
contact angle. The result is attributable to the additional kinetic energy provided to 
the wetting droplet, consistent with the wetting model shown in Fig. 3.9.

This work demonstrates that care should be taken in interpreting the wetting data 
at different temperature. There are two components in liquid–solid interactions. 
While temperature certainly has effects on the surface tension and viscosity of the 
liquid, it may also have an effect on the morphology of the solid surface too.
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Fig. 3.17  Plots of  time-dependent contact angles for  the monomer on DTC-coated BOPP sub-
strate at varying drop height at (a) 22 °C and (b) 95 °C (Reproduced with permission from [42], 
Copyright 2013 The American Chemical Society)

Fig. 3.16  AFM phase images of DTC-coated BOPP (a) at 22 °C and (b) at 95 °C (Reproduced 
with permission from [42], Copyright 2013 The American Chemical Society)
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Chapter 4
Wetting on Rough Surfaces

Abstract There are two possible wetting states, Wenzel and Cassie-Baxter, when 
liquid wets a rough surface. In the Wenzel state, liquid fully wets every area of the 
rough surface. For hydrophilic material, roughness enhances wettability and results 
in superhydrophilicity. On the other hand, roughness increases the surface’s resis-
tance to wet for moderately hydrophilic and hydrophobic material. The advancing 
contact line sometimes prematurely pins the liquid droplet into a metastable wetting 
state, resulting in an anomalously large contact angle. Vibration of the drop de-pins 
the contact line and relocates the droplet to an equilibrium position with a smaller 
equilibrium contact angle θeq. The calculated Wenzel angle agrees well with θeq 
confirming that vibration leads to the most stable wetting state on the rough surface. 
Roughness geometry is shown to have a profound effect on the wetting and spread-
ing process. While surface with cavities and pores wets similarly to the smooth 
surface, bumps on the other hand interact with the contact line, they retard contact 
line advancing during spread and drag the contact line during receding. In the case 
of the Cassie–Baxter state, pockets of air are trapped during liquid wetting, forming 
a liquid–solid–air composite interface. This interface is characterized by a large 
contact angle along with a small sliding angle. Surface texture/roughness, low sur-
face energy material, and re-entrant geometry are key design parameters for both 
superhydrophobicity and superoleophobicity. Since the fully wetted Wenzel state is 
usually more stable, a lot of attention has been paid to stabilize the Cassie–Baxter 
state by increasing the energy barrier between them. Hierarchical roughness struc-
ture and re-entrant angle at the liquid–solid–air interface are shown to be key 
enablers, not only to stabilize the Cassie–Baxter composite state from transitioning 
to the Wenzel state, but also to increase its resistance to collapse when an external 
pressure is applied. Cassie–Baxter composite state can also be formed on groove 
surfaces, which will lead to directional wetting. Droplets are shown to move faster 
in the direction parallel to the grooves through wetting of the solid strips. This is 
evident by imaging the advancing contact line with a hot polyethylene wax. In the 
orthogonal direction, the contact line advances by hopping from one solid strip to 
another. This increases the chance of pinning and results in both large contact angle 
and sliding angle. With appropriate surface texturing, surface with interesting uni-
directional spreading ability has been reported. Despite the fascinating wetting 
properties and its numerous application potentials, technology implementation of 
rough surfaces is lagged. The major hurdle for crossing the chasm between research 
and product is discussed.
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4.1  The Two Classic Wetting Models

The concept of wetting a rough surface was first described by Wenzel [1]. Using the 
thermodynamic argument, he stated that if a liquid wets a solid surface favorably, its 
wettability will be enhanced on the rough surface. Similarly, if the surface resists 
wetting, its resistance against wetting will increase when the surface becomes rough. 
The increase in wettability in the former or wetting resistance in the latter is attributed 
to the increase in surface area as the surface is roughened. The apparent contact angle 
on a fully wetted rough surface is given by the Wenzel equation Eq. (4.1)

 cos coswqq qq= ×r  (4.1)

where θw is the Wenzel angle, θ is the contact angle of the smooth surface of the 
same material, and r is the roughness factor. r is given by:

 r = actual surfacearea projected surfacearea/  (4.2)

In 1944, Cassie and Baxter [2] extended the analysis of the apparent contact 
angles for the wetting of porous surfaces similar to those encountered in textiles in 
clothing and feathers in birds. When a liquid wets a porous surface, air pockets are 
formed  and  the  liquid–surface  interface  becomes  a  composite  interface. Again, 
based on a simple thermodynamic argument, the apparent contact angle is deter-
mined by the energetics of the contact area under the liquid droplet, which has two 
components: one governs by the area fraction of the solid and the other by the area 
fraction of air. The general expression for the apparent contact angle (θapp) is:

 
cos cos cosappqq qq qq= × + ×f f1 1 2 2  (4.3)

where f1 and f2 are the area fractions and θ1 and θ2 are the contact angles for the two 
components at the liquid–solid–air composite interface, respectively.

Since one of the components (f2) is air, cos180 1°=- , Eq. (4.3) becomes the 
famous Cassie–Baxter equation:

 
cos cosqq qqCB= × + -( )f f 1

 (4.4)

where θCB is the Cassie–Baxter angle, f is the solid-area fraction, and θ is the contact 
angle of the smooth surface of the same material.

4 Wetting on Rough Surfaces
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As elucidated in Chap. 3, the angle of contact formed between a solid surface and the 
wetting liquid is a result of the mechanical equilibrium of the three surface tensions 
(γSV, γLV and γSL) acting on the three phase contact line. The contact angle is determined 
by the energetics at the contact line, not the contact area. So it comes as no surprise 
that there were once serious debates about the “right-or-wrong” of the Wenzel and 
Cassie–Baxter analyses [3–8]. Gao and McCarthy [3] reported a very simple experi-
mental design to test the validity of Eq. (4.4). The test samples were prepared by 
first creating a textured spot of diameter d on a clean silicon wafer, followed by a 
fluorosilane treatment. The finished samples end up with a superhydrophobic spot 
within the hydrophobic silicon surface. Three spot diameters, 1, 1.5, and 2 mm, 
were  fabricated. A  schematic  of  the  heterogeneous  sample  structure  is  given  in 
Fig. 4.1.

Experimentally, a small droplet of water was dispensed to the center of the textured 
area. The diameter of the contact area D was recorded and the advancing/receding 
contact angles θA/θR were determined. Small amount of water was added next. 
The diameter of the expanded drop and θA/θR of the drop were determined. This 
procedure is repeated for other samples, and the data are summarized in Table 4.1.
Also included in Table 4.1 are the area fractions f1 and f2 calculated based on the 

dimensions of the spot and the contact area as well as the calculated θA/θR values 
from Eq. (4.3). It is important to note that the calculated θA/θR value varies as the 
solid-area fractions for the two surface components vary. For instance, the calcu-
lated θA/θR would decrease as f1 (area fraction of the textured area) decreases. When 
d > D such as the cases of Exp’t # 1, 5, and 9, the θA/θR values indicate that the 
textured area is superhydrophobic. On the other hand, when d < D, there is disagree-
ment between the observed and the calculated values. Since the calculated value is 
entirely based on surface free energy consideration, it decreases gradually as f1 
decreases. Experimentally, all cases with d < D give identical θA/θR values, indi-
cating that the contact areas for Exp’t # 2–4, 6–8, and 10–12 are all hydrophobic. 
The identical θA/θR values coupled with the lack of correlation with the surface ener-
getics of the contact area led Gao and McCarthy to conclude that it is the energetics 
at the contact line, not the contact area beneath the drop determines the contact 
angle [3]. While one may argue that the Cassie–Baxter equation is still useful in 

Fig. 4.1 Schematic of the heterogeneous surfaces fabricated on Si-wafer to test the Cassie–Baxter 
equation (d diameter of the texture, D diameter of the contact area during water contact angle measure-
ment) (Reproduced with permission from [3], Copyright 2007 American Chemical Society)

4.1  The Two Classic Wetting Models

http://dx.doi.org/10.1007/978-3-319-25214-8_3
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predicting the contact angle when the energetics between the contact line and 
the contact angle is the same. This is actually a weak argument with many flaws. 
This argument violates several related basic concepts that are the foundations of 
surface science. These basic concepts are: (1) the angle of contact between a solid 
and the wetting liquid is a result of a mechanical equilibrium for the three forces 
acting at the three phase contact line, not thermodynamic equilibrium, (2) contact 
angle is a one- dimensional, not two-dimensional phenomenon, and (3) surface ten-
sion and surface energy cannot be used interchangeably, the former is a tensor and 
the latter is scalar quantity without directional property. These basic concepts are 
not new. They have been discussed in fragments on-and-off from 1945 to 2010, 
e.g., by Pease [9], Bartell and Shepard [10], Johnson [11], Gray [12], Extrand [13], 
Gao and McCarthy [3, 8], and Bormashenko [14]. Although Gao and McCarthy did 
make an attempt to put their thoughts together and share it in their 2009 “Wetting 
101°” paper [15], that effort appeared in vain as little has changed in the scientific 
community. We feel that this subject matter is so crucial to the future development 
of surface science that a second attempt is warranted. It is our hope that this work 
will play a role in laying a solid foundation for the basic concepts in surface science 
for years to come.

Together with additional results discussed later in this chapter, we agree with 
Gao and McCarthy  that  the uses of  the Wenzel  and Cassie–Baxter  equations  to 
predict contact angles and getting agreement are just fortuitous. In fact, many 
research groups [3, 16–19] have found disagreements between the calculated 
Wenzel and Cassie–Baxter angles with the experimentally measured contact 
angles, some of which will be further discussed below. We have to emphasize that 
we are by no means undermining the work of Wenzel and Cassie–Baxter. After all, 
these investigators did advance the knowledge of wetting rough surfaces and 
porous surfaces in the 30s and 40s, and their work had great influence to the field 

Table 4.1 Physical and water contact angle data for the heterogeneous surfaces shown in Fig. 4.1 
(data from [3])

Exp’t # d (mm) D (mm) f1
a f2

b θA/θR (cal’d)c θA/θR

1 1 0.5 1.00 0.00 168°/132°

2 1 1.1 0.83 0.17 152°/122° 117°/81°

3 1 1.2 0.69 0.31 145°/115° 117°/82°

4 1 1.3 0.59 0.41 140°/108° 117°/81°

5 1.5 0.7 1.00 0.00 166°/134°

6 1.5 1.6 0.88 0.12 156°/125° 117°/82°

7 1.5 1.7 0.78 0.22 150°/119° 117°/81°

8 1.5 1.8 0.69 0.31 145°/115° 117°/82°

9 2 0.7 1.00 0.00 165°/133°

10 2 2.1 0.91 0.09 158°/126° 117°/82°

11 2 2.2 0.83 0.17 153°/122° 117°/81°

12 2 2.3 0.76 0.24 148°/118° 118°/82°
af1 area fraction of the textured area within the contact area
bf2 area fraction of the non-textured area within the contact area
cCalculated from Eq. (4.3)
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of surface science many decades after that. We should consider that recognizing 
and accepting the shortfall of the Wenzel and Cassie–Baxter analyses by itself is an 
important progress in surface science. Fundamentally, when a liquid wets a rough 
surface, there are two possible wetting states, one with the liquid fully wetting 
every area of the rough surface and the other with the liquid partially wetting and 
pinning on the asperities of the rough surface. The latter results in the formation of 
air pockets and a liquid–solid–air composite interface. These two wetting states 
have appropriately been recognized as the Wenzel and Cassie–Baxter state, respec-
tively, in the literature (Fig. 4.2).

4.2  Wetting in the Wenzel State

According  to  the Wenzel  equation Eq.  (4.1), rough surface made of hydrophilic 
material can render itself superhydrophilic with a very small water contact angle θ 
of <10ο. Rough surfaces with moderately hydrophilic and hydrophobic materials, 
on the other hand, can result in surfaces with large contact angles. Conceptually, 
when a surface is fully wetted by a liquid, it implies that the wetting process is ener-
getically favorable. Crucial questions remain and they are: will the liquid droplet be 
in the most stable wetting state? What determines the contact angle? How does the 
contact line look like? What are the factors that control the movement of liquid on 
the rough surfaces? These questions will be addressed in the following.

4.2.1  The Metastable and Most Stable Wetting State

In 2004, Meiron, Marmur, and Saguy [16] reported the fabrication of four rough 
surfaces by coating beeswax on a glass slide and three abrasive papers (attached to 
glass slides) of roughness ranging from Wenzel roughness factor r 1.03–1.25 as 
determined by the grit number of the abrasive paper. The surface energy of these 
surfaces should be very similar as they were prepared from the same beeswax. 
The contact angles of water and ethylene glycol on these four surfaces were studied 
before and after vibration with a loudspeaker. The product fA represents the velocity 

liquid

solid

Wenzel State

liquid

solid

Cassie-Baxter State

Fig. 4.2 Schematic of the two possible wetting states on rough surfaces
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of the vibration motion generated by the loudspeaker. Plots of the effect of fA on the 
contact angle and roundness (Rd) of the droplets for water and ethylene glycol are 
shown in Fig. 4.3 for surface with r = 1.09. Typically, drops with Rd > 0.95 are 
considered round.

The results clearly show that vibration of the droplets using the loudspeaker 
de- pins the contact lines and brings the drops to the more stable wetting states with 
smaller contact angles. The Wenzel contact angles (θW) for water and ethylene glycol 
initially at ~115° and ~85°, respectively, were shown to decrease and subsequently 
level off at ~98° and ~71°, respectively, after vibration. The results suggest that the 
initial sessile droplets for both water and ethylene glycol are metastable. Appropriate 
vibration brings the metastable wetting states to their respective most stable wetting 
states with equilibrium angles at θW

eq. A schematic showing the free energy relation-
ship between the initial contact angle θW and the equilibrium contact angle θW

eq 
is given in Fig. 4.4.

This free energy relationship is actually supported by the data in Fig. 4.3. For 
instance, the viscosity for ethylene glycol is higher than that of water, suggesting that 
the energy barrier for the liquid advance is higher for ethylene glycol on the same 
rough surface. Indeed, comparison of the fA values in Fig. 4.3a, b reveals that it takes 
about ten times more energy to bring the ethylene glycol droplet to the equilibrium 
state as compared to that of water. Table 4.2 compares the observed θW

eq values for 
water and ethylene glycol on the four rough surfaces with the calculated Wenzel 
angle (θW)cal values from the Wenzel equation Eq. (4.1). A very good agreement is 
obtained. The agreement confirms that, as with smooth surface, the apparent contact 
angle θW on rough surface is from a metastable wetting state. Liquid droplet just 
ceases to spread as all of its kinetic energy is dissipated due to friction created by the 
rough surface. This results in a larger than expected θW value. When the metastable 
wetting state is excited by the vibration noise, the contact line de-pins and continues 
to advance to the most stable wetting state with an equilibrium angle θW

eq.
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Fig. 4.3 Plot of contact angle (θ) and drop roundness (Rd) as a function of vibration velocity fA 
for surface with r = 1.09 (a) water and (b) ethylene glycol (open circle before and filled triangle 
after vibration) (Reproduced with permission from [16], Copyright 2004 Elsevier)
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4.2.2  Unexpected Wettability

The Wenzel equation suggests that roughness should increase the wettability of 
hydrophilic surface. This is certainly true for highly hydrophilic materials (water 
θ < 30°), where roughness has often led to super-wetting or superhydrophilicity 
[20]. On the other hand, the wetting behavior of rough surface made of moderately 
hydrophilic material has not been well studied. In 2010, Forsberg and co-workers 
[17] reported a study of the wetting of microtextured surfaces comprising square 
pillar arrays made of SU8. SU8 is a common photoresist material used in photoli-
thography. It is moderately hydrophilic with a water θ of ~72°. Figure 4.5a, b show 
the schematics of the pillar array design. The width of the square pillar is fixed at 
w = 20 μm, the pitch d varies from 25 to 120 μm, and the heights studied are at 7 and 
30 μm. Figure 4.5c shows the water advancing and receding angle of the control 
smooth SU8 surface, which is at 72° and 59°, respectively. On the pillar array sur-
face shown in Fig. 4.5d (w/d = 0.63, height 7 μm), an unexpected large advancing 
contact angle at 140° was observed. The surface exhibits practically 0° receding 
angle and a photograph showing the meniscus after water receding is shown in the 
insert.  The  result  suggests  that  water  fully  wets  the  SU8  pillar  array  surface. 
Additional  control  experiment was  performed with  a  hydrophobized  pillar  array 

∆G

Contact Angle

qW qW
eq

Fig. 4.4 Schematic of the free energy relationship between Wenzel angle θW and the equilibrium 
contact angle θW

eq on rough surface

Water Ethylene glycol

r θW
eq (θW)cal θW

eq (θW)cal

1.01 97.3 97.3 73.1 73.2

1.03 97.9 97.7 72.4 72.9

1.09 98.0 97.3 71.6 73.2

1.25 100.1 98.1 69.7 73.9

Table 4.2 Comparison of 
equilibrium Wenzel angle 
θW

eq with the calculated 
Wenzel angle (θW)cal (data 
taken from [16])
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surface. The sessile drop data is given in Fig. 4.5e. A large static contact angle with 
small hysteresis was obtained, indicating that the water droplet is indeed in the 
Cassie–Baxter state on the hydrophobized pillar array surface. The overall wetting 
data allow one to conclude that water droplet is in the Wenzel state on the SU8 pillar 
array surfaces.

Figure 4.6 plots  the advancing and receding contact angles of  the SU8 pillar 
array surfaces as a function of w/d. The upper dash line shows the trend calculated 
from the Wenzel equation Eq. (4.1). The observed advancing contact angles and 
the calculated data are not only in disagreement, they are actually trending in an 
opposite direction. A closer examination of the advancing contact line on the pillar 
array surface (Fig. 4.5f) shows that the contact line pins at the corners of the square 
and extends outward in the space between pillars. To explain the unexpected large 
contact angle and the disagreement between the Wenzel equation and the experi-
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Young
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(h=30µm)
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Eq-4.5co
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0.6 0.8 1.00.0
–1.0

–0.5

0.0

0.5

1.0Fig. 4.6 Plot of cosθ 
versus w/d for SU8 square 
pillar array surfaces 
(Reproduced with 
permission from [17], 
Copyright 2010 American 
Chemical Society)

Fig. 4.5 (a, b) Schematics for the square pillar array model surfaces, (c) advancing and receding 
contact angle data for the smooth SU8 surface, (d) advancing and receding contact angle data for 
an SU8 pillar array surface (w/d = 0.63, h = 7 μm), (e) water sessile drop data on a hydrophobized 
SU8 pillar array surface, and (f) photograph of the advance contact line (d = 120 μm) (Reproduced 
with permission from [17], Copyright 2010 American Chemical Society)
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mental data, Forsbery and co-workers [17] first assumed that the liquid–solid–air 
interface is in a mechanically stable configuration. They then used the dimension 
and geometry of the contact line to modify the Wenzel roughness factor. The modified 
Wenzel equation is given by:
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The cosqqW
mod values were calculated and shown as the solid line in Fig. 4.6. A very 

good agreement is obtained between the modified Wenzel angle and the observed 
angle for the pillar array surfaces with a 7 μm pillar height. For pillar array surfaces 
of 30 μm pillar height, the observed apparent contact angles were even larger. 
The discrepancy with the calculated values from Eq. (4.5) is attributable to the 
assumption of using a low pillar height in the modified equation. In any event, this 
study again supports the notion that contact angle is governed by where the contact 
line is pinned, not the contact area beneath the liquid droplet.

The experimental observation by Forsbery and co-workers is consistent with the 
wetting dynamics on solid surfaces as discussed in Chap. 3. For instance, as water 
starts wetting the 7 μm pillar array surface, the contact line advances. The advance 
will cease when all its kinetic energy is dissipated. Due to the large friction created by 
the pillar array, the advance contact line is stopped far from its equilibrium position, 
resulting in an unexpected large contact angle, consistent with the free energy model 
shown in Fig. 4.4. This interpretation gains further support from the data collecting 
from the 30 μm pillar height, pillar array surfaces. Due to the increase in pillar height, 
the energy barrier or friction against wetting is larger for the 30 μm pillar array 
surfaces. The analysis would suggest that the advancing contact angles for the 30 μm 
pillar height surfaces would be larger than those of the 7 μm pillar height surfaces. 
Indeed, this is experimentally observed.

4.2.3  Roughness Geometry on Wettability and Wetting 
Dynamics

A series of model rough PDMS surfaces comprising arrays of 3 μm hemispherical 
bumps and cavities with pitches ranging from 4.5 to 96 μm were recently fabricated 
by Kanungo and co-workers using the conventional photolithography and molding 
techniques [19]. The representative SEM micrographs are given in Fig. 4.7. These 
surfaces are designed to address the following questions: are surfaces with bumps 
and cavities better models to emulate wetting and de-wetting behavior of liquid on 
real, practical rough surfaces, which are mostly hills and valleys? The wetting 
entrant angles between real rough surfaces and the bumpy and cavity surfaces 
shown in Fig. 4.7 are fairly comparable, significantly less than 90°. Whereas major-
ity of the model rough surfaces reported in the literature are pillar arrays with high 
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aspect ratios [17, 21–23]. Pillars are vertical protrusions from a flat surface and the 
wetting entrant angle against the advancing liquid is at 90°. The friction the pillars 
exerted to the advancing liquid is expected to be larger than those from hills and 
valleys and also from bumps and cavity surfaces based on simple geometrical 
consideration. Schematics showing the differences in frictions created by these 
surfaces are shown in Fig. 4.8. Other objectives of the work include study of the 
effect of rough geometry, using bumps and cavities as models for hills and valleys, 
on surface wettability and wetting dynamics.

Wetting States on Model Rough PDMS Surfaces. The surface properties of all model 
bumpy and cavity PDMS surfaces were studied by static and dynamic contact angle 
measurements with water as the test liquid and the data are tabulated in Table 4.3. 
The contact angle data for the smooth PDMS surface are included as reference. 
As discussed in Sect. 4.1, wetting of liquid on a rough surface can be described by 

Fig. 4.7   Representative SEM micrographs of rough PDMS surfaces with varying pitches (a, d 
4.5 μm, b, e 12 μm and c, f 96 μm); (g) SEM micrograph of the 3 μm diameter hemispherical sili-
con mold, (h) SEM micrograph of the hemispherical bump on the PDMS surface created from the 
mold in (g), and (i) SEM micrograph of the hemispherical cavity PDMS surface molded from the 
bumpy surface in (g) (Reproduced with permission from [19], Copyright 2014 American Chemical 
Society)

friction
Liquid Liquid

bumpy arraypillar array cavity array

Liquid

Fig. 4.8 Schematic of the wetting scenarios between a pillar array rough surface and the hemi-
spherical bumpy and cavity array surfaces
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the two classic wetting models. When the rough surface is fully wetted by the liquid, 
the apparent static contact angle is the Wenzel angle (θW) and is given by the Wenzel 
equation [1]. The Wenzel roughness ratios (r) for the model rough PDMS surfaces 
can be calculated from the radii and geometry of the bumps and cavities. The r values 
are the same for the bumpy and cavity surfaces of the same pitch. Details of the 
calculation have been given elsewhere [19]. From the r values, the Wenzel angles 
(θW) are calculated and are given in Table 4.3 column 3.

For rough, porous surface where pockets of air can be created during wetting, a 
composite liquid–solid–air interface is formed. The apparent contact angle is the 
Cassie–Baxter angle (θCB) and is given by the Cassie–Baxter equation [2]. Figure 4.9 
shows the generalized, hypothetical wetting states for (a) the bumpy PDMS surface 
and  (b)  the  cavity PDMS  surface. On  the  bumpy PDMS  surface, hL is the height 
needed to create the air pocket. On the cavity surface, hL is the sagging height. Since 
optical microscopy results (Fig. 4.10 below) indicate that the contact lines for both 
bumpy and cavity surfaces are pinned at the lead edge of the rough structures, that 
means hL = 0 for both the bumpy and cavity surfaces. It is thus geometrical impos-
sible to trap air on the bumpy surface when hL = 0 during wetting. In the other word, 
bumpy PDMS surfaces will always be in the Wenzel wetting state. However, a Cassie–
Baxter state is still a possibility for the cavity surface when hL = 0. The Cassie–Baxter 
angles (θCB) for cavity surfaces are then calculated (Table 4.3 column 4).

The overall results in Table 4.3 show that the observed θ for the model rough 
PDMS surfaces  (columns 5 and 9) are not  in agreement with neither θW nor θCB 

Table 4.3  Contact angle measurement data for model rough PDMS surfaces with arrays of bumps 
and cavities (Reproduced with permission from [19], Copyright 2014 American Chemical Society)

Pitcha rb θW
c θCB

d

Array of bumps Array of cavities ireff jθW
mod

θe θAf θR
g CAHh θe θAf θR

g CAHh

96 μm 1.00 110° 110° 116° 117° 69° 48° 117° 120° 76° 44° 1.05 111°

48 μm 1.01 110° 110° 115° 119° 71° 48° 117° 120° 77° 43° 1.11 112°

24 μm 1.02 111° 110° 117° 120° 68° 52° 118° 119° 79° 40° 1.22 115°

12 μm 1.1 112° 112° 122° 125° 61° 64° 124° 129° 81° 48° 1.44 119°

6 μm 1.4 118° 118° 129° 131° 68° 63° 128° 132° 83° 49° 1.87 130°

4.5 μm 1.7 126° 125° 138 144° 83° 61° 136° 140° 88° 52° 2.16 138°

Smooth 
surface

1.00 – – 110° 112° 72° 40° – – – – –

aCenter-to-center spacing between bumps or cavities
bThe classic Wenzel roughness ratio, actual surface area divided by projected area
cCalculated Wenzel angle from Eq. (4.1)
dCalculated Cassie–Baxter angle (θCB) for cavity surface from Eq. (4.2)
eStatic contact angle
fAdvancing contact angle
gReceding contact angle
hContact angle hysteresis, defined as (θA−θR)
iEffective roughness factor calculated by correcting for the increase of contact line density at the 
three-phase contact line [17]
jModified Wenzel angle calculated according to method of Forsberg and co-workers [17]
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values. The disagreement is not surprising as recent theoretical and experimental 
results showed that the contact angles of rough surfaces tend to correlate more to the 
locality of the three phase contact line than the classic Wenzel and Cassie–Baxter 
angles due to pinning of the contact lines on rough surfaces [17, 18, 24–27]. Using 
the methodology of Forsberg and co-workers [17], a one-dimensional modified 

Fig. 4.10 Optical photographs of the three-phase contact lines as imaged from the bottom of the 
water sessile droplets on (a) smooth, (b) 12 μm pitch bumpy, and (c) 12 μm pitch cavity PDMS 
surfaces (Reproduced with permission from [19], Copyright 2014 American Chemical Society)

Fig. 4.9 Generalized, 
hypothetical schematics for 
the wetting of (a) the 
bumpy PDMS surface and 
(b) the cavity PDMS 
surface. On the bumpy 
PDMS surface, hL is the 
height needed to create the 
air pocket. On the cavity 
surface, hL is the sagging 
height (Reproduced with 
permission from [19], 
Copyright 2014 American 
Chemical Society)
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Wenzel equation can be derived based on the geometry of the contact line (Fig. 4.10), 
where θW

mod
 is the modified Wenzel angle.
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After rearranging the above equation to the classical Wenzel format, the effective 
roughness ratio (reff) is obtained and is given by:

 
reff = - +( )1 1

R

D
tanqq

 
(4.7)

Details for the derivations of reff and θW
mod

 and discussion of the wetting states have 
been given earlier [19]. The calculated reff and θW

mod
 values are listed in Table 4.3 

columns 13 and 14, respectively. Without exception, reasonably good agreements 
between qqW

mod and θ are observed for both bumpy and cavity surfaces, suggesting 
that both type of surfaces are in the fully wetted Wenzel states. This conclusion is 
supported by recent wetting studies of PDMS pillar array surfaces both theoretically 
and experimentally. Jopp et al. [28] showed by free energy calculation that water 
will  fill  all  the  grooves  between  pillar  arrays  of  PDMS,  which  is  hydrophobic. 
Papadopoulos and co-workers [22] reported visualization of the fully wetted liquid–
solid  interface  between water  and  PDMS  three  dimensionally  by  laser  scanning 
confocal microscopy. Additional evidence supporting the conclusion that water is in 
the fully wetted Wenzel state on both bumpy and cavity PDMS surfaces come from 
the drop vibration experiments, which will be given later in this chapter.

Advancing and Receding Contact Lines The location and the geometry of the advanc-
ing contact lines on the bumpy and cavity PDMS surfaces were examined directly 
from the bottom of the water droplets and the optical micrographs of the contact lines 
are given in Fig. 4.10. Expectedly, the contact line for the smooth PDMS surface is 
smooth and round (Fig. 4.10a), whereas those on the bumpy and cavity surfaces are 
distorted by the microstructures (Fig. 4.10b, c). This is consistent with the contact 
lines observed in other microtextured surfaces, where the three- phase contact lines are 
all shown to follow the edge of the rough microstructures [18, 21, 22, 24–27]. A closer 
examination of the photographs reveals that the three- phase contact lines in Fig. 4.10 
actually follow the lead edges of the bumps on the bumpy surface and the cavities on 
the cavity surface. A schematic showing the top- view and side-view of the three-phase 
contact lines on these surfaces is given in Fig. 4.11. Both contact lines are shown pin-
ning at the lead edges of the rough structures.

Surfactants and dyes in aqueous solutions are known to localize around the 
three- phase contact lines [29]. As water is evaporated, the dye crystalizes and the 
residues provide a trace for the receding contact line. Using the procedure analo-
gous to that reported by Wu and co-workers [30], the receding contact lines were 
imaged by evaporating the sessile droplets of a very dilute Rhodamine solution 
(~5 × 10−6 g/mL) on the smooth and the bumpy and cavity PDMS surfaces. Controlled 
experiments show that the added dye in water has no effect on the contact angles 
on all PDMS surfaces. Figure 4.12a–c show the optical photographs of the evapo-

4.2 Wetting in the Wenzel State



68

Cavity

Bump
Top view Side view

Contact line
Liquid advancing

Liquid advancing

Fig. 4.11 Schematics for the top-view and side-view of the three-phase contact lines for water 
droplets  on  the  bumpy  and  cavity  PDMS  surfaces  (Reproduced  with  permission  from  [19], 
Copyright 2014 American Chemical Society)

Fig. 4.12 Optical photographs of the receding contact lines as imaged by evaporating a very dilute 
Rhodamine dye solution (~5 × 10−6 g/mL) on (a) smooth, (b) 12 μm pitch bumpy, and (c) 12 μm 
pitch cavity PDMS surfaces. The arrows show the receding directions (Reproduced with permis-
sion from [19], Copyright 2014 American Chemical Society)
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rated  droplets  on  the  smooth PDMS  surface  and  the  bumpy  and  cavity PDMS 
surfaces, respectively. The photograph in Fig. 4.12a clearly shows the dye residue 
on the smooth PDMS surface after water evaporation. The contact line is round 
and smooth during the liquid-receding process. On the other hand, microstructures 
are visible in the receding contact line on the bumpy PDMS surface (Fig. 4.12b). 
The image  suggests that the bumps are dragging the contact line as the liquid is 
receding. As for the cavity surface, the receding contact line is relatively smooth 
and round. There appears to be little dragging by the cavities. The microscopy 
results thus indicate that rough geometry does have an effect on the movement of 
the contact line. Bumps are found to drag the contact line as it recedes while cavities 
behave like a smooth surface.

Drop Vibration Experiments Fig. 4.13a depicts the photographs of the ~5 μL sessile 
water droplets on the smooth PDMS surface, the 12 μm pitch bumpy PDMS sur-
face, and the 12 μm pitch cavity PDMS surface. Their static contact angles are at 
110°, 122°, and 124°, respectively. To test the wetting states of the water on these 
surfaces, Kanungo and co-workers [19] subjected all three water droplets in 
Fig. 4.13a a 15-s vibration according to the procedure described by Cwikel and 
 co- workers [31] and the results are given in Fig. 4.13b. All  three sessile droplets 
give the same static contact angles at ~91° after the 15-s vibration. The results indi-
cate that all three sessile droplets were in the metastable wetting states before the 
vibration. While  the  static  contact  angle  for  the  smooth  PDMS  surface  changes 
from 110° to 92° after vibration and the observation is consistent with that reported 

Flat PDMS

PDMS surface with
bumpy arrays

PDMS surface
with cavity arrays

15 s vibration

110°

122°

124°

92°

91°

91°

a b

Fig. 4.13  Images of the water sessile droplets on smooth and rough PDMS surfaces (a) before and 
(b) after 15 s vibration (Reproduced with permission from [19],  Copyright  2014  American 
Chemical Society)
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by Cwikel and co-workers [31], the results for the bumpy and cavity surfaces are 
very unusual as their contact angles after vibration would suggest that the water 
droplets pin selectively in the smooth areas of the rough PDMS surface! Indeed, 
further optical microscopy study reveals that, the contact lines on both bumpy and 
cavity PDMS surfaces become much smoother after vibration and that they appear 
to be on the smooth area of the PDMS surfaces rather than distorted by the rough 
structures [19]. The overall results from the drop vibration experiments suggest that 
water droplets are always in the metastable wetting states on the bumpy and cavity 
surfaces due to pinning effect. Vibration, which leads to de-pinning and relocation 
of the contact lines, results in the population of the most stable wetting states on 
these surfaces. The similar final θ values for all the PDMS surfaces after vibration 
suggest that the most stable wetting states on the bumpy and cavity surfaces also 
involve pinning the water droplets in the smooth area of the rough PDMS surfaces. 
The observation can be rationalized based on the Gibbs free energy curves of the 
wetting states of the smooth and rough surfaces. The schematics of the curves are 
given in Fig. 4.14 based on the contact angle data in Table 4.3. As discussed  in 
Chap. 3 and Sect. 4.2, wetting a solid surface involves transfer of the kinetic energy 
in the sessile droplet (gained from gravity acceleration) to the kinetic energy for 
wetting after the liquid droplet contacts the surface. The droplet will cease to spread 
when all its kinetic energy is dissipated. The generally large θ values observed in 
Table 4.3 for the bumpy and cavity PDMS surfaces relative to the calculated Wenzel 

∆G

Contact Angle

(qS)smooth

Smooth
PDMS

Rough
PDMS

(qS)Wenzel

Fig. 4.14  Schematic plot of the Gibbs free energy curves for wetting of a smooth PDMS surface 
and rough PDMS surface (bumps and cavities) by water as a function of the apparent contact angle. 
θS is the most stable contact angle (Reproduced with permission from [19], Copyright 2014 
American Chemical Society)
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angles (θW) can thus be attributed to this pinning effect [17, 22, 26]. In the case of a 
fully wetted water droplet on a rough surface, Meiron and co-workers [16] showed 
that vibration can convert a metastable wetting state to the most stable Wenzel state. 
The contact angle for the stable Wenzel state was found to be in agreement with the 
calculated Wenzel angle (θW).  In  the  cases  of  the model  PDMS  surfaces  in  the 
Kanungo study, contrast to that reported by Meiron and co-workers, the most stable 
contact angles for the bumpy and cavity surfaces are a lot smaller than the calculated 
θW (110°–126° vs. ~91°). The similar contact angles for all three PDMS surfaces 
after the 15-s vibration suggest that the contact lines on the rough surfaces relocate 
to the smooth area of the PDMS surface after de-pinning by vibration. This is sup-
ported by recent optical microscopy results and implies that the stable Wenzel states 
for the bumpy and cavity surfaces are not as thermodynamically favorable as that of 
the smooth surface. We suggest that during vibrational excitation, the contact lines 
de-pin and the droplets on the bumpy and cavity surfaces are able to cross-over to 
the energy curve of the smooth PDMS surface (Fig. 4.14).

Effects of Pitch Length and Geometry on Wettability. Results in Table 4.3 show that 
the static contact angles (θ) increases as pitch length decreases for both types of 
rough surfaces (bumps and cavities) due to the increase in roughness on the PDMS 
surface. It is worthy pointing out that for the same pitch, where the roughness ratio 
is the same, the static contact angles for the bumpy and cavity surface are actually 
very similar.

Interesting results are observed for the dynamic contact angle data. The advancing 
contact angle (θA) for the bumpy surface and the cavity surface are comparable for 
the same pitch and they increase, from ~116° to ~138°, as reff increases from 1.05 to 
2.16. Although similar  trend  is also observed for  the  receding contact angles  (θR) 
(increase as reff increases), the receding angles for the bumpy surfaces are consis-
tently smaller than those of the cavity surfaces. In the other word, for the same pitch, 
the hysteresis for the bumpy PDMS surface (column 8) is always larger than that of 
the cavity surface (column 12). Similar asymmetric hysteresis has been observed for 
pillar and porous array surfaces by Priest et al. [21]. In the case of the bumpy and 
cavity PDMS surfaces, Kanungo et al. actually have visual evidence to show that 
bumps are exerting strong resistance and drag the receding contact line (Fig. 4.12b) 
whereas minimal dragging is seen by the cavities (Fig. 4.12c). These authors thus 
attribute the asymmetric hysteresis observed to the dragging of the contact line by the 
bumps as the liquid recedes [19].

4.2.4  Practical Consequences

Being able to wet every cavity or hole in a rough surface has advantages in both 
nature and man-made devices. When water wets a superhydrophilic surface, it 
spreads spontaneously with no trap air and no measurable contact angle. In nature, 
such surface structures have been created in plant leaves so that the plants can adapt 
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and survive in their perspective living environment [32, 33]. For instance, the micro-
structures in submerging water plant leaves tend to be smooth, enabling water to 
evenly wet the surface while discourage fouling (Fig. 4.15a). Contrarily, the micro-
structures of water-absorbing plants, such various mosses, are structurally more 
complex (Fig. 4.15b, c). These leaves are for uptake of water and nutrient, so the 
surface is designed to be superhydrophilic with a structure to hold onto the absorbed 
water. On the other hand, plant leaves from Calathea zebrina (Fig. 4.15d) will have 
a very simple microstructure because all it needs to do is to spread water very fast 
on the surface.

Owing to the super-spreading ability, researchers have envisioned that superhy-
drophilic surfaces should enable antifogging as minute water droplets will spread 
instead of pinning and fogging the surface. Similarly, the spreading action leads to 
wet self-cleaning as dust and dirt particles will wash away during water spreading. 
Many artificial superhydrophilic surfaces are known and the most notable one is the 
film of TiO2 [34]. The surface is prepared by coating a sol gel precursor on a sub-
strate followed by annealing the coated film in a furnace. TiO2 film is intrinsically, 
moderately hydrophilic. Its superhydrophilicity is activated by UV or sunlight radi-
ation. Antifogging devices and self-cleaning structures (Fig. 4.16) have been com-
mercialized, and the subject has been reviewed in the literature [35]. Similarly to 

Fig. 4.15  SEM  micrographs  of  some  superhydrophilic  plant  leaves  (a)  Anubias  barteri,  (b) 
Sphagnum squarrosum, (c) Spanish moss Tillandsia usneoides, and (d) Calathea zebrina 
(Reproduced with permissions from [32], Copyright 2008 The Royal Society of Chemistry and 
[33] Copyright 2009 Elsevier)
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TiO2, silica and other metal oxide particles are hydrophilic too. They can be incor-
porated into thin films via the sol gel technique [36], or by layer-by-layer deposition 
[37] or as a composite coating with a polymer binder [38]. Finally, a fully wetted 
liquid–solid interface should also be beneficial for heat-exchange devices and 
electrodes, where overheating and over-potential can be minimized.

4.3  Wetting in the Cassie–Baxter State

4.3.1  The Lotus Effect

When a liquid is in the Cassie–Baxter state on a rough surface, the droplet is usually 
characterized by a large contact angle with a small sliding angle. For water, the 
surface is designated as superhydrophobic. The most famous superhydrophobic sur-
face is the Lotus leaf, exhibiting a water contact angle of 162° and a sliding angle of 
4° [39]. During rolling off, dust and dirt particles adhere to the water droplet, result-
ing in the so-called self-cleaning effect. This observation has inspired numerous 
researchers worldwide and studies of superhydrophobicity have grown exponen-
tially since. Fig. 4.17 shows the SEM micrographs of a leaf surface, which com-
prises micron-size aggregated wax crystals randomly distributed on the ~10–20 μm 

Fig. 4.16 (a) Photograph of a foggy TiO2 coated glass, (b) surface in (a) after sufficient UV illu-
mination, and (c) photograph of  the MM Towers  in Yokohama, Japan where self-cleaning  tiles 
were used (Reproduced with permission from [35], Copyright 2008 Elsevier)
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papillae with the entire leaf surface carpeted with a layer of waxy nano-hairs 
(tubules) [32, 33, 39–41].

Tremendous attention has been paid to understand the hierarchical (multi-scale) 
surface structure and its effect on the super water repellency, hysteresis, wetting stabil-
ity under pressure (e.g., against heavy raindrop), and mechanical properties [42–49]. 
Free energy analysis and thermodynamic modeling of hydrophobic surfaces suggest 
that a dual roughness scale (micron to submicron/nano) would result in large water 
contact angle, low contact angle hysteresis, and high wetting stability against the 
Cassie–Baxter to Wenzel transition. Theoretical calculations  consistently reveal that a 
large contact angle is already achieved with a microscale surface and that the hierar-
chical structure is designed for low hysteresis and the ability to maintain the non-
wetting state under high pressure. This is in agreement with experimental data [49]. 
More importantly, modellings also suggest that the micron-size feature is for mechan-
ical stability of the surface [47]. The knowledge gained from nature has been very 
useful for the design and fabrication of artificial superhydrophobic surfaces.

The structure of the liquid–solid–air composite interface between water and the 
Lotus leaf was recently studied by Luo and co-workers using 3D confocal laser scan-
ning microscopy, and the results are depicted in Fig. 4.18 [50]. With the bare leaf 
surface (Fig. 4.18a), a featureless rough dark surface is observed. Here, dark is indic-
ative of solid surface. A very different image is observed for the interface. The image 
is bright indicative of reflective light by the trapped air. 3D roughness measurement 
of the composite interface suggests that the average thickness of the air cushion 
between the leaf surface and the water droplet is ~15 μm. This is inconsistent with 
the hierarchical structure shown in Fig. 4.17 and suggests that the main contact areas 
between water and the leaf surface are the tips of the papillae.
Although the chemical composition of plant wax has not been well character-

ized, Cheng and co-workers [40] found that the wax material on the Lotus is intrin-
sically,  moderately  hydrophilic  with  a  water  contact  angle  of  74°.  As  will  be 
discussed in the next two sections, re-entrant structure and multi-scale roughness at 

Fig. 4.17  SEM 
micrographs of the surface 
of a Lotus leaf 
(Reproduced from figures 
in [33], Copyright 2009 
Elsevier)
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the liquid–solid–air composite interface play critical roles in stabilizing the Cassie–
Baxter state with moderately hydrophilic material. We believe that similar stabiliza-
tion mechanism is operating when water wets the waxy tubules on the Lotus leaf 
[51]. The hydrophilic nature of the leaf surface is supported by water condensation 
experiments reported by Cheng and Rodak [52] and Boreyko and Chen [53]. Both 
groups showed that minute water droplets can condense on the Lotus leaf surface at 
high humidity. The experimental setup for the Boreyko and Chen experiment is 
given in Fig. 4.19. Basically, a fresh Lotus leaf is mounted onto a substrate under lab 
ambient condition of 21 °C at 50 % RH. The substrate is then cooled to 5 °C using 
a circulating bath. Minute water droplets were condensed and later coalesced into 
larger water droplets of ~2 mm in diameter (Fig. 4.19a). These drops are found to 
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Fig. 4.18 Confocal laser scanning images of Lotus leaf (a) bare leaf (b) interface with a water 
drop, and (c) schematic of the interface from the image in (b) (Reproduced with permission from 
[50], Copyright 2010 Wiley)

Fig. 4.19 Left: experimental setup for where the cold plate was used for the water condensation 
experiment; (a) condensation of water droplets on the Lotus leaf at cold plate temperature of 5 °C, 
(b) water droplets on horizontal Lotus leaf after titling (a) at 90°, and (c) water droplets on hori-
zontal Lotus leaf after loudspeaker vibration of sample (a), followed by tilting the leaf to 90°. Most 
water droplets roll off after titling (Reproduced with permission from [53], Copyright 2009 
American Physics Society)
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be in the Wenzel state as they are shown sticking on the Lotus surface when tilted to 
90° (Fig. 4.19b). On the other hand, when these Wenzel drops are subjected to 
vibration noise from a loudspeaker (80 Hz, 1 mm peak-to-peak for 1 s), most water 
drops become mobile. They slide off the leaf surface upon tilting (Fig. 4.19c). This 
experiment indicate that, although the Cassie–Baxter state of the Lotus leaf is meta-
stable, its energy level is fairly close to the most stable Wenzel state and can be 
populated by a simple vibration.

4.3.2  Artificial Superhydrophobic Surfaces

Inspired by the Lotus effect displayed in nature, there has been an exponential 
growth in research activity on superhydrophobicity [54, 55]. The consensus definition 
for a superhydrophobic surface is to have a water contact angle >150° and sliding 
angle ≈ 10° or less. This definition is somewhat arbitrary and a more refined defini-
tion has been published [56] and will be the subject of Chap. 6 in this book. Owing 
to the fascinating self-cleaning effect, superhydrophobic surfaces have been 
exploited for many potential applications, such as self-cleaning windows and tex-
tiles, oil- and soil-resistant clothing, anti-smudge surfaces for i-phone and display, 
anti-icing coatings for power line, roof-top and airplane, corrosion-resistant coat-
ings for bridges and other metal structures, drag reduction in ship, gas and fuel 
transportation and microfluidic devices, etc. Numerous artificial superhydrophobic 
surfaces/coatings have been reported to date, and the subject has been reviewed 
frequently in recent literature (last 3 years) [57–62]. In this section, the focus will 
be on the key design parameters and wetting characteristics of these surfaces.

Based on the work of Wenzel and Cassie–Baxter [1, 2], the key parameters for 
superhydrophobicity are roughness and a hydrophobic surface coating. Roughness 
can be created by the top-down or bottom-up techniques or molding and embossing. 
Detailed descriptions of these processes have been reviewed in the literature and 
will not be detailed here. In the top-down approach, the roughness is created by 
etching a smooth surface with an energy (photons or electrons) beam or an etching 
agent, followed by modifying the surface with a hydrophobic coating if the material 
by itself is not hydrophobic. Significant efforts have been on pillar array surfaces, 
where the effects of surface chemistry and roughness on contact angle, hysteresis, 
and wetting stability in terms of the Cassie–Baxter-to-Wenzel transition have been 
investigated [63–66]. In pillar array surface, roughness and solid-area fraction are 
controlled by the pillar dimension and geometry, length scale, and pillar height. 
These surfaces are usually fabricated by lithographic technique or e-beam etching 
followed by surface hydrophobization with an alkysilane or a perfluoroalkysilane. 
In 2009, Byun and co-workers reported the preparation of 5 × 5 μm square pillar 
(height = 5 μm) array surfaces of varying pitch to model the wettability of insect 
wings [66]. The model surfaces were prepared by photolithography on silicon wafer 
and the final textures were surface modified with a fluorosilane layer FOTS, a fluo-
rinated self-assembled-monolayer synthesized from tridecafluoro-1,1,2,2- 
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tetrahydrooctyltrichlorosilane. Representative SEM micrographs of the surfaces are 
given in Fig. 4.20a. The water contact angles of the model surfaces are plotted as a 
function of the pitch/width ratio (Fig. 4.20b). Results show that contact angle 
increase as pitch/width ratio increases initially. At pitch/width ratio between 2 and 
15, large contact angles which are predicted by the Cassie–Baxter model are 
observed, indicating that these surfaces are superhydrophobic. Transition occurs at 
pitch/width ≈ 15. Water droplets are in the Wenzel state when pitch/width is ≥20, 
indicating that the sagging water interface touches bottom of the pillar array sur-
face. The entire surface becomes fully wetted as a result.
Very similar results were also reported by Oner and McCarthy [63], who found 

that their 8 × 8 μm square pillar array surface (height 40 μm) was in the Wenzel state 
when the pitch is ≥56 μm. For 8 × 8 μm square pillar array with pitches ≤32 μm, θA 
is essentially constant at ~174°. On the other hand, θR is shown to decrease as the 
pitch decreases. The result is attributed to the increase in contact line length per unit 
area. Water pins at the edge of the pillar top, the smaller the pitch, the longer the 
contact line per unit area, the smaller the θR. This interpretation is supported by 
studying the θR values of pillar array surface with different pillar geometry.

For the bottom-up approach, the rough surface can be created by polymerization of 
a monomer via plasma-enhanced CVD technique or electropolymerization. Surface 
morphology  is sensitive  to  the polymerization condition. Usually,  the roughness  is 
random with a hierarchical particulate or fibrous structure. When a hydrophobic 
monomer is used, the surface will be superhydrophobic after polymerization. 
Figure 4.21a shows a 10 × 10 μm AFM image of a PECVD polymer film polymerized 
from perfluorooctyl acrylate. The surface comprises nanospherical particles and 
exhibits very high water repellency with θA/θR at 168°/165° [67]. Similarly, electropo-
lymerization of 3,4-ethyleneoxythiathiophene derivatives also yield superhydropho-
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Fig. 4.20 (a) Representative SEM micrographs of square pillar array FOTS surfaces and (b) plot 
of water contact angle as a function of pitch/width ratio of the pillar array surface (Reproduced 
with permission from [66], Copyright 2009 Elsevier)
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bic surfaces with θA ~160° and low hysteresis. The surface morphology varies from 
particulate to fibrous and an example is given in Fig. 4.21b [68].

Other popular bottom-up approaches to build rough surfaces include the uses of 
silica particles or micro/nanofibers from electrospinning [69] or simply spraying a 
particle-polymer solution onto a substrate. Ming and co-workers [70] reported the 
preparation of dual scale rough epoxy surface consisting of raspberry-like particles. 
A schematic for the preparation of the silica-epoxy film is given in Fig. 4.22. First, 
the raspberry-like particles are prepared by grafting 70 nm amine-functionalized 
silica particles onto the larger 700 nm epoxy-functionalized silica particles. A TEM 
micrograph of the raspberry-like silica particles is given in Fig. 4.21c. The superhy-
drophobic surface is created by grafting the raspberry particles onto an epoxy sub-
strate followed by hydrophobization of the hierarchical surface with a silicone 
material. The resulting surface was shown to exhibit a θA of 165° with a 3° roll-off 
angle. Ma et al. [71] prepared fiber mat of diameter of ~1.7 μm with average pore 
size of 80 nm using the electrospinning technique (Fig. 4.21d). After hydrophobization 
of the fiber mat with a fluoropolymer, the resulting fiber mat is superhydrophobic 
with θ at ~150°. Fiber mats with hierarchical multi-scale roughness, such as by 
creating nano pores on the fiber surface or the use of layer-by-layer technique to 
decorate the electrospun fiber with nano silica particle (Fig. 4.21e), are known to 
further enhance the water repellency [71]. Spray is a scalable technique that can 
coat large surface area of different geometry. Steele and co-workers applied the 
technique to prepare nanocomposite coatings containing 50 nm ZnO nanoparticles 

Fig. 4.21  Mosaic  of  rough  superhydrophobic  surfaces  prepared  by  different  techniques  (a) 
PECVD, (b) electropolymerization, (c) grafting by amine-epoxy reaction, (d) electrospinning, (e) 
electrospinning plus layer-by-layer, and (f) spray
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and a waterborne perfluoroacrylic polymer on a substrate [72]. The resulting surface 
comprises a hierarchical roughness structure (Fig. 4.21f) and exhibits superhydro-
phobic property (water θ > 150° with low hysteresis).

One of the less recognized approaches to design superhydrophobic surface is the 
use of re-entrant/overhang structure or very low solid-area fraction at the composite 
interface. Because of the high water surface tension, superhydrophobicity can be 
attained with moderately hydrophilic materials. Using photolithography, Cao et al. 
[51] fabricated a pillar array surface with an overhang on silicon wafer (Fig. 4.23a). 
Since no extra coating is used, the surface of the textured surface is basically hydro-
gen-terminated silicon which has a contact angle of 74°. The water contact angles 
of the textured surfaces range between 150 and 160° at solid-area fraction ≤0.07. 
Similarly, Wang et al. [73] created superhydrophobic surfaces with T-shape pillars 
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Fig. 4.22  A  schematic  for  the  preparation  of  raspberry-like  particles  and  a  superhydrophobic 
surface with multi-scale roughness (Reproduced with permission from [70], Copyright 2005 The 
American Chemical Society)

Fig. 4.23  Mosaic of superhydrophobic surfaces prepared with moderately hydrophilic materials/
surfaces (a) silicon, (b) DLC coating (scale bar 20 μm), (c) silicon nanowire, and (d) poly(vinyl 
alcohol) nanofibers (scale bar 10 μm)
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on silicon wafer followed by coating the textured surfaces with a ~100 nm thick 
diamond-like-carbon (DLC) film (Fig. 4.23b). While the water contact angle of a 
smooth DLC film is at ~72° and the textured surfaces exhibit superhydrophobic-like 
contact angles at ~160°. Superhydrophobic surface can also be fabricated with 
hydrophilic materials at very low solid-area fraction. For example, in the Cao et al. 
study [51], they also fabricated a rough, multi-scale surface by decorating the sili-
con bumps with Si nanowires (Fig. 4.23c). Again, native silicon is hydrophilic but 
very large contact angle (~160°) was obtained. Similarly, Feng and co-workers [74] 
were able to grow a poly(vinyl alcohol) (PVA) nanofiber forest (Fig. 4.23d) using an 
aluminum oxide template and observed an apparent water contact angle of 171°. 
PVA is a hydrophilic polymer with known water contact angle at ~72°. The com-
monality of the latter two surfaces is that they all have very low solid-area fraction. 
Even though water is pinned at the tip of the nanowire or fiber, the close proximity 
of the pinning location, coupled with the high water surface tension, enables air 
pockets to be formed and superhydrophobicity. In summary, the design rules for 
superhydrophobicity are: chemistry, roughness, and re-entrant structure or very low 
solid-area fraction. The very low solid-area fraction can be achieved using a hierar-
chical textured approach or a nanowire or nanoforest approach. The above studies 
also indicate that meeting two out of three requirements will be sufficient for super-
hydrophobicity. We however suggest that meeting all three requirements would be 
beneficial from the viewpoints of improving the robustness of the superhydrophobic 
state as well as increasing its resistance to collapse under high external pressure.

4.3.3  Cassie–Baxter to Wenzel State Transition

It has been known for some time that micro/nano rough surfaces can exist in both 
Cassie–Baxter and Wenzel wetting states depending on the experimental condi-
tions. For example, He and co-workers [75] showed that water droplet is in the 
Cassie–Baxter state on  the PDMS microtextured surface  if  the drop  is dispensed 
gently. On the other hand, a Wenzel droplet is obtained when the drop is dispensed 
at some height. Photographs of these two droplets are reproduced in Fig. 4.24. The 
results clearly indicate that the Wenzel droplet is the more stable state. In a slightly 
different experiment, Quere et al. [76, 77] created a Cassie–Baxter droplet with θΑ 
of 163° on a fluorinated microtextured surface. This Cassie droplet can be converted 
to the Wenzel droplet when an external pressure is applied. A similar Wenzel drop-
let can also be created on the same surface by a condensation experiment. While 
Bormashenko and team [78, 79] showed that the Cassie water droplet can be 
 de- pinned and formed the Wenzel droplet via vibration noise, Boreyko and Chen 
[53] on the other hand demonstrated that the Wenzel drops obtained by condensing 
water on the Lotus leaf at high humidity can be converted to the Cassie droplet by 
vibration too! Another example of “exciting” the Wenzel droplet to the Cassie droplet 
is provided by Liu and co-workers [80] who were able to turn a Wenzel droplet to 
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the Cassie droplet by heating. The overall results seem to suggest that although the 
Wenzel state may be more stable, the fact that they are interconvertible depending 
on the experimental condition implies that (1) there exists an energy barrier between 
them and (2) their difference in energetics is probably small.

In most practical applications, surfaces with high water repellency and self- 
cleaning property are desired. Approaches to enhance the stability of the Cassie–
Baxter state include increase the energy barrier between these states or better yet 
stabilize and make Cassie–Baxter state the more stable state. Both theoretical analy-
sis and experimental results [81–85] indicate that having a hierarchical, multi-scale 
roughness structure, a re-entrant structure, along with a hydrophobic surface coat-
ing would increase the energy barrier between the Cassie–Baxter and Wenzel state. 
The increase of barrier height not only enhances the stability of the metastable 
Cassie–Baxter state, it will also increase its resistance to collapse against external 
pressure. Moreover, there is preliminary indication that, under certain hierarchical 
roughness structure, the Cassie–Baxter state may be more favorable thermodynami-
cally [84, 85].

4.3.4  Superoleophobicity

The surface tension of hydrocarbon oil is a lot lower than water. Hexadecane has 
frequently been used as the probing liquid for oleophobicity, and its surface tension 
is almost three times lower than that of water (27.5 vs. 72.3 mN/m). It wets most 
surfaces as a result. Even more challenging is that smooth surface with hexadecane 
θ > 90° is not known. Thus, surface with super hexadecane repellency is rare. The 
consensus definition for superoleophobicity is surface exhibiting hexadecane con-
tact angle >150° and sliding angle ~10°. Unlike superhydrophobic surface, which 
can be superoleophilic [86, 87], superoleophobic surface is expected to be more 
versatile as it will repel most liquids ranging from water to alkanes.

Fig. 4.24 Photographs of (a) Cassie and (b) Wenzel water droplet obtained on the same microtex-
tured  PDMS  surface  (Reproduced  with  permission  from  [75],  Copyright  2003  The American 
Chemical Society)
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To elucidate the basic design parameters for superoleophobicity, Zhao et al. [88] 
launched a systematic investigation using model pillar array surface with well- 
defined texture and geometry. Figure 4.25 summarizes the surface texturing and 
chemical modification procedure for the fabrication of the model textured surface. 
Details of the fabrication processes have been published elsewhere [88].

Figure 4.26a shows the SEM micrograph of the FOTS pillar array surface, com-
prising ~3 μm diameter pillar arrays ~7.8 μm in height with a pitch of ~6 μm. High 
magnification SEM micrograph (insert) reveals that the sidewall in each pillar con-
sists of a ~300 nm wavy structure from top to bottom, attributable to the Bosch 
etching process. The surface property of the FOTS pillar array surface was studied 
by both static and dynamic contact angle measurement techniques and the static 
contact angle data with water and hexadecane as test liquids are given in Fig. 4.26b. 
The water and hexadecane contact angles for the FOTS pillar array surface are at 
156° and 158°, respectively, and are significantly higher than those of the controlled 
smooth surfaces, which are at 107° and 73°, respectively. The results suggest that 

Fig. 4.26 (a) SEM micrograph of the textured FOTS surface on Si-wafer (inset: higher magnifica-
tion micrograph showing details of the pillar structure) and (b) static contact angles for water and 
hexadecane on the textured FOTS surface (control: smooth FOTS surface on Si-wafer) (Reproduced 
with permission from [88], Copyright 2011 The American Chemical Society)

FOTS coating

Molecular vapor
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expose to mask & developSi wafer
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process, strip and
Piranha clean Fluorinated, textured surface

Tridecafluoro -1,1,2,2-
tetrahydrooctyl
trichlorosilane

Fig. 4.25 Schematic for the fabrication of fluorinated surface texture on silicon wafer (Reproduced 
with permission from [88], Copyright 2011 The American Chemical Society)
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the high contact angles observed for the FOTS pillar array surface are the result of 
both surface texturing and fluorination. The sliding angles for the FOTS pillar array 
surface are found to be ~10° with both water and hexadecane. The high contact 
angles coupled with the low sliding angles lead to the conclusion that the FOTS 
pillar array surface is both superhydrophobic and superoleophobic with low 
hysteresis.

The use of photolithography and hydrophobic coatings to create micro/nano 
textured surfaces is not new [63–66]. The sidewalls of all the reported pillar struc-
tures were smooth, and only superhydrophobicity was reported, not superoleopho-
bicity. Recently, Tuteja and co-workers [89] reported the fabrication of electrospun 
mats that exhibited superoleophobicity. The mat comprises nanofibers made from 
F-POSS (1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric silsesquioxane) 
and  PMMA  (poly(methyl methacrylate))  blends.  The  flat  surface  of  the  same 
material is oleophilic with a hexadecane advancing contact angle of ~80°. To eluci-
date the mechanism for the superoleophobicity of the electrospun mat, these authors 
created the so-called micro hoodoo structure on silicon wafer using photolithogra-
phy and surface fluorination. These authors concluded that the re-entrant geometry 
in the “micro-hoodoo” structure is critical to achieving superoleophobicity and the 
electrospun mat has a similar geometry at the liquid–solid–air composite interface. 
The conclusion is substantiated by additional experimental and modeling studies 
[86, 87, 90].

To elucidate the origin for the observed superoleophobicity, FOTS pillar array 
surfaces with (a) a smooth straight sidewall and (b) a straight sidewall with an over-
hang structure were fabricated (Fig. 4.27). The wetting properties with water and 
hexadecane were examined and key sessile drop data are included in the figure. The 

Fig. 4.27 (a) SEM micrograph of the textured FOTS surface with straight smooth sidewall pillars 
on Si-wafer; and (b) SEM micrograph of the textured FOTS surface with an overhang pillar struc-
ture on Si-wafer (insert: sessile drop data for water and hexadecane on the textured surfaces) 
(Reproduced with permission from [88], Copyright 2011 The American Chemical Society)
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results show that both surfaces are superhydrophobic, but that there is a significant 
difference in oleophobicity. For pillar array surface with a smooth, straight sidewall, 
the hexadecane drop exhibits a hexadecane contact angle of 121°, but the drop was 
found stuck on the surface when tilt to 90°. On the other hand, the surface with an 
overhang pillar was shown to be superoleophobic with hexadecane contact angle 
and sliding angle at 150° and 12°, respectively. The similarity in wetting properties 
between the model surface with the wavy sidewall and the pillar surface with the 
overhang structure leads to the conclusion that the re-entrant structure at the top of 
the wavy sidewall is a key contributor to the superoleophobic property. This conclu-
sion is not only in agreement with those reported by Tuteja and co-workers [86, 87, 
89, 90], but also consistent with other observations reported by Fujii et al. [91], 
Cao et al. [92], Ahuja et al. [93], and Kumar and co-workers [94]. They all pointed 
to the importance of the re-entrant or overhang structure in achieving surface 
superoleophobicity. Hence, the basic parameters for superoleophobicity are: 
chemistry (contact angle of the coating), roughness, and re-entrant geometry. Unlike 
superhydrophobicity where meeting two out of three requirements is sufficient, 
superoleophobicity demands all three requirements attributable to the lowering of 
the surface tension of the probing liquid.
An attempt was made to visualize the composite interface using hot polyethylene 

wax. Figure 4.28a shows the image of a hot polyethylene wax sessile droplet on 
the model pillar array surface at 110°C. The contact angle and the sliding angle of 
the droplet were measured at 155° and 33°, respectively, consistent with the hexadec-
ane data. The data suggests that the wax droplet is in the Cassie–Baxter state on the 
pillar array surface (Fig. 4.28b). When the wax droplet was cooled to room tempera-
ture, it was carefully detached from the textured surface and the geometry of the 
composite  interface was  examined  by  SEM microscopy.  Figure 4.28c shows the 

Wax drop at
~ 110°C

Cassie-Baxter state

Wax drop
at 110°C

a

b

c

Fig. 4.28 (a) Molten droplet of polyethylene wax on the pillar array surface, (b) wax droplet in 
the Cassie–Baxter sate, and (c) SEM micrograph of the wax replica of the composite interface after 
the wax droplet is cooled to room temperature (Reproduced with permission from [88], Copyright 
2011 The American Chemical Society)
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SEM micrograph of  the  liquid–solid–air  composite  interface. The  result  indicates 
that the wax surface is “flat” with holes corresponding to the location of the pillars. 
From the thickness of the “rim,” one can estimate the penetration depth of the molten 
wax droplet into the void space between the pillars, which is <0.5 μm. Since the 
height of the pillar is ~7 μm, this result positively reveals that the molten wax droplet 
is indeed sitting on air at the interface of the superoleophobic surface. However, 
the composite interface is not perfectly flat; the molten wax appears to penetrate into 
the void space between the pillars. Although the composite interface for water on the 
FOTS pillar array surface was not imaged, we believe that the water droplet is in the 
Cassie–Baxter state too based on the contact angle and sliding angle data.

The effect of surface texturing, including pillar pitch, diameter and height, on 
both static and dynamic contact angles have also been studied [95]. The contact 
angle results (θA, θR, α, and hysteresis) are plotted as a function of solid-area fraction 
and are summarized in Fig. 4.29. The results show that surface texturing has very 
little effect on the static and advancing contact angles for both water and hexadec-
ane. On the other hand, pillar spacing has profound effects on the dynamic contact 
angles, particularly the sliding angle, the receding contact angle and the contact 
angle hysteresis. θR decreases, and α and (θA−θR) increase for both water and hexa-
decane, indicating that surface adhesion increases and drop mobility decreases as 
the solid-area fraction increases. This is attributed to the pinning of the liquid droplet 
on the pillars, the larger the solid-area fraction the more the pinning sites (or the 
higher the contact line density). It is important to point out that the effect of 
solid- area fraction is larger for hexadecane, and this is due to their difference in the 
pinning location [95].
Also included in Fig. 4.29a, b are results from pillar array surfaces with 1 and 

5 μm diameter pillars (represented by data points X and O, respectively). These data 
points are completely compatible with the results of the 3 μm pillar array surfaces, 
indicating that surface adhesion and drop mobility are governed primarily by the 
density of the contact lines, not the geometry of the texture.

The effect of pillar height on the superoleophobic properties was studied using 
3 μm pillar array surfaces with a center-to-center spacing of 12 μm. This pillar spac-
ing is wider than the surface shown in Fig. 4.26 and represents a more stressful case 
for liquid sagging. The pillar height was controlled by the number of Bosch-etching 
cycles and is varied from about ~0.8 to 8 μm. Figure 4.30 shows the SEM micro-
graphs of three representative surfaces along with the plots of contact angle data 
against the pillar height for both water and hexadecane. The results show that pillar 
array surfaces can maintain its Cassie–Baxter state with both water and hexadecane 
as long as the pillar height is >1 μm. For surfaces with pillar height ≤0.8 μm, both 
water and hexadecane droplets are unstable. They are shown to wet the entire sur-
face sooner or later. This indicates that the liquid droplets sag and touch the bottom 
of the surface fully wetting it as a result. To avoid wetting transition from the 
Cassie–Baxter to Wenzel state, pillar height should be >1 μm.

In summary, we show with model pillar array surfaces that hydrocarbon oils can 
trap air pockets on rough surfaces and result in a Cassie–Baxter composite interface 
when the following basic parameters are met: high hexadecane contact angle surface 
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Fig. 4.29 Plots of dynamic contact angle data with (a) water and (b) hexadecane versus solid-area 
fraction for 3 μm pillar array surfaces. (Insert: dynamic contact angle data from a 1 μm pillar array 
(X) and a 5 μm pillar  array  (O)  surface)  (Modified  from figures  in  [95], Copyright 2012 The 
American Chemical Society)

coating and a rough surface with an overhang or re-entrant structure. Since oleophobic 
coating does not exist, the re-entrant structures, which allow the hydrocarbon liquid to 
pin at the composite interface is essential in achieving superoleophobicity.

4.4  Directional Wetting and Spreading

In most rough surfaces, whether the texture is patterned regularly or randomly, 
wetting and spreading on them are isotropic two dimensionally. However, if the 
texture or roughness is created with different wettability directionally, anisotropic 
wetting and spreading will occur. This happens in nature as well as artificial 
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surfaces. Two famous examples in nature are the groove structures in the wings of 
butterfly [96] and the directional papillae array structure in rice leaf [97]. Figure 4.31a 
depicts a picture of an iridescent blue butterfly. The SEM micrograph of the wing 
(Fig. 4.31b) shows that the wing comprises layers of “leaves” stacking outward 
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Fig. 4.30 (top)  SEM micrographs  of  3 μm pillar array surfaces with different height and 
(bottom) plots of static and dynamic contact angles of the 3 μm pillar array surfaces as a function 
of pillar height

Fig. 4.31 (a) Photograph of an iridescent blue butterfly, (b) SEM micrograph of the wing of but-
terfly, scale bar 100 μm, (c) high magnification SEM micrograph of the wing of butterfly, scale bar 
100 nm, and (d, e) water sessile drop data in outward and inward direction, respectively 
(Reproduced with permission from Ref. 96, Copyright 2007 The Royal Society of Chemistry)
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orderly. High resolution SEM micrograph (Fig. 4.31c) further reveals that the leaves 
are made of groove structure in both micron and nanoscales. This dual scale struc-
ture facilitates air-trapping when contact with water. On the top of that, each leaf 
also comprises a couple of nano hooks with the tips curving inward. Due to the 
hierarchical roughness, the measured water contact angle for the butterfly wing is at 
~152°. The most interesting property is its directional wetting property. When the 
wing is tilting downward, water droplet is able to slide freely along the RO direction 
(Fig. 4.31d). On the other hand, when the ring is tilting upward, the water droplet is 
shown stuck on the wing surface even when it is tilted to 90° (Fig. 4.31e). This is 
attributable to the frictions created by the nano hooks as well as the edge of the 
leaves in the against direction. Undoubtedly, after millions of years of evolution, 
this is one of the ways the butterfly tries to keep itself dry in the rain.

Figure 4.32 summarizes results from the SEM microscopy studies of the rice 
leaf along with water sessile drop data [97]. In terms of surface texture, rice leaf 
exhibits submillimeter groove structure with width at ~200 μm and height ~45 μm 
(Fig. 4.32c, d). Each groove is made of micron-size papillae array lining up in the 
direction of the groove, and the entire surface is covered with nano-size hairy 
plant wax (Fig. 4.32a). This hierarchical surface structure has resulted in a very 

Fig. 4.32 (a) SEM micrograph of a rice leaf, scale bar 100 μm, (inset: highly magnified SEM), (b) 
water sessile drop data on the leaf surface, (c) SEM micrograph at 60° tilt angle, scale bar 100 μm, 
(d) cross-section SEM micrograph, and (e) a schematic of the hierarchical surface structure of the 
rice leaf. (Reproduced with permission from Ref. 97, Copyright 2011 Wiley)
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large water contact angle (~150°). Due to directionality of the papillae arrange-
ment, water droplet displays anisotropic sliding angle. Specifically, the sliding 
angles were found to be 3° and 9° in the parallel and perpendicular direction, 
respectively. As a surface design, the superhydrophobic nature of rice leaf leads 
to self-cleaning, ensuring efficient absorption of the sunlight for photosynthesis 
during  the growing season. At  the same time,  the directional water sliding will 
make sure water and nutrient are delivering to the root effectively, again for 
growth and survival.
Mimicking nature, many artificial groove structured surfaces ranging from micron 

to nano length scale of varying hydrophobicity have been reported [98–101]. Typically, 
the droplet is elongated. The distortion is a function of the geometry of the groove 
(width and spacing), the drop size, and the wettability of the surface. Figure 4.33a 
shows a schematic for a series of 3 μm deep, PMMA groove surfaces with width 
(spacing) varying from 5, 10, 25, 50, to 100 μm. These surfaces were made by the 
hot embossing technique with appropriate lithographically prepared silicon molds 
[101]. After molding, the surfaces were modified by a plasma polymerized coating. 
The wettability of the surface coating is controlled by the type of monomer used. Two 
monomers, namely allylamine and hexane were used and they provide a hydrophilic 

Fig. 4.33 (a) A schematic of the groove PMMA surface, (b) optical image of a 5 μm groove sur-
face, and (c, d) sessile drop data on the surface in the perpendicular and parallel direction 
(Reproduced with permission from [101], Copyright 2009 The American Chemical Society)
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and hydrophobic surface coating with water contact angles at ~60° and ~98°, respec-
tively. Figure 4.33b shows a photograph of a typical surface and the shape of the water 
sessile droplet is given in the insert. Figure 4.33c, d show the water sessile drop data 
in the perpendicular and parallel direction, respectively. It is clear that the water drop-
let is elongated in the parallel direction due to wetting interaction between water and 
the groove surface. The contact angle in the perpendicular direction is always larger 
than that in the parallel direction.
Yang et al. [101] went on to investigate the effects of groove width, drop size, 

and coating chemistry on the wettability of the groove surfaces. The water contact 
angle data, by plotting the contact angles as a function of the chemistry in the per-
pendicular and parallel direction, are summarized in Fig. 4.34a, b. The upper and 
lower dash lines in the plots are the calculated Cassie–Baxter and Wenzel angles, 
respectively, based on the surface chemistry and texture geometry. Not unexpect-
edly, there is little agreement between the calculated Cassie–Baxter/Wenzel angles 
with the experimental values. For groove surfaces with the hydrophilic coating, 
they are expected to be in the fully wetted by water. The results in Fig. 4.34a clearly 
show that (1) the parallel direction is more wettable (smaller contact angle) than the 
perpendicular direction, and (2) the distortion of the drop increases as the size of the 
water droplet increases. While increase of drop size has little effect on the contact 
angle in the parallel direction, the effect in the perpendicular direction is much 
larger. In fact, this effect is the prime contributor to the drop size effect on drop 
elongation. The observation is attributed to the difference in wettability between the 
parallel and perpendicular direction. When the water drop is spreading in the paral-
lel direction, there is little change in solid-area fraction, always 50 %. On the other 

Fig. 4.34 Plot of water contact data as a function of the drop size for (a) hydrophilic coated and 
(b) hydrophobic  coated PMMA groove  surfaces  (top: measured in the perpendicular direction, 
bottom: measured in the parallel direction), and (c) width of the grooves in (a) and (b) (Modified 
from [101], Copyright 2009 The American Chemical Society)
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hand, as the contact line is advancing perpendicularly, it is experiencing friction due 
to pinning at the edge of the groove 50 % of the time, the larger the drop size, the 
more friction the drop experiences during advancing. The largest retardation to con-
tact line advance is expected for groove surface with the narrowest width (5 μm). 
Indeed, the largest water contact angle is observed for the 5 μm groove surface in 
the perpendicular direction.

With the hydrophobic coating (Fig. 4.34b), the groove surface can be in the 
Wenzel or Cassie–Baxter state depending on  the drop size. Although anisotropic 
wettability is observed, there is no clear trend between drop elongation and drop 
size as the case for the hydrophilic groove surfaces. From the size of the contact 
angle, it appears that water droplet is in the Cassie–Baxter state when the droplet is 
>50 nL. The droplet appears to be in the Wenzel state for the 0.5 nL drop and then 
transitioning to the Cassie–Baxter state as the drop size increases.

Directional self-cleaning superoleophobic groove surface was reported by Zhao 
and Law in 2012 [102]. The surface, prepared by photolithographic technique fol-
lowed by surface fluorination, comprises 4 μm deep, 3 μm wide groove structure 
with a 6 μm pitch. Figure 4.35a shows the SEM micrograph of the groove surface. 
Due to the Bosch etching process, wavy sidewall similar to those in the pillar array 
surface was obtained. The water and hexadecane sessile drop data are summarized 
in Fig. 4.35b, and anisotropic wettability is evident for both liquids. The contact 
angles in the orthogonal direction for water and hexadecane are at 154° and 162°, 
respectively, and are consistently larger than those in the parallel direction, which 
are at 131° and 113°, respectively. The large contact angles suggest that both liquids 
are in the Cassie–Baxter state on the groove surface. Interestingly, the sliding angles 
for water and hexadecane are found to be smaller in the parallel direction, 8° and 4° 
as compared to 23° and 34° in the orthogonal direction, despite having smaller 
 contact angles. The overall wetting data can be rationalized based on the pinning 
effect. For example, due to the friction created at the edge of the sidewall, liquid 
advance in the orthogonal direction will be retarded every time the liquid advances 

Fig. 4.35 (a) SEM micrographs of the groove FOTS surface and (b) sessile drop data of water and 
hexadecane on the groove FOTS surface (Reproduced with permission from [102], Copyright 
2012 The American Chemical Society)

4.4 Directional Wetting and Spreading



92

to the next groove. This results in larger contact angle and sliding angle. In con-
trast, the same friction does not exist when the liquid advances in the parallel direc-
tion. The liquid simply wets the solid strip and results in smaller sliding angle and 
smaller contact angle. This interpretation is supported by the image of the contact 
lines shown and discussed below.

Similar to the pillar array surface, the composite interface between the groove 
surface and hydrocarbon liquid was imaged with a hot polyethylene wax droplet. 
The contact angles for the wax drops at 105 °C are at 156° and 120° in the orthogo-
nal and parallel direction, respectively, indicating that the droplet is in the Cassie–
Baxter state on the groove surface (Fig. 4.36a). After cooling the droplet to room 
temperature, the droplet was carefully detached from the groove surface. 
Figure 4.36b  shows  the  SEM micrograph  of  the  composite  interface.  Since  the 
grooves are 4 μm deep, the micrograph confirms that the hot wax droplet is indeed 
in the Cassie–Baxter state on the groove surface. The hot wax liquid however does 
penetrate into the sidewall and pin underneath the re-entrant structure analogous to 
that of the pillar structure.

To take advantage of the hot wax experiment, Zhao and Law tilt the sessile 
droplet (Fig. 4.36c) in both parallel and orthogonal (Fig. 4.36d, f) directions. 
After liquid advances, the droplets were cooled to room temperature; the geome-
try of the contact lines was examined by SEM microscopy. In the parallel direc-
tion, the data show that the contact lines advance through wetting the solid strips 
of the groove surface, resulting in a zig-zag pattern along the contact line 
(Fig. 4.36e). In the orthogonal direction, liquid advance requires the contact line 
to “jump” from one solid strip to the next (Fig. 4.36g). Due to the high energy 

Fig. 4.36 (a) A schematic showing the composite  interface of  the hot wax drop on the groove 
surface, (b) SEM micrograph of the wax replica of the interface, (c) schematic of a hot wax droplet 
on a tilting plate, (d, e) schematic and SEM micrograph of the wax drop sliding in the parallel 
direction, and (f, g)  schematic and SEM micrograph of  the wax drop sliding  in  the orthogonal 
direction (Modified from figures in [102], Copyright 2012 The American Chemical Society)
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barrier in this process, the sliding angle in the perpendicular direction is larger 
and the contact angle is larger too due to the pinning effect.

While having a directional wetting surface is certainly interesting and may find 
many applications, Chu, Xiao, and Wang [103] reported recently that with a proper 
structural design, wetting and spreading can be unidirectional too! Using photo-
lithographic technique, these authors first fabricated a pillar array surface with 
diameter ~500–750 nm, height ~10 μm, and spacing ~3.5 μm. The surface of the 
pillar array can be modified by a polymer coating using the CVD technique and a 
typical SEM image of the surface is shown in the inset of Fig. 4.37a. Pillar array 
surfaces with different degree of pillar deflections (from the vertical position) can 
be fabricated by first asymmetrically depositing a thin layer of gold on one side of 
the pillar using the e-beam technique, followed by coating the entire pillar struc-
ture with a CVD polymer coating. The angle of deflection is controlled by the 
thickness of the gold layer. Deflection angle ranges from 7° to 52° were reported 
and  the SEM  image of  the  surface with  12°  deflection  is  shown  in  the  inset  of 
Fig. 4.37b. The water sessile drop data show that with the vertical pillar array sur-
face, the droplet is symmetrical (Fig. 4.37a), whereas asymmetrical drop shape is 
observed for the surface with a 12° deflection pillar array (Fig. 4.37b).  More 
importantly, a smaller contact angle is obtained when the advancing contact line is 
moving in the “with- direction” of the deflection. When the contact line is advancing 

Fig. 4.37 Comparison of wetting behavior of water sessile droplets (0.002 % Triton X-100) on 
asymmetric nanopillar arrays with (a) zero and (b) 12° deflection [inset: SEM images of the sur-
faces, 10 μm scale bar]; (c, d) are time-lapse side-view and top-view images showing the spreading 
of a 1 μL sessile droplet on surface in b (Reproduced with permission from [103], Copyright 2010 
Nature Publishing Group)
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against the direction of the deflection, larger contact angle is resulted. The observa-
tion is attributable to the asymmetrical friction created by the deflected pillars. 
This interpretation is supported when observing the spreading of the sessile drop 
as a function of time. Figure 4.37c, d shows the time-lapse side-view and top-view 
images of the sessile drop as it spreads. The photographs clearly reveal that the 
contact line that is against the deflected pillars (left hand side) shows no movement 
after the drop wets the surface. On the other hand, the contact line that is in the with-
direction of the deflection moves gradually to the right, resulting in an elongated, 
asymmetrical droplet.

4.5  A Word About Technology Implementation

Over the last 20 years, tremendous progress has been made in understanding the 
fundamental principle of liquid wetting on rough surfaces. Numerous applications 
have been explored. The potential of combining chemistry, roughness, and rough-
ness geometry to control and manipulate wettability, spreading, adhesion, and drop 
mobility appears limitless. Research activities have been diverse and rigorous. 
While superhydrophilicity did find applications in antifogging coating and self-
cleaning surface [35], the overall implementation of the rough surface-enabled tech-
nology is still lagged when compared to the worldwide effort and investment. This 
is particularly true for superhydrophobicity. Many researchers have been inspired 
by the Lotus effect and the phenomenon seems show promises in a variety of areas. 
Unfortunately,  most  of  the  excitements  are  just  hypes  or  simply  “You  Tube” 
moments. Large-scale adoption of any technology derived from superhydrophobic-
ity remains elusive. There are multiple causes for this shortfall. Part of it can be 
attributed to the insufficient recognition of all the key parameters needed for pro-
duction. Most  researchers  are only  focused on  the  large contact  angle and  small 
sliding angle or low hysteresis in their technology pursue. These parameters are 
crucial, but they are just a starting point. Insufficient attention has been paid to key 
parameters such as mechanical property, oleophobicity, wetting breakthrough pres-
sure, and manufacturability. These key parameters are essential as they are inti-
mately tied to robustness of the product design and longevity in performance. A lot 
of superhydrophobic surfaces, which comprise nanoscale fine structures, are fragile 
mechanically. Additionally, in urban and industrial environments, exposure to vola-
tile organics is unavoidable. If a superhydrophobic surface is contaminated by oily 
matter, its performance will degrade. Therefore, abrasion resistance and oleopho-
bicity have to be considered seriously in a robust superhydrophobic product design. 
While the requirement for a high wetting breakthrough pressure may be a depen-
dent of the application, manufacturing technology for large-scale and large area 
surface manufacturing is a must-have if mass adoption is desired. To date, very little 
is known about robust design parameters for manufacturing latitude and defect rate. 
A detailed discussion of these issues is beyond the scope of this book, but can be 
found in a recent chapter authored by the present authors in an upcoming book titled 
“Non-wettable Surfaces” edited by Ras and Marmur [104].
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Chapter 5
What Do Contact Angles Measure?

Abstract Contact angle measurement has widely been used to characterize the 
properties of solid surfaces and study liquid–surface interactions. It has been known 
for some time that, while the measurement itself is deceptively simple, the interpreta-
tion is not straightforward and can be very complex. Correlations between contact 
angle data (static contact angle θ, advancing and receding contact angle θA and θR, 
hysteresis (θA−θR), and sliding angle α) and surface wettability and adhesion are at 
times confusing. In an attempt to find out what surface properties contact angles are 
measuring, Samuel, Zhao, and Law systematically measure the wetting and adhesion 
forces between water and 20 surfaces and correlate them with contact angle data. 
The surface properties of the 20 surfaces vary from hydrophilic to hydrophobic to 
superhydrophobic, and their morphology varies from atomic smooth to homoge-
neously rough in the nano- and micron scale. Based on the good correlations found 
between θA and the wetting force and θR with the adhesion force, it was concluded 
that θA and θR are measures of surface wettability and adhesion, respectively. Since 
sliding angle α is a measure of drop mobility, it is recommended that surface should 
be characterized by their wettability, adhesion and stickiness using θA, θR, and α, 
respectively. As for contact angle hysteresis, the analysis suggests that it is a measure 
of the difference in liquid–surface interfacial tension during advancing and during 
receding. The use of the basic concepts described in this chapter to comprehend 
properties displayed by some recently reported unconventional surfaces is discussed. 
These unconventional surfaces are surfaces with very large contact angles but very 
sticky or with small contact angles and very slippery.

Keywords Contact angle measurement • Static contact angle • Advancing contact
angle • Receding contact angle • Sliding angle • Contact angle hysteresis • Liquid–
solid interactions • Data interpretation • Wetting interaction • Adhesion interaction
• Young–Dupre equation • Contact angle hysteresis mechanism

5.1  Background

Since the report of the angle of contact between a liquid droplet and a solid surface 
by Thomas Young more than two centuries ago [1], there has been continuous argu-
ments in the literature regarding the validity of the Young’s angle and how it may be
used to study surface and liquid–surface interactions. The Young’s angle by itself is
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problematic because it consists of four quantities and two of which cannot be 
measured reliably. The observation of the advancing and receding contact angle in 
addition to the Young’s angle by Rayleigh [2] and later confirmed by Bartell and 
coworkers [3, 4] fired up the conversation further. Researchers in the nineteenth 
century were strongly influenced by the thermodynamic approaches put forwarded 
by Dupre [5] and Gibbs [6]. As pointed out by Shuttleworth and Bailey [7] in 1948, 
thermodynamic (free energy) is only part of the contributor for the Young’s angle
during liquid wetting. This point was recognized [8] but not well understood in the 
literature. In view of the observation of three contact angles (static contact angle θ 
and advancing and receding contact angle θA and θR), some researchers created the 
term “ideal” surface for surfaces that are smooth, rigid, and has zero hysteresis, 
θA = θR. The rest, including rough and smooth heterogeneous surfaces, would be the 
“real” surfaces. Some believed that hysteresis is a result of defect or heterogeneity or 
roughness [9]. Good [10] advocated strongly that authors should either report 
both θA and θR or a static contact angle (θ) along with the hysteresis value (θA−θR), 
otherwise journals should not published these papers. The arguments seem endless 
and remain unsettled to date. Given this backdrop, misperceptions, such as (a) non-
stickiness is a result of a large contact angle, (b) surface adhesion is due to contact 
angle hysteresis, or (c) contact angle θ is related to both wettability and adhesion, 
have been reported [11–14]. Our primary intention here is to make readers aware of 
the key debates, while sparing the details of all past arguments. We feel that a
detailed account of all the arguments would create more harm and confusion than 
good. Rather, we are looking forward and articulate the basic surface concepts that 
are needed to advance the science for surfaces in the future.

Now let’s take a step back and ask ourselves a simple question. Why are we
interested in contact angle measurement? The short answer is that contact angle 
measurement is a very simple measurement tool for surface science. The measured 
contact angle is known to provide insight about surface properties as well as how 
liquid and surface interact, such as wetting, spreading, adhesion, and evaporation. 
Unfortunately, due to the difficulty in interpreting contact angle data, the literature 
often consists of controversial and sometimes conflicting messages. For example, 
the use of water as a probing liquid is very common, and surfaces with large water 
contact angles are highly hydrophobic, and they are usually lower in surface energy 
[15–17]. What’s not well recognized is that large water contact angle and low
surface energy may not be correlating to both wettability and adhesion simultane-
ously [18–21]. Tsai, Chou, and Penn [19] reported the lack of correlation between 
contact angle data and the adhesive performance for the smooth surfaces on a series 
of Kevlar fiber. Murase and Fujibayashi [20] found that while the surface of their 
 fluorinated polymer exhibit a larger water contact angle (117°) than that of the 
polydimethysiloxane sample (102°), the interactive energy with water for the fluo-
ropolymer is three times higher (~50.89 versus 15.64 mJ/m2). Silicones and fluo-
ropolymers, e.g., Teflon (PTFE), are two classes of well-known low-surface-energy 
materials that are frequently used in the fusing components in the printing industry 
[22, 23]. Both materials are highly hydrophobic with PTFE having a slightly larger water 
contact angle than PDMS silicone (112–117° for PTFE as compared to 102–103°
for PDMS). However, PTFE was consistently shown to adhere stronger to water and
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has a larger sliding angle [20, 21]. To an extreme, Gao and McCarthy [24] even 
called Teflon hydrophilic. The fundamental question we have to ask is: what does 
contact angle mean to surface attraction and adhesion? Are these interactive forces 
in any way correlating to the surface properties? These questions are not new. 
They had been asked before and remained to be clarified [25]. With the advance of
modern instrumentation, we thought if liquid–surface interactions can be measured 
directly and independently, a study of how liquid–surface interactions are correlat-
ing to the different contact angles would be useful and interesting. It is our hope that 
examination of these correlations or trends would shine light on the true meaning of 
each contact angle measurement.

5.2  Contact Angles and Liquid–Solid Interactions

5.2.1  Contact Angles

The most common properties for surfaces are their wettability and adhesion. 
Wettability is used to describe the interaction when a liquid first makes contact to a
solid surface. On the other hand, adhesion is a description of the force when a liquid 
is separating from a solid surface. These are two very different interactions, yet con-
tact angles have been used to study and correlate both [25]. Therefore, it comes no 
surprise that controversial and conflicting findings exist. To find out what contact 
angles are measuring, Samuel, Zhao, and Law [26] recently launched a systematic 
study involving measurements of all the contact angles for a series of surfaces and 
correlating them with measurable forces derived from wetting and adhesion. Water
was chosen as the probing liquid. The static and dynamic contact angles (θ, θA, θR, 
and sliding angle α) and contact angle hysteresis on 20 different surfaces (1–20) were 
determined. The data are summarized in Table 5.1. These 20 surfaces were cleaned 
appropriately prior to all contact angle measurements. They represent surfaces of all 
traits. Their affinity toward water varies from hydrophilic to hydrophobic to superhy-
drophobic. Their surface morphology varies from atomic smooth (self-assembled 
monolayers or CVD films on silicon wafer, 7–11) to films from blade coating (1–3, 
6, 13) to commercial plastic films (4, 5, 12, 14) to photolithographic textured sur-
faces (15–18) to rough surfaces from nature (19, 20). Figures 5.1, 5.2, and 5.3 plot 
the static contact angle θ against sliding angle α, contact angle hysteresis (θA−θR), 
and (cosθR−cosθA), respectively.

In the literature, sliding angle and contact angle hysteresis have been thought to be 
related to surface stickiness and adhesion. The larger the sliding angle, the stickier the 
surface; the larger the contact angle hysteresis, the stronger the surface adhesion. Now, 
if one considers all 20 surfaces, flat, smooth, rough, and textured, the data points are 
very scattered. The results lead to the general conclusion that, there is no correlation 
between static contact angle θ and surface stickiness or adhesion. Although similar 
conclusions have been reached earlier [15, 16, 19, 20], the lack of correlation observed 
by Samuel, Zhao, and Law [26] is still significant because the study comprised of a 
very wide range of surfaces, implying that the noncorrelation is genuine.
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On the other hand, if one just focuses on surface 15–20 in Figs. 5.1, 5.2, and 5.3 
(labeled as open diamond), there may exist reasonable correlations between the 
static contact angle and sliding angle and hysteresis. These are all superhydrophobic 
surfaces. The good correlations may merely indicate that if a narrow range of mate-
rial property is considered, a fortuitous good correction may be obtained.

5.2.2  Wetting and Adhesion Force Measurements

To gain a better understanding of what contact angles are measuring, Samuel, Zhao, 
and Law [26] measured the wetting (attractive) and adhesion force between water 
and surface 1–20 directly using a microbalance inside a tensiometer. A schematic of 
the measurement procedure is shown in Fig. 5.4, and details of the instrumentation 
have given elsewhere [26].

Table 5.1 Contact angle measurement data and wetting and adhesion force data for water on 
different surfaces (data from [26])

No Polymer surfaces θa θΑ b θR
c αd (θA−θR)e

Snap-in 
force (μN)

Pull-off 
force (μN)

1 Polyurethane (PU) 70.5° 85° 48.9° 51° 36.1° 471.4 ± 14.2 179.4 ± 2.2
2 PU—2 % Silclean 98.2° 104.3° 76.3° 31° 28° 316.9 ± 17.7 175.7 ± 3.2
3 PU—8 % Silclean 104.3° 105.9° 88.1° 23° 17.8° 292.3 ± 7.3 172.6 ± 2.0
4 Polyimide 80.1° 82.5° 56.1° 26.4° 26.4° 442 ± 54.4 167.3 ± 10.3
5 Plexiglass 86.5° 93.9° 77.3° 29.1° 16.6° 387.6 ± 13.4 157.4 ± 8.1
6 Polycarbonate 92.4° 98.2° 68.1° 59.2° 30.1° 338.7 ± 22.4 163.2 ± 1.9
7 i-CVD silicone 87.9° 91.2° 62.2° f 29° 379 ± 14.2 175.5 ± 2.6
8 i-CVD fluorosilicone 115.9° 118° 90.3° 18.2° 27.7° 141 ± 6.3 148.7 ± 1.1
9 i-CVD PTFE 127.7° 134.9° 73.6° f 61.3° 72.4 ± 4.2 168.8 ± 1.5
10 OTS SAM 109° 117.4° 94.6° 13° 22.8° 197 ± 9.5 141.3 ± 0.2
11 FOTS SAM 107.3° 116° 95° 13.6° 21° 226.6 ± 8.7 139.5 ± 1.8
12 Perfluoroacrylate 113° 113.1° 61° f 52.1° 398.7 ± 18.7 149.2 ± 12.6
13 Hydrophobic sol gel 112.2° 111.6° 92.4° 5.6° 19.2° 197.9 ± 12.2 111.4 ± 8.3
14 PTFE 117.7° 126.6° 91.9° 64.3° 34.7° 89.7 ± 15.4 162.0 ± 6.6
Textured silicon surface (pillar diameter/spacing)
15 3/4.5 μm 149° 160° 130.8° 20° 29.2° 0 29.4 ± 2.6
16 3/6 μm 156.2° 161.3° 142.6° 10.1° 18.7° 0 15.6 ± 1.7
17 3/9 μm 154.1° 159.9° 148.9° 5.7° 11° 0 8.54 ± 0.8
18 3/12 μm 156.2° 160.8° 151.8° 3.4° 9° 0 4.71 ± 0.7
19 Rose petal—front 144.7° 150.7° 131.6° 6.1° 19.1° 2.9 ± 1.3 31.5 ± 8.0
20 Rose petal—back 132.4° 136.6° 85.7° f 50.9° 23.4 ± 5.7 140.0 ± 15.8

aStatic contact angle, estimated error <2°
bAdvancing contact angle, estimated error <2°
cReceding contact angle, estimated error <2°
dSliding angle, estimated error <3°
eContact angle hysteresis
fWater droplets do not slide and are struck at 90° tilt angle
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Briefly, a 5 mg water droplet was first deposited onto a platinum ring, which is 
attached to a microbalance. The surface of interest is placed on a stage where it can 
move up and down steadily at a slow rate (10 μm/s) by a computer-controlled step-
ping motor. Prior to the measurement, the microbalance is set to zero. When the
water drop first “touches” the surface (Fig. 5.4 step b), an attractive snap-in force 
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Fig. 5.1 Plots of static contact angle versus sliding angle for flat surfaces 1–14 and rough surfaces 
15–19 (reproduced with permission from [26], Copyright 2011 The American Chemical Society)
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attributable to the wetting interaction between the water droplet and the surface is 
recorded. The stronger the water–surface attraction, the stronger the snap-in force. 
After the water droplet and the surface made contact, the stage is retracted slowly; 
a pull-off force is recorded when the water droplet and the surface separate (Fig. 5.4 
step c). It is worthy pointing out that the measurement of the pull-off force is a little 
bit more complicated. When the separation between the water droplet and the surface
is clean where no residual water droplet is observed after the separation, the pull-off 
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Fig. 5.4 Schematic of the apparatus and procedures for measuring the wetting and adhesion inter-
actions between water and various surfaces. (a) Experimental setup. (b) Wetting force measure-
ment. (c) Adhesion force measurement (reproduced with permission from [62], copyright 2014
The American Chemical Society)
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force should correspond to the adhesion force between the water droplet and the 
surface at vertical separation. However, when a residual water droplet is observed
on the surface after the pull-off, it implies that the adhesion between the surface and 
the water droplet is stronger than the cohesive force within the water droplet. What’s
recorded is the force when the water droplet breaks. The magnitude of this force is 
related to the adhesion between the water droplet and the surface, cohesive force of 
the water droplet (surface tension), and the contact area when the water droplet 
breaks. This is actually a very important observation. The implication of the resid-
ual droplet to surface definition will be discussed further in the next chapter in this 
book. Here, we assume that the measured force is still dominated by the adhesion
force between the water droplet and the surface. Both snap-in force and pull-off 
force data for the water droplet on surfaces 1–20 are included in Table 5.1.

5.2.3  Wetting Interaction and Contact Angles

Numerous attempts were made to correlate the contact angle data from surfaces 
1–20 with the force data. The snap-in force, which measures how strongly the water 
droplet and the surface interact, is shown to correlate well to θA. Figure 5.5 plots the 
snap-in force on surfaces 1–20 versus θA. The snap-in force increases monotonously 
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as θA decreases. Since snap-in force measures the strength of the water attraction, 
the correlation indicates that θA correlates to surface wettability; the larger the θA 
value, the lower the surface wettability. The snap-in force becomes negligible at 
θA ≥ 145°, indicating that there is practically no attractive interaction between water 
and surfaces 15–19. The significance of this observation will be discussed in 
Chap. 6. Incidentally, a reasonably good correlation is also obtained when the snap-
in force is plotted against θ (inset of Fig. 5.5). The observation is not unexpected 
since static contact angle θ always tracks well with the advancing contact angle θA 
due to the way the two measurements are made.

5.2.4  Adhesion Interaction and Contact Angles

Sliding angle α is the tilt angle when the sessile droplet starts to move on an inclined 
surface. It measures stickiness of the surface or mobility of the liquid droplet; the 
stickier the surface, the larger the sliding angle and the lower the drop mobility. As a 
result, a number of reports suggested that α, contact angle hysteresis (θΑ−θR), and 
(cosθR−cosθA) are related to surface adhesion [11, 27–30]. Since the pull-off force 
measures the adhesion between the water droplet and the surface, we can then test 
these hypotheses by plotting the pull-off force against α, (θΑ−θR), and (cosθR−cosθA). 
The results are shown in Figs. 5.6, 5.7, and 5.8, respectively. In these plots, the 
surfaces are further classified into two groups. Specifically, surfaces labeled with 
open squares are surfaces that are clean after pull-off (no residual water droplet), and 
solid squares are surfaces with a small residual water droplet left behind after 
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pull- off. Examination of the data suggests that there is little correlation between the 
pull-off force on surfaces 1–20 with the sliding angle α, contact angle hysteresis 
(θΑ−θR), and (cosθR−cosθA). The absence of any correlation implies that α, (θΑ−θR), 
and (cosθR−cosθA) are not measures of surface adhesion. On the other hand, further 
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examination of the data reveals that some correlation may exist if one groups the 
surfaces into two different sets. The first set of surfaces includes 1–14 and 20. Similar 
to the combined set of data, this group of surfaces shows no correlation with sliding 
angle α, contact angle hysteresis (θΑ−θR), and (cosθR−cosθA). The second set of sur-
faces, 15–19, are all superhydrophobic. The water droplet is in the Cassie–Baxter 
state on these surfaces. The pull-off force seems to correlate well to the sliding angle 
α, contact angle hysteresis (θΑ−θR), and (cosθR−cosθA). The characteristic of this set 
of surfaces is that water pulls off cleanly from these surfaces and they all have a rela-
tively low pull-off force. Of course, one can always argue that this correlation only 
occurs over a narrow range of contact angles. Or this correlation only happens with 
rough surfaces.

On the other hand, when the pull-off force is plotted against the receding contact 
angle of surfaces 1–20, a good correlation is obtained (Fig. 5.9). Pull-off force 
increases monotonically as the receding angle decreases. The data appears to be 
more scattered at smaller receding contact angles, presumably due to the involve-
ment of different “separating states” in the pull-off measurements. The water drop 
may break differently depending on specificity of the interaction. In any event, the 
result in Fig. 5.9 suggests that receding contact angle correlates well to surface adhe-
sion. Another significant observation in Fig. 5.9 is that there appears to be a cutoff at 
receding angle 90° where surfaces are clean and without any residual water droplet 
after pull-off when θR is >90°. This point will be discussed further in Chap. 6.

The work of adhesion (Wh) between a liquid droplet and the surface can be 
quantified as shown in (5.1) according to the surface literature [24, 30].

 
Wh LV R= +( )g 1 cosqq

 (5.1)
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Thus, if the pull-off force is a measure of surface adhesion, it should correlate to 
(1 + cosθR). Indeed, a good linear correlation is obtained in Fig. 5.10 when the pull 
force is plotted against (1 + cosθR). The overall result confirms that the pull-off force 
indeed measures the adhesion between the water droplet and the surface when they 
separate during the experiment in the tensiometer. More importantly, the plot in 
Fig. 5.10 establishes convincingly that receding angle θR indeed measures adhesion. 
The fundamental reason why θR is correlating to surface adhesion is because θR is 
dictated by the ability of the liquid droplet to de-pin at the liquid–solid interface; the 
smaller the θR, the more difficult it is to de-pin and the stronger the adhesion 
interaction.

5.3  Sliding Angle

When the sessile droplet on a horizontal surface is tilted, the normally circular
droplet is distorted or elongated by gravity. The degree of distortion is related to the 
contact angle hysteresis and the angle of tilting [27, 28]. Figure 5.11a depicts a 
schematic of a distorted sessile droplet on an inclined surface and the forces that act 
on the liquid droplet on the tilted surface. The driving force (F) for a liquid droplet 
to slide is gravity and is given by

 F mg= ×sina  (5.2)

where m is the mass of the liquid droplet and g is the gravitational constant.
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Sliding angle α is the tilt angle moment before drop sliding. Thus, α is a measure 
of surface stickiness or drop mobility. For a given drop mass, surface stickiness 
increases as α increases. Figure 5.11b shows a typical decrease profile for the slid-
ing angle as a function of drop mass. It is therefore important to control and know 
the drop mass (or volume) when comparing surface stickiness or drop mobility from 
sliding angle data.

The retention (or frictional) force (f) that keeps the drop from sliding is a lot 
more difficult to determine. The schematic in Fig. 5.11a is just a simplified view of 
the situation. In short, the sessile droplet is distorted three dimensionally. 
Figure 5.12a shows a photograph of a water drop on a tilted surface. The smallest 
angle of contact for the distorted drop is at the trail edge and is designed as θmin. The 
angle of contact increases along the contact line downward; the largest angle is 
observed at the lead edge and is designated as θmax [31]. A 2D top view showing the
change in the angle of contact around the three-phase contact line of the distorted 
droplet is given in Fig. 5.12b. Principally, the retention force is the sum of all forces 
around the circumstance of the distorted droplet [32]. To make the problem manage-
able, Furmidge [29] and Macdougall and Ockrent [30] simplified the complex 3D
geometry to 2D, and f can be expressed as

 
f R k= × × × -( )g LV min maxcos cosqq qq

 (5.3)

where γLV is the surface tension of the liquid, R is the length scale for the contour of 
the drop, and k is an adjustable parameter based on experimental data.

Just before drop sliding on the tilted surface, F = f. Krasovitski and Marmur [33] 
equated the sliding angle to θmax and θmin as

 
sin cos cosa g= × × -( )C LV min maxqq qq

 (5.4)

where C is a constant that includes the gravitational acceleration, density of the 
liquid, and the geometric parameters of the drop.
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In the surface science literature, it was shown as early as 1942 that the lead edge 
and trail edge angles on the tilted plane are θΑ and θR, respectively [30]. More 
recently, ElSherbini and Jacobi [34] reported that θmin and θmax are approximately 
equal to θR and θA for a large number of liquid–surface combinations. If that is true, 
plot of sinα versus (cosθR−cosθA) (data in Table 5.1) should yield a linear relation-
ship. Experimentally, a very scattered plot is obtained in Fig. 5.13. Although there 
is a very rough trend, the lack of a good linear correlation suggests that θmax ≠ θA and 
θmin ≠ θR. This is not a surprising outcome because many approximations have been 
used to derive at Eq. (5.4). After all, both Pierce et al. [32] and Krasovitski and 

Fig. 5.12 (a) A photograph of a water droplet on a tilted surface and (b) schematic showing the 
forces acting on the sessile drop on the tilted surface (b, reproduced with permission from [32], 
copyright 2008 Elsevier)
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Marmur [33] demonstrated that there is only a limited contact angle hysteresis range 
that θmax = θA and θmin = θR. The general assumption that the lead edge and trial edge 
angle of a tilted liquid drop are θA and θR is highly questionable. Therefore, we 
would not recommend using the titling plane method to determine θΑ and θR.

5.4  Contact Angle Hysteresis

5.4.1  What Does It Measure?

Contact angle hysteresis defines as the difference between θA and θR. Results in 
Figs. 5.2 and 5.7 show that it does not correlate to the static contact angle θ and 
receding angle θR. This indicates that contact angle hysteresis is neither measuring 
surface wettability nor adhesion directly. Similar conclusion was also reached by 
Della Volpe et al. [35], who concluded that contact angle hysteresis is completely 
independent of the hydrophobicity/hydrophilicity of the surface. On the other hand, 
many researchers have suggested that low hysteresis is the main reason for high 
drop mobility on tilted surfaces [36–39]. Since sliding angle α is a direct measure 
for drop mobility, a plot of sliding angle α versus (θA and θR) from the data in 
Table 5.1 should be a good test for the hypothesis. Experimentally, a scattered plot 
(Fig. 5.14) is obtained. The scattered plot suggests that if hysteresis is correlating to 
drop mobility, the correlation is only qualitative at best. Indeed, Pierce, Carmona, 
and Amirfazli [32] also concluded that advancing and receding contact angles are 
not good predictors for drop mobility in their detailed analysis of the complicated 
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relationship among sliding angle, advancing and receding contact angle, and 
hysteresis.

As pointed out earlier in Chap. 3, both θA and θR are angles from their respective 
metastable wetting states. Their equivalent Young’s equations can be written as

 
cosqqA

SV SL
ad

LV

=
-g g

g  
(5.5)

 
cosqqR

SV SL
re

LV

=
-g g

g  
(5.6)

where γSV and γLV are the surface tensions for the solid and liquid, respectively, g SL
ad

is the liquid–solid interfacial tension during advancing, and g SL
re

is the liquid–solid 
interfacial tension during receding.

During receding, the area underneath the drop is already wetted. The contact line
is receding from an interface where liquid molecules and solid–surface materials 
are already relaxed and are in their equilibrated state. This may not be the case 
 during advancing. Liquid molecules and materials on the solid surface may not have 
enough time to equilibrate at the interface as the contact line is kept advancing. In 
other words, there is a difference in liquid–solid interfacial tension in the advancing 
mode and the receding mode (γSL

ad versus γSL
re). Therefore, contact angle hysteresis is 

actually a measure of the difference in liquid–solid interfacial tension during 
advancing and during receding; the larger the difference, the larger the hysteresis.

5.4.2  Mechanisms for Contact Angle Hysteresis

Equations (5.5) and (5.6) clearly show that contact angle hysteresis originates from 
the difference in liquid–solid interfacial tension during advancing and during reced-
ing. The difference in wetting states during advancing and receding was mentioned 
by Macdougall and Ockrent [30] and by Pease [40] earlier. Historically, contact
angle hysteresis was attributed to roughness and heterogeneity [7, 9, 41, 42]. Indeed, 
when a liquid is in the Wenzel state, it wets the rough surface fully and results in
pinning of the liquid droplet on the surface and very large hysteresis [43, 44]. 
Extrand [45] further suggested that the geometry of the roughness may be more 
important than roughness alone in determining the contact angle and hysteresis of 
ultraphobic pillar array surfaces. It thus appears that roughness is not the only con-
tributor to contact angle hysteresis.

The occurrence of sizable contact angle hysteresis on perfectly smooth surfaces 
was reported as early as 1952 by Bartell and Bjorklund [46] in a three-liquid, three- 
phase system comprising mercury, benzene, and water. A strong conclusion was not 
drawn that time presumably due to the observation of an unexplained, aging phe-
nomenon on the three-liquid system. Four decades later, Chen and coworkers [47] 
reported a study of the contact angle hysteresis of several monolayer modified mica 
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sheets with water and observed sizable hysteresis also despite working with atomic 
smooth samples. They attributed the large hysteresis to the relaxation of liquid 
molecules after the liquid wets the monolayer–mica surfaces. Rearrangement of 
functional groups in polymer chains and dipoles in liquid after wetting was reported 
at the water–hydrogel interfaces, which lead to large hysteresis [48]. Lee and 
coworkers demonstrated the existence of interactions between liquid molecules and 
dipoles on different fluoropolymer surfaces during their wettability study [49]. 
Extrand and Kumagai [50] designed an experiment consisting of six different sur-
faces (silicon wafer plus five different polymers) and five different liquids, to test 
whether roughness or chemical interaction at the interface are playing a role in 
determining the contact angle hysteresis. The 6 × 5 matrix includes liquid–surface 
combinations with a wide range of contact angle and hysteresis. They concluded 
that chemical interaction at the liquid–solid interface is a key contributor to the large 
hysteresis observed in their study. It thus becomes apparent that both chemical and 
physical interactions can contribute to contact angle hysteresis. Before the liquid 
wets the solid surface, molecules in liquid droplet and on the surface of the solid are 
in their respective thermodynamically stable state. As soon as the liquid wets the 
surface, both liquid molecules and segments of materials on the solid surface can 
rearrange to their relaxed state at the liquid–solid interface. The degree of relaxation 
will depend on the specific liquid–solid system. Surface roughness can magnify the 
interaction. Using the methodology of Cassie–Baxter, the total contact angle hyster-
esis (CAHtot) for a given liquid–solid system can be defined as

 
CAH CAH CAHtot

s
chem

s
rough= × + -( ) ×f f1

 (5.7)

where fs is the solid area fraction on the rough surface, CAHchem is the CAH from the
chemical interaction, and CAHrough is the CAH from the rough structure.

For smooth surfaces, fs = 1, the chemical interaction between molecules in the 
liquid and the solid surface (CAHchem) becomes the sole contributor. For rough sur-
faces, both CAHchem and CAHrough are contributing to the hysteresis observed. 
Generally speaking, CAHtot for rough surface increases as fs increases due to the 
pinning effect [51, 52]. For surfaces similar to the Lotus leaf, fs approaches zero and 
CAHrough dictates the size of the hysteresis. Factors that govern CAHrough have not 
been well studied. Many investigators have been using measured roughness factors, 
such as Ra and Rz, to correlate contact angle data and usually not very fruitful. In 
any event, if one considers the interaction between the liquid and the rough structure 
at the molecular level, one would intuitively expect that the pinning geometry at the 
three-phase contact line should be paramountly important. Indeed, Extrand found in 
his study of the wetting of pillar array surfaces that the decrease of receding contact 
angle and increase of hysteresis is more sensitive to the geometry of the pillar than 
the height [45]. Very recently, Kanungo and coworkers reported that the hystereses 
of PDMS surfaces with bumps are larger than those with cavities for the same
roughness factor in their study of the wetting of water on rough PDMS surfaces
[53]. To an extreme, rough surfaces with vertical protrusion, even in the nanoscale, 
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are found to be very effective in immobilizing liquid droplets due to pinning. This 
of course results in a very large contact angle hysteresis. For instance, Law et al. 
[54] recently prepared a series of polycarbonate films with nanosized protrusion by 
the nanoimprinting technique and found that water droplet basically pins on the 
rough surface during wetting. Figure 5.15a shows a SEM micrograph of a nano- 
patterned polycarbonate surface (pitch and height are ~300 nm) and the water sessile 
droplet image. The water contact angle was at 108°. The contact angle is larger than 
that of a smooth polycarbonate surface (~92°), indicating that water is in the Wenzel
state on the nano-patterned surface. Indeed, water droplet was found stuck and 
pinned when the surface is flipped 180° (Fig. 5.15b). The nano-patterned surface is 
thought to be useful in preventing the so-called coffee ring stain effect during inkjet 
printing. Similarly, Mettu, Kanungo, and Law [55] also observed analogous pinning 
effect on a biaxial-oriented polypropylene (BOPP) substrate. Nanosized vertical pro-
trusions were shown to form upon heating, and the resulting protrusions pin droplets 
of the inkjet materials on the heated BOPP surface.

5.5  Surface Characterization Recommendations

Contact angle measurement has been a very popular tool to characterize the property of 
solid surfaces and understand liquid–solid interactions. Based on the data summa-
rized in this chapter (Figs. 5.1, 5.2, 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12, 
5.13, and 5.14), we recommend that surface should be characterized by its advanc-
ing contact angle, receding contact angle, and sliding angle. They measure surface 
wettability, adhesion, and stickiness or slipperiness, respectively (Fig. 5.16). In 
theory, static contact angle is not a measure of anything. However, researchers often
found θ to correlate to the advancing angle and wettability (e.g., Fig. 5.5). This is 
probably due to the way both measurements are made. Specifically, both static and 
advancing angles involve contact line advancing prior to capturing and analyzing of 

Fig. 5.15 (a) SEM micrograph of a polycarbonate film with nanosized protrusion (pitch and 
height are ~300 nm) and (b) polycarbonate film flipped 180° (insets: images of the sessile droplets) 
(reproduced with permission from [54], copyright 2014 The American Chemical Society)
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the drop profile. From the liquid–solid interaction perspective, advancing contact 
angle will give indication if a liquid will wet or repel by a surface. Receding contact 
angle will allow prediction of the strength of the liquid–solid adhesion, while slid-
ing angle will offer clue about mobility of the liquid droplet.

As discussed previously, contact angle hysteresis has been said to correlate to 
adhesion and drop mobility in the literature. We have to emphasize that, from the
data in Figs. 5.7 and 5.14, the correlation is qualitative at best. The main reason for 
the existence of a rough correlation is because of the θR term in contact angle hys-
teresis. While it may be a surprise to some, hysteresis is not related to wettability
either [35]. Undoubtedly more work is needed to understand the true role of contact 
angle hysteresis in surface characterization and wetting, Eqs. (5.5) and (5.6) clearly 
indicate that it originates from the difference in liquid–solid interfacial tension dur-
ing advancing and during receding. In other words, the liquid–solid interface can be 
in two different states depending on whether it is in the advancing or receding mode. 
It is only with this understanding that we can comprehend some of the unexpected 
results reported in recent surface literature, e.g., surfaces with both small contact 
angle and sliding angle. These surfaces will be part of the conversation in the next 
section.

5.6  Myths in Adhesion and Contact Angle Hysteresis

There are many myths in surface science. One of them is the belief that large contact 
angle would lead to low adhesion, low hysteresis, and nonstickiness. The report of 
the self-cleaning effect displayed by the Lotus leaf further exacerbates that belief 
[56]. In any event, the self-cleaning effect did inject excitement in surface science 
and engineering. Studies of superhydrophobicity and more recently superoleopho-
bicity have been fierce and intense. Numerous potential applications, e.g., self- 
cleaning textiles; oil- and soil-resistant clothing; anti-smudge surface for iPhone 

Fig. 5.16 A summary of surface characterization recommendations
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and display; anti-icing coating for power lines, rooftops, and airplanes; corrosion- 
resistant coating for bridges and other metal structures; drag reduction in ship; gas 
and fuel transportation; microfluidic devices; etc., are being pursued worldwide. 
Many interesting surface properties have been reported. Some of the counterintuitive 
observations include (1) large contact angle surfaces with large sliding angles and 
hysteresis and (2) small contact angle surfaces with low hysteresis and high drop 
mobility. While the literature data is massive, in Table 5.2 we highlight some of the 
key examples to illustrate the usefulness of a better understanding of basic concepts 
in comprehending these unexpected results.

Surfaces i–iv are rough surfaces whose surface properties and structures are well 
characterized. While Lotus leaf i [56], artificial superhydrophobic surfaces ii and iii 
(with water), and superoleophobic surfaces ii (with hexadecane) [51, 57] all exhibit 
the expected large contact angle with small sliding angle and low hysteresis, sticky 
rough surfaces with large contact angles in the cases of iii (hexadecane) and iv 

Table 5.2 Contact angle data highlighting the expected and unexpected surface properties 
reported in recent literature

Surface Liquid θa αb θA
c θR

d θA−θR
e References

i. Lotus leaf Water 162° 4° [56]
ii. FOTS-coated textured Si wafer 
(~3 μm/12 μm/~7 μm/wavy)f

Water 156° 3.4° 161° 152° 9° [51]
Hexadecane 154° 3.7° 162° 142° 20°

iii. FOTS-coated textured Si wafer 
(~3 μm/6 μm/~7 μm/smooth)f

Water 152° 12° 162° 135° 27° [57]
Hexadecane 120° Not 

slide
129° ~0° ~129°

iv. Hydrophobized SU8 texture on
Si wafer (20 μm/32 μm/30 μm)g

Water – Not 
slide

140° ~0° ~140° [44]

v. OTS SAM on Si wafera Water 109° 13° 117° 95° 22° [57]
Hexadecane 40° 8° 45° 34° 10°

vi. FOTS SAM on Si waferb Water 107° 13° 116° 95° 21° [57]
Hexadecane 73° 9° 75° 65° 10°

vii. PDMS2K on glassh Water – – 104° 102° 2° [58]
viii. PDMS9K on glassh Water – – 106° 105° 1° [58]
ix. PU—Fluorolink Hexadecane 68° 7° – – – [59]
x. C10 sol gel hybrid film Hexadecane – 3.4° 36° 34° 2° [60]
xi. PU—2 % SiClean Water 90° 31° 104° 76° 28° [57]

Hexadecane 31° 6° – – – [61]
xii. PU—8 % SiClean Water 104° 23° 106° 88° 18° [57]

Hexadecane 34° 2° – – – [61]
aStatic contact angle, estimated error <2
bSliding angle, estimated error <3
cAdvancing contact angle, estimated error <2
dReceding contact angle, estimated error <2
eContact angle hysteresis
fPillar diameter/pitch/height/sidewall
gSquare pillar/pitch/height
h2K and 9K denote the molecular weight of the PDMS chains

5.6 Myths in Adhesion and Contact Angle Hysteresis
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(water) are less common [44, 57]. The probing liquids in both cases fully wet the 
rough surfaces and are in the Wenzel state [43]. According to the Wenzel equation,
the static contact angle should decrease if the surface material is hydrophilic or 
oleophilic, but the contrary is observed in the cases of iii (hexadecane) and iv (water). 
The observation is in violation with the Wenzel equation and is attributable to the
pinning effect. Detail discussion of the pinning effect and the mechanism for produc-
ing the unexpected large contact angle has been given in Sect. 4.2.2 in this book.

Surfaces v–xii are smooth flat surfaces and they are all hydrophobic (water 
θ>90°). Their contact angles, sliding angles, and hysteresis are not correlated to 
common intuition, e.g., the water advancing contact angles θ for v and vi are larger 
than those of vii and viii, but their sliding angles and hysteresis are larger too! The 
results are consistent with the scattered plots shown in Figs. 5.1, 5.2, and 5.3. 
Counterintuitive results are also observed when hexadecane is used as the probing 
liquid. Surfaces v, vi, and ix–xii all exhibit low contact angles: θ, θA, and θR. While
the low contact angles are expected due to the low surface tension of hexadecane 
(27.5 mN/m as compared to 72.8 mN/m for water), what’s unexpected are their low
(<10°) sliding angles and small hysteresis. These results imply that these surfaces 
are highly  wettable with high adhesion. On the other hand, the small sliding angles 
suggest that these surfaces are actually nonsticky. How can that be? The high adhe-
sion and nonsticky properties seem to contradict to each other. However, the obser-
vations can be rationalized based on the thermodynamic of the wetting and 
de-wetting process. Specifically, when θA ≈ θR, the energy that is required to de-pin 
the drop is likely well compensated by the energy gained from the favorable wetting 
process. Using several low-hysteresis examples, McCarthy et al. [38, 58] conjec-
tured earlier that kinetic factor, namely, low activation barrier for the de-pinning 
process, is the main reason for the high drop mobility. We feel that while low activa-
tion energy barrier to de-pin the receding contact line may be the effect, the real 
cause for the high mobility is still the favorable thermodynamic of the wetting/de-
wetting process. These low-hysteresis surfaces may find applications as anti-graffiti 
coating and easy-clean, self-clean surfaces for inkjet printheads [59, 61].

The unusual surface property exhibited by v–xii may offer new avenue for the 
designs of new self-cleaning surfaces of varying contact angles. It may shine new 
lights into the mechanism of contact angle hysteresis. For example, surfaces vii–xii 
all comprise low-surface-energy functional groups at the surfaces, e.g., the C10 
hydrocarbon chain, oligomers of polydimethylsiloxane, and the perfluoropolyether 
polymer chain. These low-surface-energy functional groups are all known to be 
flexible, and they will migrate outward toward the air–surface interface during coat-
ing and drying. Incidentally, these low-surface-energy functional groups are also 
compatible with hexadecane. The favorable hexadecane–surface interactions have 
resulted in high wettability and low θA for surfaces ix–xii. During receding, the
contact line recedes from the wetted area where equilibration at the interface 
between liquid molecules and the solid surfaces has already occurred. The receding 
angle is dictated by interfacial tension g SL

re
. We further suggest that due to the com-

patibility between hexadecane and these low-surface-energy, flexible functional 
groups, materials at the liquid–solid interface also get their chance to equilibrate 
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during advancing. As a result, the liquid–solid interfacial tension during advance, , 
g SL

ad
is very similar to g SL

re
. Consequently, θA is similar to θR according to Eqs. (5.5) 

and (5.6) and very low hysteresis is resulted. Additional evidence to support this 
concept comes from the contact angle data in surfaces v and vi. Comparison of the 
water and hexadecane contact angle data reveal that probing the surfaces with water 
always leads to larger contact angles, θ, θA, θR, and α as well as larger hysteresis as 
compared to those of hexadecane. There appears an inverted correlation between 
favorability of the liquid–solid interaction and contact angle. For example, with 
stronger interfacial interactions between hexadecane and the C18 hydrocarbon 
chain and the C8 perfluorocarbon chain in the monolayers of the OTS SAM and 
FOTS SAM, the contact angles, sliding angles, and hysteresis with hexadecane are 
found to be all smaller than those with water.
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    Chapter 6   
 Terminologies and Defi nitions                     

    Abstract     One of the weak links in surface research has been the lack of clear, 
well- defi ned terminologies, defi nitions, and common language. This at least in part 
contributes to the current messiness in the surface literature. In this chapter, some of 
the commonly used terminologies and language are overviewed, shortfalls are dis-
cussed, and areas for improvement are proposed. In terms of defi nition, hydrophilic-
ity and hydrophobicity are the most important concepts in surface science, and they 
mean having and lacking of affi nity with water, respectively. Water contact angle 
θ at   90° has been defi ned as the cutoff between hydrophilicity and hydrophobicity. 
This defi nition may have been derived from trigonometry but has been challenged 
numerous times in the past. An improved defi nition based on the wetting and adhe-
sion interactions of water with 20 different surfaces of varying water affi nity is 
proposed. Surfaces with  θ  R  > 90° were found to have no affi nity with water and are 
defi ned as hydrophobic, whereas those with  θ  R  < 90° are defi ned as hydrophilic. 
Surfaces with  θ  A  ≥ 145° are shown to have no attraction toward water. Accordingly, 
a surface can be defi ned as superhydrophobic when its  θ  R  is >90° and  θ  A  is ≥145°. 
The fundamental reason why a surface becomes hydrophobic is discussed. The 
methodology has been extended to defi ne hexadecane oleophilicity, oleophobicity, 
and superoleophobicity. It is also shown that the philicity/phobicity cutoff should 
not be universal at 90°, rather it should be dependent of the liquid surface tension; 
the lower the surface tension, the larger the  θ  R  cutoff angle.  

  Keywords     Hydrophilicity   •   Hydrophobicity   •   Defi nitions   •   Terminologies   • 
  Oleophilicity   •   Oleophobicity   •   Superhydrophobicity   •   Superoleophobicity   •   Liquid 
cohesion   •   Wetting interaction   •   Amphiphobicity   •   Omniphobicity  

6.1               Background 

 Surface is a very important branch of physical science and has been studied mostly 
by chemists and physicists since the nineteenth century. Technically, when two or 
more objects come together, the interfaces between them will be part of surface sci-
ence. Very often, interfacial interactions are more dominant and interesting than 
bulk material properties. As a result, surface has become an intersection point of 
many fi elds of research, and the studies have attracted a very diverse group of 
researchers and practitioners. Nowadays, in addition to chemists and physicists, 
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materials scientists, engineers of nearly all disciplines (materials, chemical, civil, 
mechanical, aerospace, electric, etc.), biologists, and manufacturers are also studying 
surfaces because of its relevance to the subject matter of their interests. On one 
hand, this is good for the science as it will be benefi tted from the very diverse par-
ticipation. What’s unfortunate is that there is no universal, technical language in 
surface science to allow the community to converse effectively. Quite often, defi ni-
tions are improperly defi ned, terminologies are created arbitrarily, and expressions 
sound like local dialects. This has led to misunderstanding, confusions, and some-
times ad hoc phrases. In this chapter, some commonly used terminologies, descrip-
tors, and defi nitions in surface are overviewed. Assessment, constructive criticism, 
and areas for improvement are proposed based on the fundamental of wetting, 
namely, the movement of the contact line. Our goal is to create a conversation, 
which may catalyze the different segments of researchers and practitioners, to work 
toward a set of common languages, terminologies, and defi nitions. It is also our 
hope that this work will lay the framework for “the authority” or leaders in this fi eld 
to offi cially put together some standardized terminologies and defi nitions for the 
community at large.  

6.2     Common Terminologies and Languages 

6.2.1     Terminologies 

 The fi rst information one seeks when a liquid wets a  solid surface   is wettability. Will 
the liquid wet the surface or repel from it? Many terminologies describing the wet-
ting process are originated from Greek or Latin words. Usually, the terms comprise 
two parts. The fi rst part describes the type of liquid, and the second part reveals its 
affi nity. The word “philic” means with affi nity in Greek, and “phobic” is the oppo-
site, which means lack of affi nity. A summary of some of the common terminologies 
along with their descriptions from an English dictionary is outlined in Table  6.1 . 
 For   simplicity, the second half of the terms (phobicity) are not shown in the table.

   Water is the most tested liquid in surface science because of its abundance. 
Its Greek word is hydro. Therefore, hydrophilic and hydrophobic are the most 

    Table 6.1    Common terminologies used in  the   surface literature   

 Term  (Original) description  Remarks 

 Hydrophilic  Affi nity with water 
 Oleophilic  Affi nity with oils 
 Amphiphilic  Surfactant molecule having a polar 

group and a hydrocarbon chain 
 Chemists have extended it to describe polar 
and nonpolar interactions 

 Lyophilic  Affi nity with colloids  Not appropriate to describe liquid–solid 
interaction 

 Lipophilic  Affi nity with fats and lipids  Limit in scope 
 Omniphilic  Affi nity with every liquid 
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recognized terms in  the   surface literature. Other terms that we thought are 
appropriate to describe  liquid–solid interactions   are oleophilic/oleophobic and 
omniphilic/ omniphobic  . Each pair of terminology actually includes groups or 
classes of liquids.  Ole means oil   and is a class of liquids that are immiscible with 
water. It is not specifi c and covers hydrocarbon oils, oils extracted from natural 
products as well as synthetic oils. Omni means every liquid, covering liquids from 
polar to nonpolar, from water to alcohols, ketones, esters, amides, halocarbons, 
hydrocarbons, and so on. To be more informative, authors are advised to specify 
their liquid(s) when these terms are used in their publications. 

 The term  amphiphilic   is used to describe surfactant-like molecules having a dual 
polarity: a polar group in one end and a long hydrocarbon chain in the other end. 
Chemists have stretched it to describe polar and nonpolar interactions. If the term 
 amphiphilic/amphiphobic   is used, the author is advised to specify the liquids used. 
As for lipophilic, we fi nd it limits in scope because lipo usually means fats and 
lipids. Although some have extended it to hydrocarbon oils, we feel that hydrocar-
bon oils are already represented by oleo. We also feel that the term lyophilic is not 
appropriate. It was used to describe affi nity between colloids and their dispersed 
media and doesn’t appear to be too relevant. 

 Although the terminologies in Table  6.1  have not been a source of serious confu-
sion, it does not hurt if we sharpen up with our language to effectively communicate 
our results. For instance, everyone knows that hydro means water. Can the commu-
nity agree that oleo means hexadecane? As for “omni” and “amiphi,” it would make 
sense for the authors to study a set of liquids with varying surface tension, viscosity, 
functionality, and polarity to substantiate the claim. In addition to water and hexa-
decane (or decane), the liquid set should include alcohol (ethylene glycol), ketone 
(methyl ethyl ketone), ester (ethyl acetate), amide (dimethylformamide), and halo-
carbon (diiodomethane), for example. If the test liquids for each terminology are 
well defi ned, this will leave little guesswork to the reader and inappropriate claims 
by the authors.  

6.2.2     Languages and Descriptors 

 Figure  6.1  schematically depicts the three interactions between  a   liquid droplet and 
a surface. These three interactions are actually governed by the movement of the 
contact line. When the liquid fi rst wets the surface, the contact line advances out-
ward, and the fi rst information one seeks is wettability. The adjectives to describe 
the surface are wettable and non-wettable. As for the liquid, it will either wet or 
partially wet the surface or repel from it. As discussed in Chap.   5    , wettability is 
measured by the advancing angle  θ  A . Once the liquid partially wets the surface, a 
static sessile drop is formed. There exist two interactions between the sessile drop 
and the surface. In the vertical direction, it is the adhesion and it is measured by the 
receding angle  θ  R . The only motion for the contact line is receding, and an interface 
(liquid–solid) is eliminated when the liquid droplet is detached from the surface. 

6.2 Common Terminologies and Languages

http://dx.doi.org/10.1007/978-3-319-25214-8_5


126

In the case of moving a horizontal drop, both advancing and receding contact lines 
are in action, and the wetting state remains the same as the liquid is moving along 
the surface. If the drop is stuck and has no lateral mobility, one can simply describe 
the surface as sticky and the drop as immobile. The mobility of the drop is measured 
by the sliding angle  α , which is proportional to (cos θ  R −cos θ  A ). Gao and McCarthy 
[ 1 ] used the terms tensile and shear hydrophobicity to describe  the   vertical and hori-
zontal interactions. The proposal is faulty and inappropriate. For example, the use 
of the term shear hydrophobicity to describe lateral mobility is technically incorrect 
as the wettability of the drop (contact angle) remains unchanged during the move-
ment. As pointed out in Chap.   5     (Table   5.2    ), highly non-wettable surfaces can 
exhibit adhesion ranging from sticky to slippery. Similarly, slippery surfaces can 
have a range of wettability too! We suggest differentiating these two interactions 
through the movement of the contact line. For adhesion, the only movement for the 
contact line is receding, and an interface (liquid–solid) is eliminated when the liquid 
droplet is detached from the surface. For lateral movement, both advancing and 
receding contact lines continue to move, and drop affi nity to the surface remains the 
same. A summary for these three interactions, their measurement methods, the rec-
ommended descriptors, and the movement of the contact  line   are summarized in 
Table  6.2 .

    The shortfall in our vocabulary is exposed when describing highly mobile drops 
with contact angles ranging from ~30 to ~120°. Three groups of researchers, the 
McCarthy group at the University of Massachusetts [ 2 ,  3 ], the Hozumi group at 
AIST (Advanced Industrial Science and Technology) Japan [ 4 – 6 ], and the Law 
group at Xerox [ 7 – 9 ], recently reported that liquid drops can have high mobility 
on wettable and even highly wettable surfaces. Some of the key data  are   summa-
rized in Table  6.3 .

sy
rin

ge
Liquid
droplet

Wettability

Mobility

AdhesionSolid surface

  Fig. 6.1    Summary of interactions when a liquid drop contracts a solid surface       

   Table 6.2    Suggested descriptors  for   liquid–solid interactions   

 Interaction  Measured by 

 Descriptors/adjectives for  Moving 
contact line  Surface  Liquid 

 Wettability   θ  A   Wettable/non-wettable  Wetting/repelling  Advancing 
 Adhesion   θ  R   High/low adhesion  Sticky/nonsticky  Receding 
 Horizontal 
mobility 

  α  or (cos θ  R −cos θ  A )  Sticky/slippery  Mobile/immobile  Advancing 
and receding 
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   Other than with water,  the   contact angles of most of the surfaces are <90° with 
the tested liquids, indicating that they are all highly wettable. McCarthy et al. [ 2 ] 
used the terms ultrahydrophobicity and ultralyophobicity to describe the unexpected 
mobility for water, diiodomethane, and hexadecane on their silanated silicon wafer 
surfaces. Hozumi et al. [ 6 ] described the same high-mobility phenomenon as 
dynamic de-wettability on their study of the surface properties of alkyl-terminated 
hybrid sol–gel fi lms. We feel that none of these terminologies are technically 
 correctly describing the observation.  Phobicity   is a recognized descriptor for lack of 
affi nity. The terms  ultrahydrophobicity   and  ultralyophobicity      generally stand for 
super repellency than for the high mobility. Moreover, a moving droplet has nothing 
to do with wettability or de-wettability. During drop moving, the contact area under-
neath the droplet is constant, so neither wetting nor de-wetting occurs. 

 It is important to point out that it is not against any fundamental law of chemistry 
or physics to have a wettable surface exhibiting low hysteresis and small sliding 
angle at the same time. In fact, Della Volpe, Siboni, and Morra [ 10 ] noted in their 
comments to Langmuir that hysteresis and sliding angle do not have to be depen-
dent of surface  hydrophobicity  . In Zisman’s 1964 article [ 11 ], he cited the collab-
orative work between Langmuir and Blodgett (LB), who observed that white 
mineral oil was able to roll off a trimolecular stearate  LB fi lm   on glass, which 
exhibited a contact angle of ~55°. Langmuir and Blodgett attributed the unusual 
“de-wetting” property to the tight packing of the C18 chain in the  LB fi lm   as well 
as the noninteracting nature of the CH 3  end group [ 12 ]. In 1996, Schmidt et al. [ 13 ] 
reported the synthesis of a new family of nonsticking, wettable polymers by 

   Table 6.3     Key   contact angle data for recently reported surfaces with high liquid mobility   

 Surface  Liquid   θ    θ  A / θ  R    α   References 

 Alkyl silane from 
Cl(SiMe 2 O)  n  SiMeCl 

 Water  ~105°/~104°  [ 2 ] 
 CH 2 I 2   ~74°/~72° 
 Hexadecane  ~36°/~35° 

 Alkyl silane from (Me 3 SiO)
SiCH 2 CH 2 Si(CH 3 ) 2 Cl 

 Water  ~104°/~103°  [ 2 ] 
  CH 2 I 2     ~71°/~66° 
 Hexadecane  ~38°/~36° 

 Grafted PDMS 2K  on glass a,b   Water  ~105°/~104°  [ 3 ] 
 Grafted PDMS 6K  brush on wafera  Water  ~108°/~104°  [ 5 ] 

 Hexadecane  ~35°/~35° 
 C10 sol–gel hybrid fi lm  Water  ~109°/~100°  40°  [ 6 ] 

 CH 2 I 2   ~73°/~71°  6.2° 
 Hexadecane  ~36°/~34°  3.4° 

 PU-8 % Silclean c   Hexadecane  ~34°  3.4°  [ 7 ] 
 PU-2 % Fluorolink d    Hexad  ecane  ~68°  7°  [ 8 ] 

   a 2K and 6K denote the molecular weight of the PDMS chains 
  b Low hysteresis were observed with CH 2 I 2  and hexadecane 
  c Silclean is a polyhydroxy PDMS oligomer, which is incorporated into the polyurethane polymer 
during cross-linking 
  d Fluorolink is a dihydroxy-terminated perfl uoropolyether, which is incorporated into the polyurethane 
backbone during cross-linking  

6.2 Common Terminologies and Languages
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cross- linking reactive perfl uoroalkyl polymeric surfactants with poly(2-isopropenyl-
2- oxazoline) at different reactant ratios under a various reacting and curing condi-
tions. Static, advancing/receding angles and sliding angles with water and hexadecane 
were reported. With hexadecane, four of the polymer coatings exhibit contact angles 
range between 58 and 67° with sliding angles less than 15°. These  polymer coatings   
are generally hydrophobic with water contact angles range between 101 and 112° 
along with slightly larger sliding angles, 24–27°. Thus, wettable, nonsticking 
surfaces are not new. We assume that the creation of new terms may have been infl u-
enced by the hype of superhydrophobicity in recent years. For simplicity and clarity, 
we don’t see the need of any new descriptors. Simple adjectives, such as sticky and 
slippery, are suffi cient to describe these surfaces; likewise, the terms mobile and 
immobile should be adequate in describing drop mobility. Moreover, there are always 
adverbs like super or highly to further modifying the adjectives.   

6.3     Defi nitions 

6.3.1        Hydrophilicity,    Hydrophobicity,  and   Superhydrophobicity 

 After a terminology is defi ned and quantifi ed, it becomes a concept. Hydrophobicity 
and hydrophilicity are among the most important concepts in surface science. In the 
scientifi c community, we generally accept that a surface is hydrophobic when its 
static water contact angle  θ  is >90° and is hydrophilic when  θ  is <90°. Actually, there 
is little technical rationalization or understanding why a surface suddenly becomes 
hydrophobic when  θ  just increases 1° from  the   cutoff point.    What is  t  he mechanism 
or molecular origin that leads to this change of surface property? In fact, this defi ni-
tion was questioned by Gao and McCarthy who called “Tefl on hydrophilic” because 
of its high adhesion with water [ 1 ]. Others have also noticed this shortfall in the defi -
nition. van Oss [ 14 ] proposed to use the free energy of hydration (Δ G  sl ) as the mea-
sure of hydrophilicity and hydrophobicity. Based on the analysis of the free energy 
of hydration for a number of compounds, he found that hydrophobic compounds 
attract each other in water when Δ G  sl  > −113 mJ/m 2  and that they repel each other 
when Δ G  sl  < −113 mJ/m 2 . The value −113 mJ/m 2  was proposed to be the cut off 
between hydrophobicity and hydrophilicity. Vogler [ 15 ] proposed a cutoff of  θ  ~ 65° 
based on the appearance and disappearance of long- range hydrophobic interactions 
in his surface  fo  rce measurement. The latter two defi nitions actually have little to do 
with water–surface affi nity.  Ra  ther, the  cutoff   point shows the raise of the hydropho-
bic effect of surfactant molecules or protein in water. Therefore, there is a defi nite 
need of a good defi nition that is supported by technical data. 

 In 2011, Samuel, Zhao, and Law [ 16 ] reported a systematic study of the wetting 
and adhesion interactions of water with 20 different surfaces ( 1 – 20 ) using the 
microbalance in a tensiometer. Details of the study have been provided in Sect.   5.2    . 
Briefl y, we found that surface adhesion decreases linearly as the receding angle 
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increases (Fig.   5.9    ). As pointed out in Sect.   5.2.4    , we also notice a clear cutoff at 
 θ  R  ~ 90°. Specifi cally, for surfaces with  θ  R  < 90°, a tiny residual water droplet was 
observed after the water droplet is separated from the surface. The surface is  cle  an 
for surfaces with  θ  R  > 90°. Photographs and the schematic showing these two cases 
are given in Fig.  6.2 . The observation of the tiny residual water droplet after the 
water droplet and the surface separate is indicative of defi nite affi nity. The clear 
distinction between surfaces at  θ  R  < 90° and  θ  R  > 90° leads to the proposal  t  hat a 
surface is defi ned as hydrophilic when its water  θ  R  is <90° and is hydrophobic when 
 θ  R  is >90° [ 17 ].

   Another intriguing question is what is the fundamental driver to make the surface 
changes from hydrophilic to hydrophobic at the cutoff  θ  R  ~ 90°. In Chap.   5    , we also 
show that there exists a good correlation between the wetting force and advancing 
 c  ontact angle  θ  A  (Fig.   5.5    ). Attractive interaction is shown to decrease as  θ  A  
increases. The result  indic  ates that there is always positive water–surface attraction 
and that this attraction is weakening as the surface becomes more hydrophobic. 
The fact that no residual water droplet was observed when  θ  R  > 90°  c  an be attributed 
to the high  cohesion   of the water droplet. In other words, the water droplet prefers 
to be in the droplet state than wetting the surface due to the small wetting energy. 
The importance of  liquid   cohesion in wetting was in fact discussed lengthy in 
Young’s original essay [ 18 ]. 

 Another term that has been tentatively defi ned in  t  he literature is superhydro-
phobicity. As noted by Roach, Shirtcliffe, and Newton [ 19 ], the defi nition of super-

  Fig. 6.2    Photographs and schematics showing water–surface separation from a  hydrophilic   ( top ) 
and  hydrophobic   ( bottom ) surface (reproduced with permission from [ 17 ], copyright 2014 The 
American Chemical Society)       
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hydrophobicity for surfaces having water  θ  > 150° is somewhat arbitrary. On the 
other hand, the result in Fig.   5.5     actually shows that there is practically no wetting 
attraction between  wate  r  an  d surfaces with  θ  A  ≥ 145°. Hence, a hydrophobic surface 
can be moved to the super status when there is absolutely no  wetting interaction   
with water. A 2D representation of the surface defi nition for superhydrophobicity is 
given in Fig.  6.3 .

   In recent years, the term sticky superhydrophobicity, which is a convenient 
description of a sticky drop that has a large contact angle, appeared. Some Wenzel 
droplets also exhibit very large contact angle [ 20 ]. With the defi nition described 
in this chapter, the ad  hoc   term sticky superhydrophobicity should no longer be in 
existence. Such surface will be simply  hydroph   ili  c as its receding angle is <90°.  

6.3.2        Oleophilicity,    Oleophobicity,  and   Superoleophobicity 

 Surface wettability is known to increase as the surface tension of the wetting liquid 
decreases [ 11 ]. As a result, considerable amount of attention has been paid recently 
to surfaces which are non-wettable against hydrocarbon oil such as hexadecane 
[ 21 – 25 ]. It is generally believed that a surface that is super repellent against heptane 
to  hexadeca  ne should repel most liquids due to their low surface tensions. In the 
literature, the traditional cutoff for water has been extended to hexadecane, namely, 
a surface is oleophilic if its hexadecane  θ  is <90°, oleophobic if  θ  is >90°, and 
 superoleo  phobicity if  θ  is ≥150°. To our knowledge, there is no technical justifi ca-
tion for this defi nition. Law [ 17 ,  26 ] recently examined some preliminary data on 
the wetting and adhesion interactions between hexadecane and several surfaces 
using the microbalance technique as described in Chap.   5    . The preliminary results 
are  sum  marized in Fig.  6.4 . Results in Fig.  6.4a  show that the wetting force decreases 
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linearly as the hexadecane  θ  A  on the surface increases. An intercept at 163° is 
observed, indicating that surfaces with  θ  A  ≥ 163° will have  no   affi nity with hexadec-
ane. This trend is similar to that observed with water (Fig.   5.5    ). The plot between 
adhesion force and  θ  R  is more scattered and is attributable to the high adhesion 
between hexadecane and the probing surfaces. A signifi cant quantity of hexadecane 
was found transferring to the surface after pull off, which complicate the force mea-
surement. Since the amount of hexadecane that is  transf  erred is expected to  incr  ease 
as the surface adhesion increases, the trend can then be captured as the weight loss 
during the pull-off experiment. Figure  6.4b  shows the relationship between the 
weight loss of the hexadecane droplet after pull off and surface  θ  R . A much better 
plot is obtained. The intercept is at 124°, suggesting that surfaces with  θ  R  > 124° 
should have little  affi   nity with hexadecane. Accordingly, the cutoff between oleo-
philicity/phobicity for hexadecane is at  θ  R  124°, and a surface can be defi ned as 
 superoleophobic   when  θ  R  is >124° and  θ  A  is ≥163°. The 2D surface  defi   nition plot 
for  hex  adecane is given in Fig.  6.5 .
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  Fig. 6.4    Plots of ( a ) snap-in force versus advancing contact  angle   and ( b ) weight loss of the hexa-
decane droplet after pull off versus receding contact angle with different surfaces (reproduced with 
permission from [26], copyright 2015, De Gruyter)       
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6.4          Summary and Outlook 

 This chapter points out that surface has become an intersection point of many 
disciplines of research. While the diverse input is healthy for the development of 
surface science, it may also be a contributor to the havoc in the literature, where 
defi nitions and terminologies are created arbitrarily. This has made surface research 
messy, and we are urging the community to come up with sets of common language, 
terminology, and defi nition so that the communication can be more effective and 
less confusing. 

 This chapter also summarizes two new and improved defi nitions, one on hydro-
philicity and hydrophobicity and the other on oleophilicity and oleophobicity. While 
the proposed 2D defi nitions represent an improvement over the existent ones, even 
more important is that it provides a fundamental reason why a surface changes from 
philic to phobic against a given liquid. The switching from philicity to phobicity is 
shown to be a result of the  larger   cohesion force within the droplet relative to the 
wetting force. Additionally, the study further reveals that philicity/phobicity cutoff 
should not be universally at 90° for all liquids, the cutoff should be a function of the 
surface tension, the lower the surface tension, the larger the  θ  R  cutoff angle.     
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Chapter 7
Determination of Solid Surface Tension 
by Contact Angle

Abstract In this chapter, approaches to determine solid surface tension by contact 
angle are briefly reviewed and assessed. These approaches include the Zisman 
method, various versions of the surface tension component methods, and the equa-
tion of state methods. The Zisman method is an empirical approach based on the 
relationship between the cosine of the contact angle and the surface tensions of the 
test liquids. The approach allows the determination of the critical surface tension of 
the solid. However, it is limited to low surface energy surfaces as data points from 
high surface tension liquids deviate from linearity due to polar and H-bonding inter-
actions. The surface tension component approach is pioneered by Fowkes who 
assumed that (1) surface tension can be partitioned into individual independent com-
ponents and (2) the work of adhesion can be expressed as the geometric means of the 
surface tension components. The original Fowkes method only considered disper-
sion interaction, and the methodology has been extended to include polar and 
H-bonding interactions in the extended Fowkes method or electron donor and accep-
tor interactions in the vOCG method. The equation of state assumes that the interfa-
cial liquid–solid surface tension depends on the surface tension of the liquid and 
solid only. The interface surface tension was obtained by curve fitting with contact 
angle data and adjustable parameters. While the equation of state approach has been 
improved and three different versions have been developed, the basic thermodynamic 
assumption and the methodology were seriously challenged by many researchers in 
the field. It is important to note that both surface tension component methods and 
equation of state methods are semiempirical and that there are many assumptions in 
each methodology. Both approaches inherit a reversible work-of- adhesion assump-
tion from Dupre. Specifically, for two immiscible liquids, the free energy change at 
the interface is equated to the interfacial tension of the newly formed interface sub-
tracted by the surface tensions of the precursor liquids. The validity of this assump-
tion is always questionable when one of the components is solid as the surface 
molecules or segments in solid have no mobility during any interfacial interaction. 
In view of this questionable assumption and the semiempirical nature of the contact 
angle approach, we propose a simpler and more direct approach to move forward. 
Since the motivation of determining surface tension is to be able to predict surface 
wettability and adhesion, we suggest measuring the advancing and receding angle of 
the solid surface instead. They have recently been shown to correlate to wettability 
and adhesion, respectively, by force measurements.
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Keywords  Solid surface tension • Solid surface energy • Contact angle • Work of 
adhesion • Zisman method • Surface tension component method • Fowkes method • 
Owens–Wendt–Rabel–Kaelble method • Extended Fowkes method • Equation of state

7.1  Introduction

Solid surface energy is one of the basic physical properties for solid like density, 
melting point, refractive index, dielectric constant, modulus, etc. It is a very impor-
tant material property for anyone, who is interested in interfacial interaction between 
a solid and another material. The industrial needs are very diverse. While the obvi-
ous applications are paints, coatings, and adhesives, the less obvious ones actually 
have much higher economic values to date. They include cleaning in the semicon-
ductor industry, printing in printed electronic device manufacturing, aerospace, 
shipping, mining, pharmaceuticals, and so on. Generally speaking, a high surface 
energy material will be more reactive and stickier and vice versa. Such property is 
thought to originate from interactions at the atomic and molecular level and has not 
been accessible for direct measurement [1]. About 200 years ago, Young [2] studied 
liquid wetting on solid surface and found that an angle is formed at the three-phase 
contact line as a result of the mechanical equilibrium between the liquid surface 
tension (γLV), solid surface tension (γSV), and liquid–solid interfacial tension (γSL). 
His description has become the famous Young’s equation (Eq. 7.1), and the subject 
was detailed in Chap. 3 in this book.

 g g gSV LV SL= × +cosqq  (7.1)

The Young’s equation is problematic because only two out of four quantities (γLV 
and θ) can be determined experimentally. Dupre [3] later introduced the concepts of 
reversible work of cohesion (Wcoh) and work of adhesion (Wad) between two liquids. 
A concept diagram is depicted in Fig. 7.1. Hypothetically, when two cylinders of the 
same liquid are brought together (Fig. 7.1a), the free energy change per unit area 
(ΔG11

coh) is the free energy of cohesion and is equaled to the negative of work of 
cohesion and can be expressed as

L1

L1

L1

L1 L1

L2
L2

γ2
γ1 γ1

γ12

a bFig. 7.1 Diagram 
illustration of the concepts 
of reversible work of (a) 
cohesion and (b) adhesion
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 DG W11 1 112coh coh= - = -g  (7.2)

where γ1 and W11
coh are the surface tension and work of cohesion for L1, 

respectively.
Similarly, when two cylinders of immiscible liquids are brought together 

(Fig. 7.1b), the free energy change per unit area would be ΔG ad
12 and is equaled to 

the negative of work of adhesion. More importantly, the free energy change can be 
equated as the interfacial tension of the newly formed interface subtracted by the 
surface tensions of the precursor liquids.

 
DG W12 12 1 2 12

ad ad= - - = -g g g
 (7.3)

where γ2 is the surface tension of L2 and γ12 is the interfacial tension between L1 
and L2.

Now if one assumes that L1 is a liquid and L2 is a solid (S) and combines 
Eqs. (7.1) and (7.3), the work of adhesion between a liquid and a solid surface (WSL

ad) 
is given by Eq. (7.4), which becomes known as the Young–Dupre equation [4]:

 
WSL

ad
LV= +( )g 1 cosqq

 (7.4)

This derivation opens the possibility of studying γSL through WSL
ad ,  which can now 

be determined by measuring θ with a known liquid. Solid surface tension γSV is no 
longer inaccessible. Many theories and models had been studied to develop the 
expressions for work of adhesion WSL and the corresponding interfacial tension γSL. 
One of the objectives of this chapter is to provide a brief overview of some key 
approaches for the estimation of solid surface tension through contact angle mea-
surements. The different approaches are assessed and discussed. It is important to 
point out that solid surface energy and surface tension have been used interchange-
ably in recent literature. They are actually known to be two distinct quantities in 
solid [5–7], and the quantity derived from contact angle is solid surface tension. The 
fundamental issues around surface tension versus surface energy and the methodol-
ogy of using contact angle to determine solid surface tension will be discussed, and 
a path forward is proposed.

7.2  Approaches to Determine Solid Surface Tension 
by Contact Angle

7.2.1  Zisman Method

In 1950, Fox and Zisman [8] reported their study of the wettability of 
poly(tetrafluoroethylene) (PTFE) with n-alkanes, di(n-alkyl)ethers, n- alkylbenzenes, 
and many other liquids. A linear relationship between the cosine of the contact angle 
(cosθ) and the surface tension of the liquid (γLV) for the n-alkane solvents was 
obtained (Fig. 7.2). Similar plots were also obtained for di(n-alkyl)ethers and 
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n-alkylbenzenes [9]. When the plot in Fig. 7.2 is extended to a much larger solvent 
set, including other halocarbons, ketones, esters, amides, and water, the plot is no 
longer linear (see Fig. 3.15 in Chap. 3). Zisman [9] attributed the linear portion of 
the relationship to the van der Waals force interaction between n-alkanes and the 
PTFE  surface. The deviation  from  linearity  for  high  surface  tension  liquids was 
attributed to stronger intermolecular interactions, such as dipolar interactions and 
H-bonding, in these solvents. The intercept at cosθ = 1.0 is at ~18 mN/m and is 
defined as critical surface tension (γC) of the solid. Liquids with surface tensions 
lower than γC will fully wet the solid surface, while liquids with higher surface ten-
sions than γC will form a finite contact angle on the solid surface. In other words, 
the critical surface tension is the highest surface tension which the liquid fully wets the 
solid surface. This critical surface tension is found to be empirically close to the 
solid surface tension. The plot in Fig. 7.2 is now known as the Zisman plot in litera-
ture and has become one of the methods to estimate the surface tension of solid 
surface.

Surface wettability depends strongly on molecular interactions between liquid 
and  the solid surface.  In 1953, Ellison, Fox, and Zisman [10] reported a wetting 
study of three adsorbed monolayers with different end groups with n-alkanes, along 
with a PTFE film. The end groups from the adsorbed monolayers are CH3, CHF2, 
and CF3. The main functional group on the PTFE film is CF2. The Zisman plot for 
the study is depicted in Fig. 7.3. From the intercepts at cosθ = 1.0, these authors 
found that the critical surface tensions of the surface constituents decrease in the 
following order: CH3 > CF2 > CHF2 > CF3. From the intercept at cosθ = 1, the critical 
surface tension for the CF3 head group was determined to be ~6 mN/m. This is very 
similar to the surface free energy value of n-perfluoroeicosane (C20F42), which is 
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Fig. 7.2 Plot of cosθ 
against surface tension for 
a series of n-alkanes on 
PTFE (reproduced with 
permission from [8], 
copyright 1950 Elsevier)
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6.7 mN/m, determined by Nishino et al. using the dynamic contact angles of water 
and diiodomethane [11]. The results demonstrate that the Zisman plot can be used to 
determine the surface tension of different chemical constituents on the solid surface. 
Indeed, the critical surface tensions of different chemical constituents from surfaces 
of fluorocarbon, hydrocarbon, chlorocarbon, and nitrated hydrocarbon polymers 
have been determined [12].

It is important to point out that the Zisman critical surface tension analysis is 
only limited to low surface energy surfaces and alkane solvents, where van de Waals 
force is the prime interaction. Many exceptions were found with polar and H-bonding 
solvents. Despite this limitation, the Zisman analysis remains as one of the useful 
tools to estimate the surface tension of low surface energy material to date [13].

7.2.2  Surface Tension Component Methods

Fowkes method. Fowkes [14–16] was the pioneer proposing partition of surface 
tension. He assumed that the surface tension of a solid or liquid is a sum of inde-
pendent components, which addresses specific molecular interaction individually. 
For example, γSV can have a number of contributors and is given by

 g g g g g gSV SV
d

SV
p

SV
h

SV
i

SV
ab= + + + +  (7.5)

where γSV
d ,  γSV

p , γSV
h , γSV

i , γSV
ab represent contributions from the dispersion, dipole–

dipole interaction, hydrogen bonding, induced dipole–dipole interaction, and acid–
base components, for example.
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In the original Fowkes model [14], only dispersion component of the surface 
tension was considered, which is caused by London dispersion force. The London 
dispersion forces arise from the interaction of fluctuating electronic dipoles with 
induced dipoles in neighboring atoms or molecules [15]. It exists in all type of 
materials and always presents as an attractive force at the liquid–solid interface. 
The work of adhesion from dispersion interaction has been proved thermodynami-
cally to take the form of the geometric mean according to the Berthelot mixing 
rule [17, 18].

 W W WSL
d

SV
d

LV
d= ×  (7.6)

Therefore,  according  to  Eq.  (7.3), the liquid–solid interfacial tensions can be 
expressed as

 g g g g gSL SV LV SV
d

LV
d= + - ×2  (7.7)

If the solid surface has only a dispersion component, g gSV SV
d= . By combining the 

Young–Dupre equation (Eq. 7.4) and the definition of work of adhesion (Eq. 7.2), 
γSV can be expressed as

 

g g
g
gSV SV

d LV

LV
d

= = × +( )
2

2

4
1 cosqq

 
(7.8)

From Eq. (7.8), the solid surface tension (γSV) can be calculated by measuring the 
contact angle θ with a liquid whose γLV value is known.

Owens–Wendt–Rabel–Kaelble (OWRK) method. Owens and Wendt [19] modified 
the Fowkes model by assuming that solid surface tension and liquid surface tensions 
are composed of two components, namely, a dispersion component and a hydrogen-
bonding component. The nondispersive interaction was included into the hydrogen-
bonding component. Nearly at the same time, Rabel [20] and Kaelble [21] also 
published a very similar equation by partitioning the solid surface tension into dis-
persion and polar components. Subsequent researchers called this as the OWRK 
method, and γSV and γLV can be expressed as

 g g gSV SV
d

SV
p= +  

 g g gLV LV
d

LV
p= +  (7.9)

Similar to Eq. (7.7), the interfacial liquid–solid surface tension can be derived by 
assuming that the polar component has a geometric mean form, although dipole–
dipole interactions follow the rule of geometric mean [15] and hydrogen-bonding 
interactions are probably not [15, 16, 22].

 g g g g g g gSL SV LV SV
d

LV
d

SV
p

LV
p= + - × - ×2 2  (7.10)

By combining with the Young–Dupre equation (Eq. 7.4), we have
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g g g g gLV SV

d
LV
d

SV
p

LV
p1 2 2+( ) = × + ×cosqq

 (7.11)

There are two unknowns, γSV
d  and γSV

p , in Eq. (7.11). They can be calculated by deter-
mining the contact angles with two different test liquids with known g LV

d
and g LV

p
 

values. γSV will be just the sum of γSV
d  and γSV

p . Since two test liquids are required, this 
method is also called the two-liquid method.

Extended Fowkes method. Kitazaki et al. [23] further refined the OWRK model by 
splitting the dipole–dipole interactions into polar and H-bonding interactions. 
Accordingly, both γSV and γLV comprise three components: d for dispersion, p for 
polar, and h  for H-bonding (Eq. 7.13), and they all take the form of geometrical 
mean (Eqs. 7.14 and 7.15).

 g g g gSV SV
d

SV
p

SV
h= + +  

 g g g gLV LV
d

LV
p

LV
h= + +  (7.13)

 g g g g g g g g gSL SV LV SV
d

LV
d

SV
p

LV
p

SV
h

LV
h= + - × - × - ×2 2 2  (7.14)

 g q g g g g g gLV SV
d

LV
d

SV
p

LV
p

SV
h

LV
h1 2 2 2+( ) = × + × + ×cos  (7.15)

There are three unknowns in the solid surface tension, g SV
d ,  g SV

p ,  and g SV
h
 in Eq. 

(7.15). To calculate γSV, one can use three test liquids with known g LV
d ,  g LV

p ,  and g LV
h  

values. The component solid surface tensions can be determined from the three 
contact angles, and γSV is simply the sum of the three components. This method is 
also known as the three-liquid method.

van Oss, Chaudhury, and Good (vOCG) model. van Oss et al. [24–26] proposed a 
slightly different approach to partition the surface tensions in order to address 
hydrogen-bonding interactions. In the vOCG model, the surface tensions compose 
of (a) an apolar component of the interfacial tension γLW (Lifshitz–van der Waals 
interactions, including dispersion, dipole–dipole interaction, and induced dipole–
dipole interactions) and (b) a short range surface tension γAB including hydrogen- 
bonding interactions. The solid and liquid surface tensions are given by

 g g gSV SV
LW

SV
AB= +  

 g g gLV LV
LW

LV
AB= +  (7.16)

where g g gSV
AB

SV SV= ×+ -2  and g g gLV
AB

LV LV= ×+ -2 . g SV
+  and g SV

-  g LV
+  and g LV

-  are the 
electron acceptor (Lewis acid) and electron donor (Lewis base) for the solid and 
liquid, respectively.

The work of adhesion WSL
AB and the interfacial surface tensions γSL

AB and γSL can be 
derived from molecular orbital theory [27, 28]:

 WSL
AB

SV LV SV LV= × + ×+ - - +2 2g g g g  (7.17)
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 g g g g g g gSL
AB

SV
AB

LV
AB

SV LV SV LV= + - × - ×+ - - +2 2  (7.18)

 g g g g g g g g gSL SV LV SV
LW

LV
LW

SV LV SV LV= + - × - × - ×+ - - +2 2 2  (7.19)

From  the Young–Dupre  equation  in  Eq.  (7.4), the relationship between contact 
angle and the surface tension components can be written as

 g q g g g g g gLV SV
LW

LV
LW

SV LV SV LV1 2 2 2+( ) = × + × + ×+ - - +cos  (7.20)

There are three unknowns in the solid surface tension, γSV
LW, g SV

+ , and g SV
- . 

Experimentally, they can be calculated by measuring the contact angles with three 
liquids with known γLV

LW, g LV
+ , and g LV

-  values.
In addition to the methods discussed above, there are a few other solid surface 

tension determination methods, such as the Wu method [29, 30] and the Schultz 
methods [31, 32], which also fall into the category of partitioning surface tensions 
into independent components. Wu used the harmonic means to describe the interfa-
cial surface tension instead of the geometric mean, based on a few slightly different 
assumptions to derive the equations for Wu’s model. The Schultz methods can be 
considered as a special case of the extended Fowkes method. The contact angle of a 
polar liquid (usually water) on the solid is conducted in another nonpolar liquid 
medium (e.g., pure hydrocarbon compounds), or the contact angle of a nonpolar 
liquid on the solid is measured in another polar liquid medium.

7.2.3  Equation of State

The method of equation of state is totally different from all the surface tension com-
ponent methods described in Sect. 7.2.2. The equation of state method assumes that 
the interfacial surface tension γSL depends on the surface tension of the liquid γLV 
and solid γSV only, i.e., g g gSL SV LV= ( )f , . The method was mainly developed in 
Neumann’s laboratory [33–37]. Neumann et al. formulated three versions of the 
equation of state. The first version was based on Zisman’s data comprising eight 
solid surfaces with low surface tensions [33, 34]. According to Girifalco and Good 
[38], the liquid–solid interfacial surface tension between dissimilar molecules can 
be formulated as

 
g g g j g gSL SV LV SL SV LV= + - × ×2

 (7.21)

φSLis a characteristic constant of the system and is equaled to one when the interac-
tions are from similar types of molecules and not much difference between γSV and 
γLV, which is the Berthelot’s combining rule. However, in most situations φSL is an 
unknown when measuring solid surface tension. Neumann et al. [33, 34] performed 
a curve fitting to obtain the relationship of φSL and interfacial tension γSL by assum-
ing that solid surface tension equals to the critical surface tension determined from 
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the Zisman plot (Eq. 7.22). Eventually the explicit expression of γSL is derived by 
combining Eqs. (7.21) and (7.22).

 j gSL SL= - +0 00775 1.  (7.22)

 

g
g g

g gSL

LV SV

SV LV

=
-( )

- ×

2

1 0 015.
 

(7.23)

Then this relationship can be used to determine the solid surface tension (γSV) using 
only one liquid with known surface tension.

There are two other equations of state formulated from larger data set of surfaces 
and testing liquids [35–37].

 WSL SV LV e LV SV= × × × - -( )2
2

g g b g g

 (7.24)

 g g g g g b g g
SL SV LV SV LV e LV SV= + - × × × - -( )2

2

 (7.25)

where β = 0.0001247 (m2/mJ)2.

 
WSL SV LV LV SV= × × × - × -( )( )2 1 1

2g g b g g
 

(7.26)

 
g g g g g b g gSL SV LV SV LV LV SV= + - × × × - × -( )( )2 1 1

2

 
(7.27)

where β1 = 0.0001057 (m2/mJ)2.
The coefficients β and β1 are determined experimentally by measuring the con-

tact angles on 15 solid surfaces with a series of testing liquids. Kwok and Neumann 
[36, 37] also suggested to adjust the coefficients and the solid surface tension simul-
taneously to get more precise calculation of the solid surface tension. They further 
demonstrated that despite the different formulations and coefficients, the three 
equations of states have yielded the same γSV values, based on various set of experi-
mental contact angles [36, 37].

7.2.4  Assessment of the Different Methods

In summary, there are three basic approaches to use contact angle data to determine 
the surface tensions of solid surfaces. These approaches are the Zisman method, the 
surface tension component methods, and the equation of state. Within these three 
approaches, there are many variants. It is reasonable to wonder the merit, accuracy, 
and limitation of some of the methods. The Zisman method is an empirical approach 
based on the correlation between the cosines of the contact angles on a solid surface 
versus the surface tensions of the test liquids. With alkanes, linear plots are usually 
obtained, and the critical solid surface tension (γC) is determined by extrapolating 
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the plot to cosθ = 1.0. Zisman never claimed γC is γSV, although some in the literature 
assumed so. The analysis is limited to alkanes as the plots tend to depart from linear 
due to polar and H-bonding interactions. Zisman et al. also observed many excep-
tions during their studies with higher energy surfaces owing to specific interactions. 
In a sense, the Zisman approach is limited to low surface energy surfaces where the 
van de Waals interaction is dominant [9].

The differences between the surface tension component methods and the equa-
tion of state method are very distinct, and there have been significant debates in the 
literature between these two approaches [36, 37, 39–45]. The equation of state 
method is an empirical fitting method by assuming that the liquid–solid interfacial 
surface tension is a function of the solid and liquid surface tension only. The ther-
modynamic argument of the approach has been heavily criticized first by Morrison 
[42], who conducted a thermodynamic analysis and concluded that the equation of 
state is thermodynamically erroneous. Siboni and coworkers [45] later questioned 
the thermodynamic justification of the theory, particularly the calculation of the 
degree of freedom for a two-component three-phase system, as well as the approxi-
mation used in deriving the equation. They concluded that both of the theory and the 
approximation are highly questionable, if not wrong. In fact, Good felt so strongly 
about the incorrectness of the approach that he withdrew his support of the work he 
coauthored earlier [18, 34].

From the molecular interaction standpoint, the equation of state did not consider 
any polar, hydrogen bond, or acid–base interactions in formulating φSL. Therefore, 
it may be inadequate to illustrate the interfacial tensions between the solid and liq-
uid phases [18]. Strong evidences have been reported for the existence of molecular 
interactions at the liquid–solid interface. For example, Fowkes et al. [40] were able 
to observe interfacial van der Waals and Lewis acid–base interactions directly as 
chemical shifts in infrared and NMR spectra. These are the direct evidences that γSL 
should be a function of some molecular interactions, not just γSV and γLV as shown 
in Eq.  (7.21). Inspired by the interactions between two immiscible polar liquids 
[38], theoretical attempts were made to predict the value of φSL from the molecular 
properties, e.g., dipole moment, polarizability, and ionization energy of the solid 
and liquid phases [18, 41]. Although promising results were obtained, notable 
exceptions to the correlation, e.g., aromatic compounds, could not be resolved 
except by involving interactions with hydrogen bonds [41].

The surface tension component method assumes that surface tension can be parti-
tioned into different components, which address different intermolecular interactions 
individually. The overall surface tension will be the sum of all the components accord-
ing to the linear free energy relationship. In the original Fowkes method [14], only the 
dispersion interaction is considered. The component method has been subsequently 
extended to include polar component and later divided the polar component into dipo-
lar interaction and H-bonding interaction. The vOCG model appeared as a refined 
version of the surface tension component methodology. It assumes the existence of 
both additive and nonadditive components. The Lifshitz–van der Waals component 
(γLW) is additive, and the electron donor and acceptor components (g -  and g + ) are 
nonadditive. The solid surface tension (γSV) can be calculated by using three liquids 
with known g gLW , -  and g +  values. Since this is a semiempirical approach, the calcu-
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lated value may vary a little depending on the choice of liquid set [44]. In general, the 
vOCG method considers all type of molecular interactions and is probably suitable for 
general use. If there is certainty that the solid surface has dispersion component only, 
the Fowkes model and the Zisman plot can be used as well.

7.3  Fundamental Issues and Outlook

7.3.1  Solid Surface Energy Versus Surface Tension

Due to simplicity, contact angle measurement has been widely used to determine 
surface energy of solid. It is important to point out that most people are interested in 
the surface energy of the solid not surface tension. The assumption is that the higher 
the surface energy, the stickier the surface and vice versa. Johnson [7] noted in 1959 
that the terms surface energy, surface free energy, and surface tension had been used 
interchangeably and as desired by authors. This practice unfortunately has not been 
changed today. In any event, surface energy and surface tension are two distinct 
quantities in solid [5–7], and what’s determined from contact angle measurement is 
surface tension. The cause of this confusion can be traced back to Dupre [3], who 
hypothesized the reversibility of the work of adhesion between two dissimilar mate-
rials. If these two materials are immiscible liquids such as that shown in Fig. 7.1b, 
the free energy change per unit area at the interface would be equaled to the surface 
tension of the newly formed interface minus the surface tensions of the two precur-
sor liquids (Eq. 7.3). Unlike liquid, molecules at the surface or interface of a solid 
have little mobility during interfacial interactions. The extension of the work-of-
adhesion assumption to a one-solid, one-liquid system may not be justifiable. In 
fact, Girifalco and Good [38] had pointed this out nearly six decades ago. The solid 
surface tension (γSV) value calculated from contact angle is hence questionable.

7.3.2  Which Contact Angle One Should Use?

As pointed out in Chap. 3, there are at least four measurable contact angles for a 
given liquid–solid system. They are the static (or Young’s) angle θ, the advancing 
and receding angle θA and θR, and the equilibrium angle θeq. The first three angles 
are from the metastable wetting states. The latter is from a thermodynamically sta-
ble state, which is populated through appropriate vibration of the Young’s sessile 
droplet. Survey of the solid surface tension literature suggests that most of the solid 
surface tensions were determined from θ, which is from a metastable state. Should 
one recalculate all the surface tension numbers using θeq as suggested by Marmur 
et al. [46] and Della Volpe et al. [47]? This really challenges the legitimacy of all 
solid surface tension numbers in the literature.

7.3 Fundamental Issues and Outlook

http://dx.doi.org/10.1007/978-3-319-25214-8_3
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7.3.3  Path Forward

The motivation of determining solid surface energy or more precisely solid surface 
tension is to use the number to predict wettability and adhesion and sometimes infer 
molecular interactions. While contact angle is a very simple measurement, as briefly 
overviewed in Sect. 7.2, the methodologies employed to calculate the surface tension 
are actually not straightforward. They are mostly semiempirical. There are assump-
tions over assumptions and some of which have yet to be validated! The fundamen-
tal question one may ask is: is surface tension the correct quantity one needs to 
predict wettability and adhesion? We actually got the answer from Fowkes, who 
pioneered the surface tension component approach. He concluded in one of his 
papers that surface energy is actually not of any importance for surface and interfa-
cial studies [40]. Using the microbalance technique, Samuel, Zhao, and Law [48] 
showed that surface wettability can be predicted from the advancing contact angle 
θA, the larger the θA, the lower the wettability. In the same study, they also showed 
that surface adhesion is correlating to θR, the smaller the θR, the stronger the surface 
adhesion. Since the whole objective of determining surface tension (energy) is to be 
able to predict surface wettability and adhesion interaction, we recommend every-
one to simply measure θA and θR instead.
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    Chapter 8   
 Summary and Final Remarks                     

    Abstract     Many believe that the concept of wetting begins with the Young’s equa-
tion. Although the Young’s equation is very simple, it has been a source of argu-
ments over the last two centuries because the equation comprises four quantities of 
which two of them cannot be measured reliably. Moreover, researchers did express 
frustration in their inability to measure the Young’s angle consistently, at least a 
century ago. This chapter provides a brief overview of the history and the source of 
some of the misconceptions. Fundamental concepts that have been clarifi ed in 
recent years, including (1) the recognition of the fact that it is the contact line, not 
the contact area, that determines the contact angle; (2) advancing and receding con-
tact angles are the most important contact angles, and they measure wettability and 
adhesion respectively, and surface stickiness can be predicted from the sliding 
angle; and (3) hydrophilicity and hydrophobicity should be defi ned by the receding 
contact angle, not the static contact angle. In answering Good’s calling for standard-
ization of measurement protocols for contact angle measurements, a set of guide-
lines for determining static contact angle, advancing/receding contact angle, and 
sliding angle are provided. We hope that these guidelines will benefi t the commu-
nity in the near term and serve as a springboard for the development of standardized 
procedures by the “authority” or leaders in this fi eld in the near future.  

  Keywords     Young’s equation   •   Misconceptions   •   Mechanical equilibrium   •   Young’s 
angle   •   Advancing contact angle   •   Receding contact angle   •   Contact angle hysteresis   
•   Ideal surface   •   Real surface   •   Contact line   •   Contact area   •   Surface characterization   
•   Measurement protocols   •   Guidelines and best practices  

8.1               Misconceptions in the Young’s Equation 

 Most researchers would agree that surface science started with Thomas Young when 
he published his legendary article in 1805 entitled “An Essay on the Cohesion of 
Fluids” [ 1 ]. Young did not write any equation in his paper, but he descriptively 
stated that an angle is formed when liquid wets a solid surface. He wrote:  We may 
therefore inquire into the conditions of equilibrium of the forces acting on the angu-
lar particles ,  one in the direction of the surface of the fl uid only ,  a second in that 
of the common surface of the solid and fl uid ,  and the third in that of the exposed 
surface of the solid . This is essentially the Young’s equation we know to date. 
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Young clearly stated that the  angle of contact   is a result of the  mechanical equilib-
rium   among the three surface tensions ( γ  LV ,  γ  SL , and  γ  SV ) at the three-phase contact 
line. However, it is somewhat a mystery that there are still misquotations in recent 
years, either by implying or directly stating, that the contact angle is from a thermo-
dynamically equilibrium wetting state. Such a quotation is not correct. 

 The Young’s equation is deceptively simple, but it is  problematic multidimen-
sionally  . First, two out of four quantities in the equation,  γ  SV  and  γ  SL , cannot be 
measured reliably. According to Zisman [ 2 ], researchers in the nineteenth century, 
notably Dupre [ 3 ] and Gibbs [ 4 ], had resorted to thermodynamics to solve the 
Young’s equation. Due to the lack of available documents in this period, we are 
unable to map out the evolution of the history of surface research in that era. It is 
however likely that our bias toward thermodynamics may be a result of our basic 
science training in school. As discussed in Chaps.   3     and   4    , although the process 
of wetting is driven by  thermodynamics  , the way the wetting liquid reaches its 
fi nal static state is controlled by kinetics. In other words, the Young’s angle is 
from a  metastable wetting state  . Most static contact angles on fl at surfaces and 
rough surfaces, including the  Wenzel angle and the Cassie-Baxter angle  , are all 
from the metastable wetting states. This has been one of the reasons for the con-
tinuous argument as researchers had a hard time to measure the Young’s angle on 
a consistent basis. 

 The second issue around the Young’s equation is the Young’s angle itself. 
Researcher as early as 1890 [ 5 ] had reported the existence of multiple angles 
between the advancing and receding angles, which could be reliably measured. The 
Young’s angle is just one of the angles between advancing and receding and was 
known to be a  metastable state   for some time [ 6 – 9 ]. Bartell and Wooley even sug-
gested that the receding angle may be the most important angle among the three 
angles they measured [ 9 ]. In his 1959 paper, Johnson pointed out that researchers 
during that time had serious reservation about the validity of the Young’s equation 
[ 10 ]. Experimental evidence in the last couple of decades, which is summarized in 
Chap.   3    , shows that there indeed exist multiple metastable wetting states between 
the advancing and receding angles. They can be populated by carefully exciting the 
sessile droplet with vibration noise (Fig.   3.11    ). A key message from these studies is 
that, all the metastable wetting states can be driven to a thermodynamically most 
stable wetting states with optimal vibration excitation [ 11 – 14 ]. 

 The third issue derived from the Young’s equation is  contact angle hysteresis 
(CAH)     , the difference between  advancing and receding contact angle  . Some early 
researchers thought CAH originated from microscopic heterogeneity on the surface, 
particularly roughness. Some thought the Young’s equation would only be applica-
ble to homogeneous, smooth, and rigid surfaces, and the term  ideal surface   was 
created. To date, we know this is not true. Both roughness [ 15 – 17 ] and molecular 
interactions between liquid and the solid surface [ 18 ,  19 ] are contributors to CAH, 
and an update was provided in Chap.   5     in this book. Undoubtedly, more work is 
needed to thoroughly understand the mechanism that leads to hysteresis and the role 
it may play in surface science in general.  
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8.2     Concepts that Are Turning the Corners 

 The pioneering thermodynamic analyses of the wetting process by Dupre [ 3 ] and 
Gibbs [ 4 ], coupled with our basic science training in school, seem to create a strong 
bias in solving scientifi c problem based on thermodynamic principles. The success-
ful work by Wenzel [ 20 ] to explain the enhancement of wettability for rough hydro-
philic surface and increase of resistance to wet for hydrophobic surface, coupled 
with the work by Cassie and Baxter [ 21 ] on porous surfaces, further solidifi ed our 
bias. Although Pease [ 6 ] and Johnson [ 10 ], in the same era, had voiced the impor-
tance of the contact line, rather than the wetted area dictates the contact angle, their 
messages had been largely ignored for decades. On the other hand, mounting results 
in the last two decades, both experimental and theoretical, show convincingly that 
 contact angle is a one - dimensional ,  not two-dimensional problem. Contact angle is 
dictated by the locality of the    three - phase contact line   ,  not the area underneath the 
liquid droplet . While disagreements between the calculated Wenzel and Cassie 
angles with the experimentally observed angles are often found, the discrepancy can 
be resolved when the classic roughness factors are modifi ed with correction factors 
that include the geometry of the rough contact line [ 22 – 24 ]. It is important to point 
out that agreements between the calculated  Wenzel and Cassie-Baxter angles   with 
the observed angles are possible. This can occur when the roughness is microscopic 
and homogeneous such that the roughness factor calculated from the wetted area is 
comparable to that at the three-phase contact line [ 25 ]. 

 Many leading researchers had advocated the importance of  θ   A   and  θ   R   in surface 
study, the fundamental reason was never offered clearly or convincingly. It was 
either because of the CAH or the surface is not  real . Using the microbalance tech-
nique, Samuel et al. [ 26 ] reported the measure of the wetting force and the adhesion 
force between water and 20 surfaces of varying wettability. Good correlations were 
found between the wetting force and  θ   A   and the adhesion force and  θ   R  . This work 
establishes a clear connection between contact angles and liquid–solid interactions. 
The study led to the recommendation that  θ   A   is a measure of surface wettability, the 
smaller the  θ   A  , the higher the wettability. Similarly  θ   R   can be used to predict surface 
adhesion, the smaller the  θ   R  , the stronger the surface adhesion. Sliding angle  α  
determines the mobility of the drop or the stickiness of the surface. Evidence is 
provided that CAH is neither correlating to wettability nor adhesion and stickiness 
(Figs.   5.2    ,   5.7     and   5.14    ). 

 Hydrophilicity and hydrophobicity are the most recognized terms in surface 
science. Using them as adjectives and comparing affi nity is all right. However, the 
science community has generally accepted that a surface is hydrophilic when its 
water contact angle is <90°, and it is hydrophobic when the water contact angle is 
>90°. There is little technical evidence to support this defi nition. Worse yet, the 90° 
cutoff has been extended to defi ne the philicity/phobicity boundaries of other 
liquids. Bad defi nition does have unwanted consequences. For example, after defi n-
ing  θ  > 90° as hydrophobic, researchers further come to the consensus arbitrarily 
that superhydrophobicity is defi ned for surfaces having a contact angle >150° [ 27 ]. 
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The inaccuracy of these defi nitions has led to confusing terminologies, such as 
sticky superhydrophobicity, oleophobic wettability, and so on. A surface is defi ned 
as superhydrophobic when it exhibits high water repellency. Can a sticky surface 
exhibit high repellency at the same time? Sticky superhydrophobicity seems novel, 
but the two components in the terminology are actually contradicting to each other. 
After a very careful analysis of a series of water contact angle data along with the 
correlations with the wetting force and adhesion force, Law [ 28 ,  29 ] showed that 
hydrophilicity and hydrophobicity should be defi ned by the  receding contact angle  . 
The cutoff is at water  θ   R   90°. More importantly, the fundamental reason why the 
surface changes its character, from hydrophilic to hydrophobic, is a result of the 
stronger cohesion force within the liquid droplet versus the wetting force due to 
wetting. For hydrophobic surface, the water drop prefers to be in the droplet state 
than wetting a hydrophobic surface due to the weak wetting interaction. Since 
Samuel et al. also showed that there is negligible attraction between water and sur-
faces with  θ   A   ≥ 145°, a surface can further be defi ned as superhydrophobic when its 
 θ   R   is >90° and  θ   A   ≥ 145°. In this defi nition, a superhydrophobic surface will have no 
affi nity with water. It will never be sticky as its  θ   R   has to be >90°. 

 This methodology has been extended to defi ne  oleophilicity/oleophobicity   for 
hexadecane. A surface can be defi ned as oleophilic when its hexadecane  θ   R   is <124° 
and oleophobic when the hexadecane  θ   R   is >124°. The fi nding clearly demonstrates 
the incorrect presumption that the 90° cutoff is universal for all liquids. Essentially, 
the philicity/phobicity cutoff is dependent of the surface tension of the liquid, the 
lower the surface tension, the larger the  θ   R   cutoff.  

8.3     Outlook and Recommendations 

8.3.1     Surface Characterization 

 One key weakness in surface science is the correct interpretation of  contact angle 
data  . This is partly due to the absence of any standardized protocol where reliable, 
high-quality data can be produced and partly due to our insuffi cient understanding 
of the interactions between liquids and solid surfaces. By correlating the wetting 
force and adhesion  force   with contact angle data, the connections between wettabil-
ity and adhesion with the advancing and  receding contact angle   are established. 
Based on these correlations, we recommend that surface should be characterized by 
its wettability, adhesion, and stickiness. Wettability is measured by the  advancing 
contact angle  . Adhesion is governed by the receding contact angle. As for surface 
stickiness, it can be predicted from the sliding angle; the larger the sliding angle, the 
stickier the surface [ 26 ]. It is important to point out that this recommendation gets 
its origin from the movement of the contact line during liquid–solid interaction. For 
wettability and adhesion, there is only one moving contact line. They are the advanc-
ing and receding contact line, respectively. An interface is formed when wetting 
occurs and that interface is eliminated when the liquid is fully receded. In the case 
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of lateral mobility or sliding, both advancing and receding contact lines are moving 
simultaneously, and the wettability (or contact area) of the drop remains unchanged. 

 Contrast to the common belief, both static contact angle and  CAH   are not in the 
recommendation list. We however feel that static contact angle will still be the most 
measured contact angle in the future owing to its simple measurement procedure. It 
can be used as a surrogate for the advancing contact angle to predict wettability as 
the two angles usually track very well. Very likely it will be used as a screening or 
quality-control tool in the surface development labs. Advancing, receding, and slid-
ing angles will play a larger role in the future for in-depth surface characterization 
and wetting study. 

 As for  CAH, it is   neither predicting wettability nor adhesion and stickiness. 
Although the mechanism for CAH is better understood, signifi cant work remains 
particularly its role in surface characterization and wetting.  

8.3.2     Guidelines for Best Practices 

 Many pioneering surface researchers were aware of the importance of surface 
cleanliness and liquid purifi cation to the quality of the contact angle data they were 
generating. Before the design of the fi rst goniometer in 1960, many different appa-
ratuses were used to measure the different contact angles. While instrumentation 
has continued to improve, the desire to improve the consistency and reliability of 
contact angle measurement continues. About 40 years ago, Good [ 30 ] called for the 
establishment of standardized protocols for contact angle measurements, and the 
call was not answered. In the following, a set of general guidelines are provided. 
We hope that this will stimulate a more serious conversation in the research com-
munity as well as the authority or leader(s) to answer Good’s calling. 

   Static contact angle   . We recommend the use of a 5-μL droplet for general routine 
testing. Goniometer should be placed on a vibration-free table in a temperature/
humidity-controlled lab. The deposit of the liquid droplet should be as gentle as 
possible and allows time for the drop to reach the static state before drop profi le is 
captured and analyzed. If necessary, video can be used to record the wetting process 
and confi rm the waiting time. The entire measurement procedure should be repeated 
5–10 times in fresh area each time to ensure procedural consistency and sample 
homogeneity. 

 If a volatile liquid is used, the measurement should be carried out in a close 
chamber. Smaller drop size may be required when testing with low surface tension, 
high-density liquids, or on super repellent surfaces, where drop shape distortion by 
gravity is known to occur. 

   Advancing / receding contact angle   . Advancing and  receding contact angle   should be 
determined with the drop expansion/contraction method. Typically, the measure-
ment starts with a small sessile droplet (~2 μL), and small amount of test liquid is 
added at a very slow rate, e.g., ~0.2 μL/s. The drop profi le is captured as the drop is 
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expanded up to ~20 μL. The fl ow of the test liquid is then reversed, and small 
amount of liquid is withdrawn through the needle at the same, slow rate (~0.2 μL/s). 
The contact angle during receding is captured and analyzed. 

 The use of the titling plate method to determine advancing and receding contact 
angle is not recommended. The technique is known to have a limited range and 
measurement with large hysteresis sample is erratic [ 31 ,  32 ]. 

   Sliding angle   . Sliding angle is determined by fi rst placing a sessile droplet on a 
horizontal surface followed by tilting the surface very slowly (~1°μL/s) till the drop 
starts to slide. The driving force for drop sliding is gravity, and the measured angle 
is strongly dependent on the drop mass. Based on available literature data, we rec-
ommend sliding angle to be performed with drop volume ranging between 5 and 
10 μL. This range appears to be the most sensitive region to acquire drop mobility 
information. It would be a misleading conclusion if one claims a surface sticky 
when a small drop, e.g., 1 μL, is used to determine the sliding angle. The same 
would be true if one claims a surface slippery when a very large drop is used to 
determine the sliding angle. 

   Documentation   . We highly recommend authors to provide the following informa-
tion when publishing their contact angle results in the literature: apparatus, drop 
volume, dispense procedure, ambient condition, and drop profi le curve fi tting soft-
ware. For super repellent surfaces, sticky droplets or super slippery surfaces, it does 
not hurt to report the sessile drop images or supply videos in the supplemental 
information section. Transparency would provide a trustworthy environment, which 
should facilitate data exchange, stimulating communications and collaboration.      
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