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1. Introduction 

Within the past ten years, the coating community has witnessed a great increase in 
interest in nanostructured materials for a number of industrial applications, such as marine, 
aviation and wind blades. For example, the erosion sustained by surfaces of aircraft during 
routine flight increases fuel consumption by 5%, as do the corresponding CO2 emissions. 
Also, wind turbines placed in the Nordic environment, suffer the generation of ice causing 
losses about 5-10% of electricity production and in sub-tropical warmer environment, 
fouling of the blade by insects can reduce the power production as much as 50% [1]. By 
the study and characterization of such nanostructured coatings, a better comprehension of 
their behaviour and an improvement of their performance can be achieved in order to solve, 
or at least improve, the problem of the loss of energetic efficiency in such situations.  

As the European Union defines, a nanostructured material has at least one constituent 
at a characteristic length scale in the order of tens of nanometers or less [14]. 
Nanostructured coatings have properties different from homogenous materials due to the 
intentional inbuilt nanoscale features in their structure, which present some difficulties for 
characterization. 

In this context arose the European project NATURAL “Standardized metrology of 
Nano-sTrUctuRed coAtings with Low surface energy” (FP7-NMP-2012-SME-6, 310397) 
which had clear objectives related with the topic concerned. The NATURAL project was 
focused on developing real-world, practical characterization methods for nano-structured 
coatings with a low surface energy for anti-fouling applications and/or for low friction 
applications. In both aspects, the measurement of the surface energy of the coating by the 
measurement of the contact angle is essential. 

The standards body (ISO TC229) recognizes that there are no current procedures that 
relate the functional performance of a surface or coating to its nanostructure. However, it 
is recognized that the loss of the nanostructure frequently leads to a loss of performance. 
Therefore, project Natural aimed at relating surface nano-morphology to the functional 
performance and to enable the development of new methods for lifetime determination and, 
ultimately, prediction.  

Within these actions, SnellOptics™ company, as an industrial partner of the project 
NATURAL, took the decision to improve its scientific knowledge in this field in order to 
take advantage of the new possible opportunities that could arise from this topic. As the 
means to acquire and incorporate this knowledge, SnellOptics™ applied for an industrial 
Ph.D. scholarship (project 2014 DI 047) which gave the opportunity of doing this industrial 
Ph.D. on this subject. 
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Specifically, this industrial Ph.D. Thesis “Device and strategy for surface energy 
measurement” is focused on the development and validation of a new measurement method 
able to simultaneously evaluate the surface energy and the structure of a surface by using 
a single device, which would provide a solution to the above exposed problem. The 
applicability of this new measurement method is mainly found in the field of development 
of new materials with specific functionalities for which both the microstructure and the 
chemical component should be differentiate when evaluating the wetting properties.  

By using a device devoted to perform topographic measurements, we will measure some 
parameters that will allow us to calculate the contact angle of a solid surface by means of 
the mathematical expressions included in the developed measurement method. 
Furthermore, the device will allow the measurement of a parameter that evaluates the 
roughness of the surface under study. Thus, it will enable the correction of the effect of the 
roughness of the surface on the calculation of the contact angle according to Wenzel’s or 
Cassie-Baxter models. 

Moreover, until very recently no commercial device was available to perform both 
topography and contact angle measurements. The use of two different devices leads to a 
sample positioning uncertainty, implying that besides the time and resource consumption 
inherent to making two different measurements with two different devices, no assurance 
can be given that both measurements are performed on the same area on the sample and 
that the resulting calculated surface energy is correct. Therefore, we will evaluate the 
surface energy of a surface under study with less error than the achieved by current 
techniques.  

The use of the confocal technique, which is completely different to those commonly used 
to evaluate the surface energy of solids, highlights the novelty of this Ph.D. Thesis and the 
inventiveness of the presented measurement method, which is also enshrined in the patent 
EP16001763. Needless to say, the possibility of performing contact angle measurements 
with an optical profilometer (in this case a confocal device) is, in itself, a significant 
accomplishment as it would eliminate the need for acquiring a specific instrument for the 
contact angle measurement for those laboratories already equipped with a confocal 
microscope.  

This innovation opens the way, in a near future, to implement a system capable of 
relating the measurement of the contact angle and the measurement of the topography of 
the surface, and, thereafter to refine the accuracy of the determination of the surface energy 
of solid surfaces. This would be especially important for non-smooth samples, for which the 
impact of the topography on the contact angle is relevant.  

1.1. Introduction to surface energy 

Surface energy plays a major role in friction, lubrication and wear phenomena in contact 
materials and especially, in flow-surface interactions with liquids. Tribology [2], [3] is the 
science entrusted to evaluating these interactions between surfaces in relative motion. 
When a solid surface is faced with interfacing materials and environment, a resulting loss 
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of material from the solid surface could take place. This is known as wear and includes 
abrasion, friction, erosion and corrosion processes. In order to minimize the loss of material 
in these interaction situations, a modification of the surface properties is performed by 
applying a coating directly on the surface.  

Surface energy is defined as the energy associated with the intermolecular forces at the 
interface between two media and it is also called surface free energy [4]. For solids and 
liquids the surface represents a higher energy state in comparison with the bulk.  

For a solid, surface energy is defined as the excess of energy present at the surface of a 
material compared to the bulk. On the other hand, when a liquid phase is concerned, 
usually it is called surface tension. Since there is a persistent confusion between both 
definitions, surface tension can be defined easily as the force that the molecules of the liquid 
perform in order to minimize the surface area of the liquid and its magnitude is known as 
wettability [5] as Figure 1.1 shows. 

Figure 1.1 Schematic representation of the surface tension of a 
liquid. 

The surface tension of a liquid results from an imbalance of intermolecular attractive 
forces, known as the cohesive forces between molecules. On the one hand, a molecule in 
the bulk of the liquid experiences cohesive forces with other molecules in all directions. 
Conversely, a molecule at the surface of a liquid experiences only net inward cohesive 
forces [6]. 

The ability of liquids to minimize their surface area leads to the formation of spheres 
while solids do not have this capability. The study of the wetting behaviour of solids by 
liquids acquires significant relevance since it establishes the foundations for surface energy 
measurement and its determination [7].  

This interaction between the liquid and the solid surface in terms of the ability of the 
liquid to wet is described by the Young equation (1.1) [8] which assumes the surface to be 
homogeneous in the chemical composition and topographically smooth. 

ௌߛ  ൌ ௅ߛ ൉ ݏ݋ܿ ௒ߠ ൅ ௌ௅ (1.1)ߛ

where ߛௌ is the surface energy of the solid, ߛ௅ is the surface tension of the liquid and ߛௌ௅ is 
the surface energy at the solid-liquid interface. Then, ߠ௒ is the Young contact angle defined 
as the angle formed by the intersection of the liquid-solid interface and the liquid-gas 
interface, also called the three-phase boundary, shown in Figure 1.2. 
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Figure 1.2 Schematic diagram of the contact angle formed by a sessile liquid drop on a smooth 
solid surface at the intersection of the liquid-solid interface and the liquid-gas interface. 

All solids have specific surface energy values and the value of the contact angle will be 
different for different liquids. For a given liquid, as the surface energy of the solid decreases 
the contact angle increases, and therefore, the wettability is reduced as Figure 1.3 shows. 

Figure 1.3 Schematic relationship between wettability and contact angles by sessile drop on a 
smooth solid surface for droplets of similar volume. 

The existing direct relationship between the contact angle and the surface energy implies 
that the surface energy can be evaluated from measuring the contact angle, since its direct 
measurement cannot be performed [4], [9].  

There are a wide variety of techniques to achieve the surface energy calculation [10] 
that will be introduced in next chapters. Some of them are based in the calculation of the 
surface tension of the liquid and then, the calculation of the value of the contact angle, 
such as Wilhelmy Plate [11] or the Captive Bubble method [12]. On the other hand there 
are others more recently developed as the drop-shape analysis methods [13] for direct 
calculation of the contact angle. 

It is important to highlight that the measurement of the contact angle is often performed 
with at least two different liquids with specific properties. The explanation lays on the 
assumption that the surface energy of a solid is a sum of independent components 
associated with specific interactions which can be grouped into polar and dispersive 
components[14], [15]. The dispersive and polar parts of the surface tension of the liquids 
must be previously known to determine the surface energy of the solid. Depending on this 
fact, there are different models for calculating the surface energy depending on the 
interaction components of the surface energy [15]–[17].  
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1.2. Goals 

The main objective of this Ph.D. Thesis is the development of a new measurement 
method able to evaluate the contact angle and the surface energy of rough, solid, 
hydrophobic surfaces with a single device based on optical profilometry. 

 The technology on which this device is based is known as confocal and it is devoted to 
perform topographic measurements. As this technique is completely different from the ones 
commonly used to perform these measurements, this Ph.D. thesis is also focused on 
demonstrating its validity and accuracy in the measurement of the necessary parameters 
for the calculation of the contact angle.  

The advantage of using confocal microscopy for this application lies in its capability to 
measure the topography of a surface under study. With the measurement of this parameter, 
this Ph.D. thesis will prove that the evaluation of both the contact angle and further the 
surface energy performed by means of the presented measurement method is more accurate 
than the one presented in currently available commercials contact angle meters since we 
will correct the effect of the microstructure of the surface in their evaluation. 

In order to reach the goals of this Ph.D. Thesis, the following steps have been completed: 

1.  Review of the currently available techniques and methods to perform contact 
angle measurements and surface energy evaluations. Furthermore, we also review 
the most common techniques used to perform topographic measurements.  

2.  Review of the effect of the roughness of a surface in the contact angle 
measurements and the further evaluation of the surface energy according with 
Wenzel’s and Cassie Baxter’s model.  

3.  Presentation of the mathematical models of the developed measurement method 
and evaluation of the minimum error made when applying these mathematics to 
the contact angle calculation assuming the drops are perfectly spherical.  

4. Introduction to the measurement strategies to measure, on the one hand, the 
contact angle and the surface energy with a commercial contact angle meter and 
on the other hand, the height and the width of the liquid drop and the roughness 
factor of the surface under study by means of the confocal device.  

5.  Validation of the presented technique by analysing and comparing the contact 
angle values obtained by means of the commercial contact angle meter and those 
calculated with the mathematical model of the presented method using the 
parameters of the liquid drop measured by the confocal device. Furthermore, the 
correction of the effect of the roughness on the contact angle is also performed, 
on those samples were the validation is successfully performed. 

6. Evaluation of the surface energy taking into account the roughness of the surface 
from the contact angle values calculated and corrected by means of the developed 
measurement method presented in this Ph.D. Thesis.  
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1.3. Ph.D. Thesis structure 

This Ph.D. Thesis has been organized in 8 chapters, including this one, as follows: 

Chapter 2 gives an overview of the main available methods for measuring the contact 
angle and the methods for the further evaluation of the surface energy. It also presents a 
glimpse of different techniques to perform topographic measurements by means of 3D non-
contact optical profilometry. Lastly, this chapter includes a brief overview of the 
commercial setups available nowadays in the market to perform the previous measurements 
individually, and introduces a recently developed device to measure the surface energy and 
the structure of the surface but with a different methodology and technique.  

Chapter 3 introduces the influence of the roughness of a surface in the measurement of 
the contact angle and the further evaluation of the surface energy. Different models to 
evaluate correctly the contact angle and the surface energy taking into account the 
roughness of a surface are presented as well as how we face this effect in this proposed 
measuring method.  

Chapter 4 describes the proposed mathematical methods for calculating the contact 
angle based on the measurement of different parameters of a liquid drop placed on a 
horizontal solid surface. Three different mathematical methods are presented relating to 
different wetting measurement conditions and an evaluation of the introduced error in the 
calculation of the contact angle by the measurements of these parameters is also performed. 

Chapter 5 presents the two different devices that were used in this study as well the 
measurement strategies used with each one. On the one hand, and in order to obtain 
reference values, a commercial contact angle meter, used to measure the contact angle on 
the solid samples with images taken in a side view configuration. On the other hand, the 
confocal device used to measure the set of parameters of the drop to calculate the contact 
angle with the proposed measurement presented in this thesis.  

Chapter 6 provides the results of the experimental measurements performed with both 
the commercial contact angle meter and the confocal device. These measurements include 
the contact angle and surface energy calculated by the software of the contact angle meter 
as well as the measured parameters of the drop and the real area of the surface measured 
by the confocal device. The corresponding calculated contact angles applying the developed 
mathematical method will also be presented, as well as the roughness ratio factor calculated 
from the real area measured by the confocal device. A comparison between the contact 
angle values obtained with the commercial contact angle meter and the ones obtained by 
the confocal device will be made, proving the validity of the developed measurement 
method. Finally, the correction of the calculated contact angles will be performed according 
to Wenzel’s model, only for those samples for which the validation of the calculated contact 
angles was successfully performed. 

Chapter 7 provides the evaluation of the surface energy according to the OWRK method 
from the corrected angles of those samples where the validation of the calculated contact 
angles was successfully performed. A comparison will be made between these values of the 
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surface energies, taking into account the roughness of the surface, and the values obtained 
by the commercial contact angle meter, assuming a smooth surface. With this comparison, 
we will be able to confirm the validity of the developed measurement method in this Ph.D. 
Thesis to evaluate the surface energy of a solid surface taking into account the roughness 
of the surface.  

 Chapter 8 summarizes the work developed in this Ph.D. Thesis, outlines the conclusions 
obtained during the work performed in this Ph.D. thesis and discuss future perspectives of 
work. 

Finally, two appendixes complete this Ph.D. Thesis   with the previous studies 
performed with interferometry as the measurement technique and the detailed 
mathematical developed models. 
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2. State of the knowledge in the field  

2.1. Introduction 

This section outlines the context in which this PhD thesis is located. Firstly, in the 
state of the art, we will review the main methods used to measure the contact angle. 
Furthermore, a review of different methods to determinate the surface energy by means of 
the previous measurement of the contact angle will be made as well as a review of different 
techniques used to perform 3D non-contact topographic measurements, such as confocal 
technique and interferometry.  

Secondly, we will present a brief overview of several available commercial devices 
nowadays in the market to perform contact angle measurements and the corresponding 
surface energy evaluation, proving the existing interest of the scientific community in the 
concerned topic of this Ph.D. thesis. 

To finish, a brief overview of several suppliers of devices to perform contact angle meter 
and surface energy measurements will be introduced, as well as suppliers and devices of 3D 
non-contact profilometers currently available in the market. 

2.2. State of the art 

This section is divided in three different subsections. The first one covers the main 
methods used nowadays to perform contact angle measurements. The second section covers 
different methods developed to evaluate the surface energy by the previous measurement 
of the contact angle. Finally, the last subsection will cover the confocal and interferometry 
techniques as the main techniques used to perform topographic measurements by 3D non-
contact profilometers. 

 Contact angle calculation methods 

The topic of wetting plays an important role in many industrial processes, such as oil 
recovery, lubrication, liquid coating, printing, and spray quenching. In recent years, there 
has been an increasing interest in the study of superhydrophobic surfaces, due to their 
potential applications in, for example, self-cleaning, nanofluidics and electrowetting [18]. 
The measurement of the contact angle as a primary data in these applications, and also in 
this PhD thesis, is a key point in the determination of important parameters, such as the 
surface energy of a solid. This section will be based on the review made by Chau [19] in 
which different techniques for measuring the contact angle and their applications are 
compiled.  
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Measurements of contact angle have been reported since about the year 1800 with great 
variability found in these data. There are two different types of contact angles to be 
measured known as the static and the dynamic contact angles.  On the one hand, static 
contact angles are measured when a droplet is standing on a horizontal surface and the 
three-phase boundary is not moving. On the other hand, when the three-phase boundary 
is moving, dynamic contact angles can be measured and are referred to as advancing and 
receding angles. It is important to highlight that the contact angle always depends on the 
properties of the liquid used to perform the measurements.  

A wide range of techniques are available to measure the contact angle [19] and they are 
broadly classified into indirect force methods and direct optical methods. Indirect force 
methods include the Wilhelmy and the Du Noüy ring method. On the other hand, direct 
optical methods enclose methods such as circle, tangent and polynomial fitting as well as 
the height-width and the Young Laplace method, which will be detailed hereunder. 

Starting by indirect force methods, the Wilhelmy method [20], [21] is originally devised 
for surface tension determination but it has been found suitable for measuring contact 
angle between a liquid and a solid and also the interfacial tension between two liquids. The 
method involves the determination of the force acting on a vertically immersed plate in a 
liquid as shown in Figure 2.1. 

Figure 2.1 Schematic diagram of the Wilhelmy plate measurement method. 

The plate touches the liquid surface or an interface while it is vertically suspended from 
a force sensor or tensiometer. The pulling force ܨ that acts on the plate is measured by the 
tensiometer. By transposing the Whilhemy equation (2.1), the value of the contact angle 
  .is known ߪ can be obtained as long as the value of the surface tension ߠ

ߪ  ൌ
ܨ

ܮ ൉ ݏ݋ܿ ߠ
 (2.1)

where the wetted length ܮ of the plate is equal to its perimeter and must be constant along 
all the plate to not depend on the immersion depth.  

Another similar method is the Du Noüy ring method [22]–[25]. As the name suggests, a 
ring made of platinum is used instead of the plate. The ring that is hanging parallel to the 
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liquid surface is sunk into it. Then, the ring is gradually drawn apart from the surface in 
a vertical direction as Figure 2.2 shows. 

 
Figure 2.2 Schematic drawing of the measurement process performed by the Du Noüy 
ring method. 

In this process, the surface tension of the liquid membrane that is hanging by the ring 
generates a force on the ring that changes as the ring is drawn farther. The maximum 
value of the force is used to determine the surface tension by means of equation (2.1), 
where, in this case, the wetted length ܮ of the ring is the sum of the inner and outer 
circumference. It is important to highlight that this method needs a measurement 
correction [25], [26] since the weight of the liquid of the plate increases the measured force 
and also because the force maximum does not occur at the inside and outside of the lamella 
at the same time. 

These two presented methods are the main ones covered by the indirect force method 
for measuring contact angles. These methods have evolved in such a way that the 
measurement of the force is performed with the help of an electronic force sensor and not 
by manual devices.  

Different ways for measuring the contact angle are covered by direct optical methods. 
These methods are based on the use of a liquid drop that is placed on the solid surface to 
be measured. Commonly, the analysis of the drop is performed by drop shape analysis.  

Drop shape analysis (DSA) [27], [13] is an image analysis method for determining the 
contact angle from a side-view image of a sessile drop. The method consists on acquiring 
an image of a drop placed on a solid surface from side-view commonly by means of a 
camera. The drop in contact with the solid surface assumes a spherical shape. The DSA 
software recognizes its contour by a grey-scale analysis of the image as shown in Figure 
2.3.   
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Figure 2.3 Sessile drop with contour recognition by the DSA software. 

Once the drop shape function is calculated, the contact angle can be obtained from the 
angle defined between the contour and the solid surface base line.  

Several methods are available for determining the contact angle in different ranges with 
different assumed drop shapes that will be discussed below. It is important to highlight 
that for all such methods the drop used should be small enough to allow to ignore the 
gravity effects [28].  

One of the methods used by the DSA software to fit the contour of the drop to a given 
shape is the height-width method [29], also named as half-angle method. This method 
consists in assimilating the shape of the drop to a part of the outline of an imaginary circle 
as shown in Figure 2.4 Schematic drawing of the height-width method to measure the 
contact angle. 

 
Figure 2.4 Schematic drawing of the height-width method to measure 
the contact angle. 

The contact angle can be then calculated from the measurement of both the height ݄ 
and width 2ݎ of the circular arc. The height is obtained from the intersection of the straight 
lines connecting the left and right three-phase points and the apex of the drop against a 
solid surface. Concretely, this method is based on the measurement of three points: the 
two three-phase points and the apex of the drop.  
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From the geometric theorem, we known that in a circle, the relation	ߠ ൌ  ,ଵ is fulfilledߠ2
and then the contact angle is determined by equation (2.2). 

݊ܽݐ  ଵߠ ൌ
݄
ݎ

→ ߠ ൌ 2 ൉ ݊ܽݐܽ
݄
ݎ
 (2.2)

An alternative method to calculate the contact angle with the DSA software is the circle 
fitting in which the whole contour of the drop is evaluated. In this case, the shape of the 
sessile drop is also assumed to describe a circular arc on the surface as shown in Figure 2.5. 

Figure 2.5 Circle fitting performed on a sessile drop image by DSA 
software to measure the contact angle.  

The parameters of a circular arc equation are matched by software to the optically 
determined drop shape. In this case, the contact angle is defined by the intersection 
between the circular arc and the baseline defined by the solid surface. The main difference 
from the height-width method is that here, the whole contour of the image of the drop is 
evaluated instead of only three significant points. For this reason, this method is considered 
more reliable given that it is less susceptible to measurement errors. On the other hand, 
the more spherical is the drop, the more accurate the circle method. 

Another similar method is the ellipse fitting in which the shape of the sessile drop is 
assumed to be a part of an imaginary ellipse and the parameters of an ellipse equation are 
matched to the optically determined drop shape.  

A different method from the previous ones is the tangent fitting method [30]. In this 
method, the contour shape of the droplet is also assumed to be part of an imaginary circle. 
The tangent lines near the three-phase points are determined using the drop shape and the 
contact angle is defined as the intersection point between this tangent line at the three-
phase point and the baseline defined by the solid surface as Figure 2.6 shows.  
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Figure 2.6 Schematic representation of the tangent method for 
contact angle measurement. Source: Kyowa. 

The resulting contact angle is determined as the average of the contact angle measured 
at both sides of the drop. The left contact angle is determined as the angle between the 
tangent line ݉, obtained from the three arc points L1, L2 and L3 forming the imaginary 
circle, and the drop baseline ݈. Likewise, the right contact angle can be obtained using 
points R1, R2 and R3. 

An exclusively fitting-based method to obtain the contact angle by the DSA is the 
polynomial fitting [31], in which a number of points from the contour of the drop, located 
near the three-phase point, are extracted and fitted by a polynomial for which the degree 
and the number of coordinate points should be adjusted. The contact angle is then obtained 
with the derivative of the polynomial. 

On the other hand, Young-Laplace fitting [19], [32] changes slightly the way of 
measuring the contact angle from the analysis of a sessile drop. This method analyzes the 
drop shape based on the shape of an ideal sessile drop for which the curvature of its surface 
results only from the equilibrium of forces between the surface tension of the liquid and its 
weight. In this case, the gravity is the dominating force and the liquid fulfils the Young-
Laplace equation (2.3). 

݌߂  ൌ ௅ߛ ൉ ൬
1
ܴଵ

൅
1
ܴଶ
൰ (2.3)

This equation explains the relationship between the radii of curvature of the surface, ܴଵ 
and ܴଶ at each point, the surface tension of the liquid ߛ௅ and the Laplace pressure Δ݌, i.e. 
the pressure difference across the interface, for a curved liquid surface. This means that 
the hydrostatic pressure resulting from the weight of the liquid affects the curvature of a 
sessile drop, which is under the effect of gravity. On the other hand, the radii of curvature 
of the surface changes as a function of the height of the drop. The Young-Laplace equation 
is solved by means of numerical analysis which determines the parameters of an equation 
system which models the shape of the sessile drop [33].  
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In a situation where the liquid drop is considered to be axisymmetric and the solid 
surface where it is placed is considered to be horizontal and homogeneous, the drop profile 
follows the well-known second-order differential equation (2.4) of Young-Laplace. 

 ൬
1
ܴଵ

൅
1
ܴଶ
൰ ൌ ݄ܿ ൅

2
ܾ
 (2.4)

Where ܴଵ	and ܴଶ are the principal radii of curvature at any point on the drop, ܾ is the 
radius of curvature at the apex and ܿ corresponds to the capillary constant defined in 
equation (2.5). 

 ܿ ൌ ߩ߂ ൉
݃
௅ߛ

 (2.5)

The capillary constant relates the surface tension of the measurement liquid	ߛ௅, the 
difference in density of the phases involved Δߩ and the gravitational constant	݃.  

In such a case, the Young-Laplace fit gives the best approximation between the 
theoretical and the real drop shape. Furthermore, it is suitable for calculating the surface 
tension of the liquid by knowing the drop image magnification and the density of the liquid 
used.  

On the other hand, it can be applied also to drops whose shapes deviate from the 
elliptical form for large contact angles and volumes but it is not suitable for asymmetrical 
drops, for example, for the measurement of dynamic contact angles or for measurements 
on tilted surfaces.  

To give a review of the most important methods used nowadays, it is of special interest 
to examine the work performed by X. Zhang et al. [34] in superhydrophobic surfaces.  

Different fittings were performed for a sessile drop of water placed on a 
superhydrophobic surface, as shown in Figure 2.7, which is characterized by leading to 
contact angle values between much higher than 90°. 
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Figure 2.7 Images of the same 5 µL water drop placed on a superhydrophobic surface, showing 
the different applied fitting models of the static contact angle. (a) Ellipse fitting; (b) circle fitting; 
(c) Tangent fitting and (d) Young-Laplace fitting. The figures include the simulation lines of the 
shape of the water droplets and the horizontal baselines. Source: [34]. 

Comparing the fitted lines and the surface of the drop, it is easy to see that the best 
fitting is the one performed by the Young-Laplace fitting [Figure 2.7(d)]. This is due to 
the fact that the Young-Laplace fitting does not use only three points of the surface to 
calculate the contact angle between the drop and the surface but adjusts the parameters 
of an equation system which models the shape of the sessile drop making use of numerical 
analysis. Furthermore, the first three fittings give a contact angle around 156° while the 
Young-Laplace fitting the contact angle is larger than 179°. The difference is due to the 
deformation of the water drop by the effect of the gravity which is taken into account in 
the Young-Laplace method; hence it is more accurate than the other methods for modelling 
drops on superhydrophobic samples.  

The methods presented so far are based on the analysis of the shape of static liquids 
drops. There are many applications that require time-dependent studies to evaluate 
different parameters of the surface such as roughness and heterogeneity [35]. Ideally, 
according to Young’s equation, a single contact angle value is expected for a given system, 
although a range of contact angles is usually obtained instead. In these situations, the 
dynamic contact angles are a key point of the measurement.  

The dynamic contact angle is the contact angle which occurs in the course of wetting 
or de-wetting a solid surface and is referred as advancing and receding angles, respectively. 
The advancing angle is measured at a surface repeatedly re-wetted and at several positions 
to minimize time effects such as evaporation. On the other hand, the receding angle is 
measured when de-wetting occurs and it is usually smaller than the advancing angle. These 
angles give the maximum and minimum values that the static contact angle can have on 
the surface and the difference is known as hysteresis.  
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Contact angle hysteresis arises from the chemical and topographical heterogeneity of 
the surface, solution impurities absorbed by the surface, or swelling, rearrangement or 
alteration of the surface by a solvent [36], [37] . 

A criterion to be followed in choosing dynamic or static contact angle types of 
measurement is the technical wetting process intended for the surface. Dynamic processes, 
such as coating, are better modelled by dynamic measurements. On the other hand, static 
angles are more appropriate for evaluating quasi-static processes such as bonding in 
semiconductor technology.   

Dynamic contact angles can be measured by different methods such as modifying the 
volume of a droplet or tilting the solid surface under study.  

The measurement of the dynamic contact angle by changing the volume of a droplet is 
also called the extension/contraction method [38]. This method consists in inflating and 
deflating a sessile drop which is in contact with a solid surface by increasing and reducing 
its volume by means of a liquid dispenser as Figure 2.8 shows.   

 
Figure 2.8 Measurement of the advancing and receding angle by the extension/contraction 
method consisting in increasing and decreasing respectively the volume of the liquid drop. Source: 
Kyowa 

The advancing contact angle is measured while the volume is increased gradually, 
whereas the receding angle is measured while the volume of the drop is gradually decreased. 

Another method to measure the dynamic contact angle is the sliding method which is 
based on tilting gradually the surface of the solid where the sessile drop is placed [39]. The 
advancing contact angle (ߠ௔) is measured at the front of the drop just before it starts to 
move, while the receding contact angle (ߠ௥) is measured simultaneously at the back of the 
drop as shown in Figure 2.9.  
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Figure 2.9 Schematic representation of a sessile drop placed on a tilted solid surface for the 
measurement of the contact angle with the sliding method. 

This method is also used to obtain information about adhesion and slipperiness in solid-
liquid interactions that cannot be obtained by the data from planar measurements.  

Both methods are also performed by DSA and are included in the direct optical methods.  

One of the methods belonging to the indirect force methods is also capable of measuring 
dynamic contact angles. This method is the Wilhemly and the measurement consists on 
slowly immersing and then withdrawing the solid. The advancing angle is determined 
during the wetting process and the receding angle during the de-wetting process [40]. 

After completion of the overview of the main methods available nowadays to perform 
contact angle measurements, it is important to take into account that, as we will discuss 
extensively in next chapter, properties of the surface such as the chemical composition or 
the surface microstructure have a relevant impact on the contact angle. We will consider 
them in the treatment of the contact angle data.  

Next subsection will introduce different methods to evaluate the surface energy of a 
surface under study by the previous measurement of the contact angle performed by any 
of the methods already presented.    

 Surface energy determination methods 

The determination of the surface energy of a solid surface is not a simple task. The 
surface energy of a solid cannot be directly measured and its value is calculated from a set 
of liquid/solid contact angles for a variety of liquids for which the value of the surface 
tension is known. There are several widely used theories for converting contact angle data 
into solid surface energy values which we will introduce next, based on the review made 
by M. Żenkienwicz [41]. 

The calculation of the surface energy of a solid surface can lead to different results, 
depending on the test liquids used for the measurement of the contact angle and on the 
surface energy theory chosen for analyzing the data. Below are described the most common 
methods for the calculation of the surface energy of a solid by means of the previous 
measured contact angles.  
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When a liquid drop is placed on a solid surface, the balance at the three phase contact 
point of solid, liquid and gas, is described by Young’s equation (2.6) [8] assuming that the 
surface is chemically homogenous and topographically smooth. 

ௌߛ  ൌ ௅ߛ ൉ ݏ݋ܿ ௒ߠ ൅ ௌ௅ (2.6)ߛ

This equation describes the relation among the solid surface energy (ߛௌ), the contact 
angle (ߠ௒), the surface tension of the liquid (ߛ௅) and the interfacial tension between the 
solid and the liquid (ߛௌ௅). On the one hand,	ߠ௒, also known as Young’s contact angle, 
corresponds to the intrinsic contact angle obtained by any of the previously presented  
methods assuming that the surface is chemically homogenous and topographically smooth. 
On the other hand, ߛ௅ can also easily be obtained since it is a property of the liquids 
themselves. Conversely, ߛௌ௅ is a parameter that cannot be measured directly so more 
assumptions of the relationship between the different components must be sought and the 
term work of adhesion [42] has to be introduced. 

 Let us suppose a system in which two different phases are in contact. The work of 
adhesion ଵܹଶ is the work required to separate these two adjacent phases 1 and 2 from one 
another, which can be in liquid-liquid or liquid-solid phase boundary. When one phase is 
wetted by another, the two previous surfaces disappear releasing energy due to the 
respective surface tensions ߛଵ and ߛଶ. At the same time, work must be done in order to 
form the interface, referred to as interfacial tension ߛଵଶ. The work of adhesion is then 
described with equation (2.7). 

 ଵܹଶ ൌ ଵߛ ൅ ଶߛ െ ଵଶ (2.7)ߛ

For a solid-liquid phase boundary, as in the case of interest, the work of adhesion ௌܹ௅ 
can be written as (2.8) 

 ௌܹ௅ ൌ ௅ߛ ൅ ௌߛ െ ௌ௅ (2.8)ߛ

which in combination with (2.6) leads to the Young-Dupré equation (2.9), the basis of 
surface energy theories [43]. 

 ௌܹ௅ ൌ ௅ሺ1ߛ ൅ ݏ݋ܿ ௒ሻ (2.9)ߠ

The basic assumption made above is reflected in the so-called equation of state (2.10). 

,ௌߛሺܨ  ,௅ߛ ௌ௅ሻߛ ൌ 0 (2.10)

This equation represents the dependence of 	ߛௌ௅ on the properties of the solid and the 
measuring liquid, which can be rewritten as equation (2.16) shows. 

ௌ௅ߛ  ൌ ,ௌߛሺܨ ௅ሻ (2.11)ߛ

According to Dupré, the work of cohesion ( ஼ܹ) is defined as the work done in dividing 
two phases and only depends on their surface energies or tensions (ߛ), so ߛௌ௅=0. Then, 
equation (2.8) can be simplified as equation (1.1) shows. 
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 ஼ܹ ൌ (2.12) ߛ2

Berthelot [44] then introduced the following hypothesis shown in equation (2.13). 

 
ௌܹ௅ ൌ ට ஼ܹೄ ൉ ஼ܹಽ 

(2.13)

The previous equation can be rewritten as shown in equation (2.14) 

 ௌܹ௅ ൌ ඥ2ߛௌ ൉ 2 ௅ (2.14)ߛ

Combining equations (2.9) and (2.14) the relation shown in equation (2.15) which 
implies that the surface energy of a solid can be obtained directly from the previously 
measured contact angle as long as the surface tension of the liquids is known.  

௅൫1ߛ  ൅ ݏ݋ܿ ௬൯ߠ ൌ 2ඥߛௌ ൉ ௅ (2.15)ߛ

In addition to Berthelot, numerous studies were carried out by many authors based on 
the equation of states, such as Antonow [35], [45] and Girifalco and Good [46]. However, 
the best known are the approaches derived by Neumann et al. from the studies carried out 
by the other authors [47]. 

The first approach is obtained from the fundamental thermodynamic relations taking 
into account intermolecular interactions [48]. The second approach is a modification of the 
Berthelot hypothesis and the third one is a further modification of the same hypothesis 
[47]. The results of these studies led to a controversy in the scientific community about the 
possibility of the division of the surface energy into individual components including the 
assumption that ߛௌ௅ is determined by various interfacial interactions that depend on the 
properties of both the measurement liquid and the solid.  

At this point, different theories for surface energy calculation arose based on the 
partition of this quantity into components.  

Fowkes [16] developed one of the first theories. He was a pioneer in assuming that the 
surface energy of a solid is a sum of independent components, related with specific 
interactions represented by equation (2.16). 

ௌߛ  ൌ ௌߛ
ௗ ൅ ௌߛ

௣ ൅ ௌߛ
௛ ൅ ௌߛ

௜ ൅ ௌߛ
௔௕ ൅ ௌߛ

௢ (2.16)

Where	ߛௌௗ,	ߛௌ
௣,	ߛௌ௛, -ௌ௔௕ are the dispersion, polar, hydrogen, induction and acidߛ ௌ௜ andߛ

base components of the surface energy of a solid respectively, and all the remaining 
interactions are included in ߛௌ௢. Fowkes mainly carried out studies in which two-phase 
systems were involved and only dispersion interactions appeared, resulting in an expression 
to calculate the surface energy corresponding to the solid-liquid interaction, shown in 
equation (2.17). 

ௌ௅ߛ  ൌ ௌߛ ൅ ௅ߛ െ 2ට൫ߛௌ
ௗߛ௅

ௗ൯ (2.17)
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This equation can also be written as equation (2.18). 

௅ሺ1ߛ0.5  ൅ ݏ݋ܿ ௒ሻߠ ൌ ටߛௌ
ௗߛ௅

ௗ (2.18)

This equation allows the calculation of the surface energy of a nonpolar solid (ߛௌ ൌ  .(௦ௗߛ
Furthermore, if the measuring liquid can be characterized only by the dispersion interaction 
௅ߛ) ൌ ௅ߛ

ௗ) the previous equation can be simplified to equation (2.19). 

௦ߛ  ൌ ௅ሺ1ߛ0.25 ൅ ݏ݋ܿ ௒ሻଶ (2.19)ߠ

From these equations, the dispersive surface energy component of any solid can be 
determined as long as the dispersive component of the measuring liquid and the contact 
angle are known.  

This method is being used for the determination of the surface energy of polymeric 
materials [49], and particularly recommended for nonpolar materials, always keeping in 
mind that this method is based on the independence and the additivity of both dispersion 
and polar interactions.  

The next theory arose from the study performed by different authors. Concretely, 
Owens-Wendt-Rable & Kaeble (OWRK) [15] went further and stated that all the different 
interactions presented by Fowkes, excluding the dispersive one, can be associated with the 
polar interaction. This fact is represented in the OWRK equation (2.20). 

ௌ௅ߛ  ൌ ௌߛ ൅ ௅ߛ െ 2൫ߛௌ
ௗߛ௅

ௗ൯
଴.ହ

െ 2൫ߛௌ
௣ߛ௅

௣൯
଴.ହ (2.20)

When combined with Young’s equation, the OWRK equation can be written as (2.21).  

௅ሺ1ߛ0.5  ൅ ݏ݋ܿ ሻߠ ൌ 2൫ߛௌ
ௗߛ௅

ௗ൯
଴.ହ

െ 2൫ߛௌ
௣ߛ௅

௣൯
଴.ହ (2.21)

Since this method considers two main interactions, at least two liquids with known 
dispersive and polar parts of the surface tension are required. A liquid with a dominant 
polar component is used as one measuring liquid and a liquid with a dominant dispersive 
component is used as the other one. In this way, the contact angle is measured using these 
two measuring liquids and the unknowns ߛௌௗ and ߛௌ

௣ will be solved.   

The OWRK method is one of the most common methods for surface energy calculations 
and it is usually used to investigate the polar and dispersive interaction effect on wettability 
and adhesion processes. In particular, the contact between surfaces of different polarity 
and the effect of the change in polarity can be assessed and optimized in processes such as 
printing, painting, bonding and hydrophobic or hydrophilic coating. The most common 
polar liquid used in many studies is water, followed by Glycerol and Formamide, and the 
dispersive one is Diiodomethane as well as α-bromonaphthalene. Thus, the set water-
diiodomethane is used most frequently as the measuring liquids.  

Wu [50], [51] follows the idea provided by the OWRK method, which consists on 
dividing the surface energy of a solid into two components, the polar and the dispersive 
part. In order to calculate the surface energy from the contact angle data, the interfacial 
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tension ߛௌ௅ must be determined. Based on the Fowkes method, the interfacial tension is 
calculated based on the surface energy of the solid ߛௌ and the surface tension of the liquid 
 ௅ and the similar interactions between the phases which are interpreted as the harmonicߛ
mean of the dispersive ߛௗ and polar part ߛ௣ of the surface energy of the solid or the surface 
tension of the liquid (2.22). 

 
ௌ௅ߛ ൌ ௌߛ ൅ ௅ߛ െ 4ቆ

ௌߛ
ௗߛ௅

ௗ

ௌߛ
ௗ ൅ ௅ߛ

ௗ ൅
ௌߛ
௣ߛ௅

௣

ௌߛ
௣ ൅ ௅ߛ

௣ቇ (2.22)

This equation can be written also in combination with Young’s equation to relate the 
different component with the contact angle (2.23). 

 
௅ሺ1ߛ0.25 ൅ ݏ݋ܿ ሻߠ ൌ ቆ

ௌߛ
ௗߛ௅

ௗ

ௌߛ
ௗ ൅ ௅ߛ

ௗ ൅
ௌߛ
௣ߛ௅

௣

ௌߛ
௣ ൅ ௅ߛ

௣ቇ (2.23)

This method also requires the use of two liquids with the known dispersive and polar 
components in order to calculate both components of the surface energy of the material, 
ௌߛ
௣ and ߛௌௗ. 

This method is often used for calculating the surface energy of polymers with low surface 
energy. The set of liquids which is also commonly used are water-diiodomethane. From a 
theoretical point of view, the geometric mean is more accurate than the harmonic one. 

Another theory is the one developed by Van Oss-Chaudhury-Good [52]–[55]. This 
method is based on the acid-base approach for calculating the surface energy of a solid 
from the contact angle with several liquids, dividing the dispersive part of the surface 
energy into a Lewis acid part (+) and a Lewis base part (-). 

The interfacial tension is also the unknown parameter and it is then calculated based 
on the surface tension of the liquid ߛ௅, the surface energy of the solid ߛௌ and the interactions 
between phases. In contrast to the previous method, these interactions are interpreted as 
the geometric mean of a dispersive part ߛௗ and the corresponding acid parts ߛା and base 
parts ିߛ of the surface tension or the surface energy of the solid (2.24). 

ௌ௅ߛ  ൌ ௌߛ ൅ ௅ߛ െ 2ቆටߛௌ
ௗߛ௅

ௗ ൅ ටߛௌ
௅ߛି

ା ൅ ටߛௌ
ାߛ௅

ିቇ (2.24)

The surface energy can then be obtained according to equation (2.25). 

௅ሺ1ߛ0.5  ൅ ݏ݋ܿ ሻߠ ቆටߛௌ
ௗߛ௅

ௗ ൅ ටߛௌ
௅ߛି

ା ൅ ටߛௌ
ାߛ௅

ିቇ (2.25)

Since there are three unknown quantities,	ߛௌௗ, ߛௌି and	ߛௌା, this method requires the use 
of three different liquids to measure the contact angle of the studied material. One 
dispersive liquid and two polar liquids with known acid and base parts should constitute 
the three measuring liquids.  

This method is one of the most recently developed methods in the field of calculating 
the surface energy of solids. The information given about the surface properties is more 
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accurate, but it is very sensitive to small variations in the contact angle measurement or 
to the properties of the liquids used. 

Lastly, the method developed by Zisman [56] is rather different from the previous 
methods since it determines the so-called critical surface energy ߛ஼. This method defines 
the critical surface energy of a solid as being equal to the value of the surface tension of 
the highest surface tension liquid that will completely wet the solid, with a contact angle 
of zero. The value of ߛ஼ differs from ߛௌ and it is not divided into dispersive and polar 
components.  

The value of the critical surface energy is determined by measuring the contact angle 
between several different measuring liquids and the solid surface under study. Then, a plot 
is constructed having the cosine value of the contact angle (cos  in y-axis and the values (ߠ
of the liquid tension of the measuring liquids (ߛ௅) in the x-axis as shown in Figure 2.10.  

Figure 2.10 Determination of the critical surface energy of the solid (ߛ஼) under measurement 
with different measuring liquids.  

Usually, the Zisman method works best for non-polar surfaces and it is noted that the 
interaction between the phases is not taken into account. 

After the overview of the different available methods to evaluate the surface energy of 
a solid by the previous measurement of the contact angle, the next step consists in 
introducing the main techniques used nowadays to perform topographic measurements. As 
in this Ph.D. Thesis the measurement of the contact angle will be performed with a 
developed measurement method that uses a topographic device, specifically a profilometer, 
a brief overview of these techniques will be made.  

 Measurement techniques used by profilometers 

When characterizing a surface, distinction must be made between methods for 
evaluating the nanoscale to atomic scale and methods for evaluating the microscale, more 
especially if surface roughness is involved. On the one hand, physicists and physical 
chemists often require details at the molecular level which are provided by methods such 
as low-energy electron diffraction, molecular-beam methods, field-emission and field-ion 
microscopy, scanning tunneling microscopy and atomic force microscope [57]. On the other 
hand, engineering and manufacturing surfaces companies are only interested in 
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characterizing at microscopic level. In such cases, the use of microscopic methods, 
mechanical or optical, are sufficient. Such methods include coordinate measuring machines 
and the stylus contact profiler and are also capable to measure geometrical parameters of 
the surfaces.  

The measurement of the roughness of surfaces can be divided into two main groups. 
The methods based on direct contact between the device and the sample under test and 
the non-contact methods. The benefit of the noncontact method is that the device does not 
damage the sample since there are no mechanical parts touching the sample.  

Contact methods include the scanning probe microscopes, i.e. scanning tunneling 
microscope and atomic force microscope, the coordinate measuring machines and the stylus 
contact profilers. Among the noncontact methods, we can differentiate between two 
different techniques. First, the single point technique in which techniques such as 
triangulation, confocal, confocal chromatic and interferometry are included. Second, the 
imaging techniques in which fringe projection deflectometry, holography as well as confocal 
and interferometry are included. All these cited noncontact methods are considered to be 
optical methods which are based on the utilization of a light wave to illuminate the surface 
under test and the analysis of the light reflected by the surface to obtain the information 
of interest.  

When speaking of reflected light, it is important to differentiate between surface types. 
The reflection of the light can be specular, diffuse or both, and depends on the kind of 
surface that is being illuminated. As shown in Figure 2.11, when the light illuminating a 
surface is specularly reflected, the surface is considered microscopically smooth. On the 
other hand, if the reflection is diffusive in many directions, this means that the surface is 
considered microscopically rough.  

 
Figure 2.11 Representation of the behaviour of a smooth and a rough surface respectively when 
illuminated by a light source. The smooth surface leads to a specular reflection and the rough 
surface to a diffuse reflection. 

In this last case, due to the fact that each ray meets a part of the surface which has a 
different orientation, the normal vector at the point of incidence is different for different 
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rays. Subsequently, when the individual rays reflect off the rough surface according to the 
laws of reflection, they scatter in different directions. 

As we introduced previously, this Ph.D. Thesis falls within the field of the confocal 
technique, specifically in the use of a device based on the confocal technique to obtain the 
contact angle and the further evaluation of the surface energy of a solid surface in the same 
measurement area. In this section, we will therefore outline the main characteristics of the 
confocal technique as well as its strengths in non-contact topographic measurements 
comparing with other available techniques. 

This section will also include a detailed explanation about the interferometric technique. 
The reason why we emphasized this technique is that at the begging of this Ph.D. Thesis, 
we intended to use interferometry as the measurement technique. As detailed in 
Appendix A, we needed to change to the confocal technique mainly due to the limitations 
of interferometry for the requirements of the presented developed method.  

2.2.2.1. Confocal technique 

The confocal technique [58] is based on illuminating only the area that is in the focal 
point of the lens, which is a small zone of the sample to be imaging. The confocal technique 
is a double pass technique in which the optical surfaces are crossed two times. For example, 
in conventional microscopies, which are single pass techniques, the image of a point light 
source corresponds to its corresponding Airy disk. On the other hand, when working with 
confocal microscopies the image of the same point light source corresponds to the image of 
the Airy disk, this means a narrower diffraction pattern, as shown in Figure 2.12. 

(a) (b) 

Figure 2.12 Airy pattern obtained by a (a) conventional 
microscope and a (b) confocal microscope. Source: [58] 

According to Rayleigh’s criterion, the resolution of a microscope is defined as the 
minimum distance between two points that can be distinguished in an image, this means 
when the first minimum of one of the Airy disks coincides with the central maximum of 
the adjacent Airy disk. This technique is characterized by creating an image of a sample 
only with light coming from points of the sample that are in focus so the axial response 
plays an important role. The axial response is defined as the response of the system to take 
measurements in the z-direction, i.e. in the direction of propagation of the light, 
consequently, the numerical aperture (NA) of the microscope objective is also involved.  
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The narrow axial response allows obtaining better detailed images because the light 
coming out of the focal point will not be detected and therefore, the use of microscope 
objectives with high NA will improve them. The dependence of the axial response with the 
NA of the optics is shown in Figure 2.13.  

Figure 2.13 Axial response of microscope objectives with different numerical 
apertures. Narrower axial responses of high values of NA means less light coming 
from points out of focus. Source: [58] 

If the optics of the system has a small NA, the axial response will be wide and the 
resolution of the final image will decrease considerably. It is important to highlight that a 
narrow axial response, i.e. high NA, and a small pinhole are very good tools to improve 
the images given by a confocal system. 

A confocal image is a very high contrast image obtained by this technique in which only 
the parts of the sample that are in focus are illuminated at a time, which means that only 
these parts are in the focal plane. Due to this fact, the final image, which is a composition 
of all the different taken images of parts that are in focus, is a really contrasted image and 
it has much more resolution than an image taken with a conventional microscope. 

A representative confocal microscope is shown in Figure 2.14. Usually, a confocal 
microscope uses a point source such as a LED and the light coming from it first passes 
thought a beam splitter and subsequently by a microscope objective. Only the areas of the 
sample that are at the focus plane will be illuminated and this light will be reflected back 
to reach the detector. 

Figure 2.14 Schematic representation of a confocal microscope.  
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The beam splitter will guide the light reflected by the sample to the detector, which has 
a confocal aperture in front of it. In case there is light reflected by the sample which is not 
in focus, the confocal aperture will reject this light helping to finally obtain a more detailed 
image.  

By scanning the sample in the z direction, different parts of the sample will be in focus 
at a time, which will allow the generation of 2D profiles of the sample if it is also scanned 
in x or y direction. In addition, it can generate 3D surface images if the sample is both 
scanned in x and y direction. With the further processing of these 3D surface images one 
can obtain any surface texture parameter found in ISO 25178 [59] such as the roughness of 
the surface and the real measured area which takes into account the roughness of the 
surface.  

The confocal technique is widely used in biological science, such as cell biology, genetics 
and medicine but its strength lies in surface characterization.  

Once the confocal technique introduced, now is time to present the interferometry, as 
it was the basis at the begging of this Ph.D. Thesis. 

2.2.2.2. Interferometric technique 

Interference is an optical effect, which can occur when two or more light beams are 
superimposed. There are some conditions to be fulfilled in order to achieve interference 
such as the spatial and temporal overlap of both light beams, which must be coherent and 
non-perpendicularly polarized.  

Interferometers [60], [61] are optical devices which use the effect of interference to 
measure distances. Typically, a single input beam is used, which is split into two identical 
beams by means of an optical device such as a beam splitter. Each of these beams travels 
a different path through each arm of the interferometer and then recombine before arriving 
at a detector. The difference in distance travelled by each beam, called optical path 
difference, causes a difference in the relative phase of the two beams that is responsible for 
the creation of an interference pattern, shown in Figure 2.15. In the case where both beams 
are in phase, the resulting interference will be constructive (white) and on the contrary, 
the interference will be destructive (black).  

Figure 2.15 Representative interference pattern from a flat surface. 

This cycle of the destructive and constructive interference causes the intensity of the 
recombined light to undergo a cyclic variation. One cycle of variation in intensity from 
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light to dark occurs every time the optical path difference (OPD) between beams reaches 
half a wavelength (2/ߣ) of the light used. In this way, the OPD can be measured as 
equation (2.26) shows. 

ܦܱܲ  ൌ
ߣ
2
ܰ (2.26)

where ܰ is the number of fringes passed.  

Currently, there are available a wide range of interferometers that can be organized by 
a variety of criteria. The most common one consists in grouping them into double path or 
common path interferometers and wavefront or amplitude splitting interferometers.  

In a double path interferometer, the reference beam and the sample beam travel along 
different paths. Once they are perturbed by the interaction with the sample under test, the 
sample beam together with the reference beam recombine, forming an interference pattern 
from which the information about the surface under test will be extracted. Double path 
interferometers include the well-known Michelson interferometer as well as the 
Twyman-Green interferometer and the Mach-Zender interferometer, both shown in Figure 
2.16.  

  
(a) (b)

Figure 2.16 Schematic representation of (a) Michelson interferometer and (b) Mach-Zender 
interferometer, which are double path interferometers. 

At the begging of this Ph.D. Thesis we were focused on the development of a 
measurement device based on a basic Twyman-Green interferometer, as the one shown in 
Figure 2.17, which is also classified as a double path interferometer. In this device, the 
interferometric pattern will result from the recombination of the reflected light on a 
reference and from the sample under test. 
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Figure 2.17 Representation of a Twyman-Green interferometer. 

A common path interferometer [61] is  a device in which the reference beam and the 
sample beams travels along the same general path. The optical path difference between the 
reference and the sample beam is zero in the center of the field of view, thus enabling the 
use of white light. In most common-path interferometers both the reference and the sample 
beam are affected by the aberrations and the interference is produced by the shearing of a 
beam with respect to the other. The shape of the aberrated wavefront is obtained by 
computation.  

Sagnac interferometers, as the one shown in Figure 2.18, include devices such as scatter 
plates, Fresnel’s biprisms, lateral shearing interferometers and Zernike phase contrast 
microscopes.  

  
Figure 2.18 Representation of an exemplary common path interferometer 
known as Sagnac interferometer. 

Regarding a different aspect of interferometers, they can be divided between wavefront 
splitting interferometers and amplitude splitting interferometers. Wavefront splitting 
interferometers divide the light wavefront coming from a point or a narrow slit. When the 
two parts of the wavefront travel through different paths, they recombine creating the 
interference pattern. Young’s interference experiment and Lloyd’s mirrors are examples of 
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these types of interferometers. In addition, the Fresnel’s biprism, as shown in Figure 2.19 
and the Rayleigh interferometer are included in this type of interferometers.  

Figure 2.19 representation of an exemplary wavefront splitting 
interferometer known as Fresnel’s biprism. 

An amplitude splitting interferometer uses a partial reflector to divide the amplitude of 
the incoming beam into two separated beams that after travelling each path, recombine. 
Fizeau, Mach-Zehnder, Fabry-Pérot, Michelson and Twyman-Green interferometers are 
part of this category.  

Interferometric devices apply the effect of the interferometry by different available 
techniques from which coherence scanning interferometry (CSI) is the most common and 
is most commonly known as vertical scanning interferometry (VSI) or white light 
interferometry. Other common techniques are available as the well-known phase shifting 
interferometry (PSI) and also there are interferometric microscopes objectives that are 
commonly used in the optical profiling interferometers.  

The VSI technique, as shown in Figure 2.20 [62], is based on the use of white light 
source to achieve fringe localization. It refers to an optical surface measurement method 
wherein the localization of the interference pattern when scanning the optical path length 
allows the determination of the topography and optical properties of smooth to moderately 
rough surfaces with nanometer resolution [63]. 
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Figure 2.20 Representation of a vertical scanning interferometer with different recorded 
interferograms at different positions of the sample and the corresponding surface reconstruction.

White light interferometry is the basis of the VSI technique. Currently, most of the 
interferometric measurements are performed with the use of a laser light since the longer 
coherence length makes it easier to obtain the interference fringes. Also, compared with 
the use of the shorter coherence length of a white light source, the matching of the optical 
path of the interferometer is easier when using a laser. However, the use of a laser light to 
obtain interference fringes is not as good as it seems. The long coherence length of this 
light source can also be detrimental, resulting in interference with spurious reflections that 
will lead to incorrect measurements. 

As explained, the use of a short coherence length white light source requires a more 
accurate match of the optical path of the interferometer to obtain interference fringes, but 
it results in an extremely high contrast interference pattern. For that reason, the use of 
this kind of light source can be considered as an advantage.  

Phase shifting interferometry (PSI) [64]–[66], shown in Figure 2.21, is based on the 
introduction of a time-varying phase shift between the reference wavefront and the test or 
the sample wavefront in the intereferometer. This produces a time-varying signal at each 
measurement point in the interferogram and the relative phase between the two wavefronts 
at that location is encoded in the intensity pattern. 

 
Figure 2.21 Representation of a phase shifting interferometer with different recorded 
interferograms and the corresponding surface reconstruction. 
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The PSI technique uses a monochromatic light source and provides surface height 
measurements of very smooth and continuous surfaces with sub-nanometer resolution. The 
application of this technique includes optical testing and real time wavefront sensing for 
active optics and microscopy.  

Classically, the information from interference patterns is obtained by measuring the 
positions of the fringe centers and additional information is needed to correctly read the 
interferogram. For example, in a static interferogram which deviates from flatness, one 
cannot verify if it is due to a concave or a convex surface. PSI overcomes this issue since 
the movement direction of the fringes can be observed in real time while the reference 
surface is being measured. It does not rely on finding the fringe centers of the interferograms 
but rather recovering the phase data from collecting intensity data point-by-point. 

The application of interferometric techniques has reached fields such as astronomy [67], 
[68] and biology with the development of the optical coherence tomography (OCT) [69], 
[70]. The main application of interest is the measurement of slight deviations of an optical 
surface that leads to the topography measurement with an accuracy better that an optical 
wavelength. This technique is also applicable to measuring the wavelength of a laser beam, 
monitoring slight changes in an optical wavelength of frequency by means of a Fabry-Pérot 
interferometer, measuring rotations by means of a Sagnac interferometer, measuring 
distances or changes of a distance or a position or the measurement of the chromatic 
dispersion of optical components as an optical filter.  

After this theoretical introduction about the most relevant techniques currently used to 
perform 3D non-contact topographic measurements and since this Ph.D. thesis comes 
within the framework of an industrial Ph.D. the next section will present a benchmarking. 
We will give a broad overview about the current instruments that are available in the 
market in the field we are working on, regarding contact angle and surface energy 
measurements and devices to perform topographic measurement based on the techniques 
introduces before. 

2.3. Benchmarking 

The presented benchmarking consists in two main subsections. The first subsection is 
devoted to the main companies that supply complete equipment to perform contact angle 
measurement and the corresponding surface energy evaluations. The second subsection 
collects information about the main companies that supply equipment to perform 
contactless surface’s profile measurements based on the previous introduced techniques 
currently used to perform these measurements.  

 Suppliers and devices to perform contact angle measurement and 
surface energy evaluation 

Currently available devices in the market allowing the measurement of the surface 
energy perform the measurement indirectly. This means that the contact angle must be 
previously measured to be able to evaluate the surface energy. These devices are basically 



2. STATE OF THE KNOWLEDGE IN THE FIELD 

 
33 

contact angle meters whose function consists in measuring or evaluating the contact angle 
between a solid surface and a liquid which is placed on said surface. With the calculated 
contact angle, the evaluation of the surface energy of the surface can be carried out.  

One of the best known contact angle meters suppliers is KRÜSS [71]. It has a wide 
range of products with different capabilities but they all share the same basic functionality: 
they allow the measurement of the contact angle and the surface energy of the surface 
under test with the same device.  

The methodology of these devices for the measurement of the contact angle is based on 
drop shape analysis, generally from a lateral image of the drop. Sessile drop, pendant drop 
and extension/contraction method are among the most commonly used methods, and more 
complex methods such as Wilhelmy plate or top-view reflection method are also used.  

The commercial portfolio includes a large variety of devices to perform the contact angle 
and surface energy measurement depending on the application requirements, as the ones 
shown in Figure 2.22. Fully and partially automated devices are presented, with a width 
angle measuring range and high accuracy and single and multiple dosing units are available 
in different devices to obtain a full energy surface evaluation. What is striking is the 
availability of portable devices whose accuracy is as high as the one from laboratory 
devices.  

  
(a) (b)

Figure 2.22 Representative devices from KRÜSS to measure the contact angle and the surface 
energy of a solid by means a (a) portable device and (b) Laboratory device. 

KYOWA [72] is a Japanese company with the same purpose as the previous suppliers. 
In this case, in addition to accurate devices for contact angle measurements in regular 
sample size, KYOWA offers a wider range of devices which are aimed at measuring contact 
angles involving large surface area. Furthermore, they also offer a portable device to 
measure the contact angle and the surface energy as shown in Figure 2.23. 
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(a) (b) 

Figure 2.23 Representative devices from KYOWA. (a) Portable device and (b) laboratory device 
both for measuring the contact angle, surface energy of a solid and the interfacial tension. 

The methods present in most of the devices for calculating the contact angle are 
commonly the sessile drop, extension/contraction, sliding and three-state method and for 
the calculation of the surface or interfacial tension the main method is the pendant drop.  

Dyne Testing [73] is the supplier with the narrower choice of products focused on the 
measurement of the contact angle and the surface energy, as the ones shown in Figure 2.24. 
On the other hand, their products have a wider range of applications for accurate and easy 
measurement of other properties of a surface such as the wettability, adsorption, spreading, 
and heterogeneity, including also the dynamic contact angle and the surface and interfacial 
tension. The offer also includes a portable device to measure only the contact angle, but 
the accuracy and the measured angle range is maintained with respect to the laboratory 
devices.  

 
(a) (b) 

Figure 2.24 Representative devices from Dyne Testing. (a) Portable device for measuring the 
contact angle. (b) Laboratory device for measuring the contact angle, surface energy of a solid 
and the interfacial tension.  

At has been commented, this Ph.D. Thesis is located in a field under constant 
developement and it is of a great interest to the scientific community and to the market. 
During the development of this Ph.D. Thesis a new device appeared on the market that 
combines the measurement of the topography of a surface with the evaluation of the surface 
energy with a single device. 
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This device marketed under the name Attension Theta Topography, shown in Figure 
2.25, by Biolin Scientific [74] and Dyne Testing [75] allows to correct the effect of the 
surface topography on the measurement of the contact angle according to Wenzel’s model, 
which matches the goal of this Ph.D. Thesis. 

Figure 2.25 Attension Theta Topography from Biolin Scientific and Dyne Testing. First device 
which allows the correction of the effect of the roughness of the surface in the contact angle 
measurement with a single device, but with a displacement of the sample between measurement 
modules. 

By the modification of a previous available device, named Theta Optical Tensiometer, 
they introduced an external module able to perform topographic measurements from top-
view by means of the fringe PHI technique. Once the topography is measured, the sample, 
which is placed in the sample holder of this module, is displaced from there to the place 
where the measurement of the contact angle will be performed with side view imaging. 
Although the displacement between these two positions is performed automatically by 
means of very accurate motors, we face the same current problem, which is the uncertainty 
of the sample positioning between the two modules of measurement.  

 Suppliers and devices to perform 3D non-contact profilometry 
measurements 

In the field of 3D non-contact profilometers, a wide variety of companies offer products 
based on the measurement of the profile or the topography of a surface without any contact 
between the device and the sample under test.  

Nanovea [76] designs and manufactures instruments providing solutions for profilometry 
based on chromatic confocal optical technology which gives the highest accuracy of all the 
optical techniques in this field in the nanometer range. Furthermore, if sub-nanometer 
accuracy is needed, Atomic Force Microscope integration is available for applications that 
also require nanometer range lateral resolution. Their commercial portfolio includes 
different setups mainly depending on the application and the size of the sample under test, 
including a portable optical profilometer, shown in Figure 2.26. On the other hand, the 
provided software allows to perform different measurements such as roughness, texture, 
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profile and thickness in addition to the topography of the surface and to control the setup 
via computer.  

  
(a) (b) 

Figure 2.26 Exemplary 3D non-contact profilometers from Nanovea. (a) Portable device, (b) 
Laboratory device to scanning samples up to 1x1 m 

Sensofar [77] is a company specialized in developing, manufacturing and commercializing 
non-contact optical 3D profilometers. Its setups are based on confocal, interferometry and 
the focus variation technique to ensure the most accurate surface reconstruction. Different 
devices configuration are possible, as the ones shown in Figure 2.27, to perform 
measurements of big size surfaces and with a vertical resolution in the sub-nanometer range 
allowed by one of the previous techniques.  

  
(a) (b)

Figure 2.27 Exemplary 3D non-contact profilometers from Sensofar. (a) Different configurations 
allows from portable to XXL systems of this device, (b) device devoted to measuring aspheric 
and free-form optics. 

The software, besides controlling the device, allows to extract different information from 
the surface under study such as the roughness and texture.  

Another supplier in this field is ZYGO [78] whose devices are based on white light, 
coherence scanning or phase shifting interferometry, offering fast and reliable 3D metrology 
of surface features, as the ones shown in Figure 2.28. Depending on the requirements of 
the measurement, the offer includes speed, automation, configuration flexibility and 
vertical range in the measurement with sub-nanometer vertical and sub-micron lateral 
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resolution. Just as the previous suppliers, the software allows data analysis for several 
features of the surfaces and the system control.  

 
(a) (b) 

Figure 2.28 Exemplary 3D non-contact profilometers from Zygo. 

Other suppliers such as Novacam [79], Alicona [80], Olympus [81], KLA tencor [82] also 
offer high quality devices to ensure high accuracy measurement of surface topography with 
basically the same named technologies. Figure 2.29 shows exemplary devices from these 
companies.   

 
 

(a) (b)

Figure 2.29 Exemplary 3D non-contact profilometers from (a) Novacam and (b) Alicona. 

To summarize, with 3D non-contact profilometers high accuracy topographic 
measurements can be achieved, with sub-nanometer vertical resolution, by means of the 
main techniques used in this field, which are the confocal technique and interferometry.  

Next chapter will introduce the relation of the roughness of a surface and its contact 
angle, as well as the impact of not taking into account this roughness on the calculations 
and the further evaluation of the surface energy.  
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3. Roughness and surface energy 

3.1. Introduction 

When measuring experimentally the contact angle of a solid surface by any method 
introduced in Chapter 2, we must keep in mind that we will obtain a contact angle value 
that corresponds to a macroscopic measurement and does not reflect only the chemical 
properties of the material under study. It is important to note that the way of wetting of 
a liquid on a solid surface depends not only on the properties of the liquid and the chemical 
properties of the solid surface but also on its physical structure.  

Regarding Young’s equation, it is demonstrated that the surface energy of a solid can 
be obtained from the measured contact angle since the surface tension of the liquid is 
already known, provided that the surface under measurement is chemically homogenous 
and topographically smooth. The equation used for this, introduced in Chapter 2 and stated 
by equation (2.19), is the following. 

௦ߛ  ൌ ௅ሺ1ߛ0.25 ൅ ݏ݋ܿ ௒ሻଶ (3.1)ߠ

where ߠ௒ corresponds to the intrinsic contact angle of this surface. Conversely, when we 
measure the contact angle on rough surfaces, this measured contact angle is affected by 
the roughness of the surface. If we want to evaluate the surface energy of a rough surface 
by directly using this measured contact angle value in Young’s equation, it will lead to an 
erroneous value since this equation has been developed for surfaces which are perfectly 
smooth.  

Hence, if we want to perform the evaluation of the surface energy with as much 
reliability as possible from the measured, apparent contact angle, which reflects both the 
effects of the chemical composition and the structural component of the surface, we must 
be able to correct the influence of the roughness of the surface on this apparent contact 
angle. We will then obtain the corresponding intrinsic contact angle, which can be used in 
Young’s equation to obtain the surface energy.  

As will be explained throughout this chapter, the structure of a surface is of key 
importance in the framework of wetting studies and we will see that the micro and nano 
structure of a surface is directly related with the modification of the wetting properties of 
the surface. 

Two different models will be introduced to obtain the intrinsic contact angle from the 
measured apparent contact angle as a function of two characteristic surface parameters of 
the surface under study to finally evaluate accurately the corresponding surface energy. 
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Furthermore, we will evaluate the error performed when calculating the surface energy 
with the apparent contact angle instead of the intrinsic contact angle for a given material.  

3.2. The Wenzel model 

Earlier in the twentieth century, Wenzel [83] started to evaluate the impact of the 
roughness, as well as the micro- and nano- structure of a surface, in the measurement of 
the contact angle on rough and chemically homogeneous surfaces. 

Let us suppose a rough surface with a given microstructure. A liquid drop is placed on 
it and wets completely the contact surface as Figure 3.1(a) shows. According to Wenzel, 
the total contact area between the solid and the liquid must be taken into account when 
calculating the surface energy so the surface is characterized by the roughness ratio factor 
 which takes ,(௥௢௨௚௛ܣ) This factor is defined as the ratio of the real solid-liquid area .(ݎ)
into account the roughness of the surface, to its projection on a smooth surface (ܣ௙௟௔௧) as 
Figure 3.1(b) shows, and is always greater than 1 since no surface is completely smooth at 
the molecular range. 

As the introduction of the roughness not only influences the surface energy of the solid 
surface but also its interfacial energy, adding the roughness ratio factor in Young’s 
equation, where ߛௌ௅ → ݎ ൉ ௌߛ ௌ௅ andߛ → ݎ ൉  .ௌ, we finally obtain Wenzel’s equationߛ

ݏ݋ܿ  ௐߠ ൌ ݎ ൉ ݏ݋ܿ ௒ (3.2)ߠ

 

 

 
(a) (b) 

Figure 3.1 (a) Schematic diagram of Wenzel’s apparent contact angle on a rough surface where 
the liquid droplet wets completely the surface of the solid; (b) schematic representation of the 
real area (Arough) and the projected area (Aflat) of the droplet to calculate the roughness ratio 
factor ݎ. 
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where ߠௐ corresponds to the apparent contact angle measured on the surface. ߠ௒ remains 
as the Young’s contact angle which corresponds to the intrinsic contact angle of this surface 
(the one we would measure if it were topographically smooth) and the effect of the 
roughness of the surface is corrected by the introduction of the roughness ratio factor. 

If we depict the behaviour of this equation, plotted in Figure 3.2, we can easily 
differentiate between a hydrophilic and a hydrophobic region. In the first one, i.e. ߠ௒ ൏
90°, for any ߠௐ measured the corresponding ߠ௒ will be always larger, ߠௐ ൏  ௒, so thisߠ
means that the introduction of roughness in the surface increases the hydrophilicity of the 
surface and the liquid will tend to wet further. For the hydrophobic region, i.e. ߠ௒ ൐ 90°, 
we get the opposite situation. For any ߠௐ measured, it will have associated a smaller value 
of ߠ௒ which means that the liquid will tend to wet less, so the surface becomes more 
hydrophobic.   

 
Figure 3.2 Representation of the measured Wenzel’s apparent contact angle θW as a function of 
the Young’s contact angle θY for r=1.2 as an exemplary value. 

Therefore, Wenzel’s equation predicts that the introduction of roughness on a surface 
enhances its wetting properties since it makes a hydrophilic surface even more hydrophilic 
and a hydrophobic surface even more hydrophobic. 

As our aim is to give an overview of how the roughness of a surface affects the 
measurement of its surface energy, we must go further in the study of how the modification 
of the roughness affects the contact angle. 

Figure 3.3 gives an idea of the error introduced in the surface energy calculation when 
the roughness is not taken into account. It plots the ߠ௒ that corresponds to different 
measured contact angles (ߠௐ) as the roughness increases. It is clear the ߠ௒ only corresponds 
to ߠௐ for 1=ݎ, i.e. smooth surface. From then on, it is increasingly erroneous to associate 
 .ௐߠ ௒ toߠ
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Figure 3.3 Representation of the intrinsic contact angle as a function of the roughness factor r  
for different apparent angles θW=30°, 60°, 90°, 120° and 150° in Wenzel’s scenario. 

As pointed out previously, Wenzel state tends to magnify the wetting properties of the 
surface under study. For ߠௐ ൐ ௒ߠ ,90° ൑  becomes larger the difference between ݎ ௐ and asߠ
them also increases. On the other hand, for ߠௐ ൏ ௒ߠ ,90° ൒  ௒ becomes larger as rߠ ௐ soߠ
does.  

This behaviour means that the introduction of roughness on surfaces enhances its 
wetting properties so for a surface that is not initially as hydrophobic or as hydrophilic as 
needed, one can compensate this lack of hydrophilicity or hydrophobicity making the 
surface rougher. 

Once the effect of the roughness on the contact angle has been evaluated, it is time to 
consider how this effect impacts the evaluation of the surface energy and the error it 
introduces when the roughness is not taken into account. 

From the bibliography, we can obtain standard values for the surface energy for some 
materials with different wetting properties in specific measurement conditions [84] as well 
as the surface tension values for common test liquids for surface energy analysis [85]. For 
this case of study, we selected two surfaces with different surface energy values in the 
hydrophilic and hydrophobic regime respectively, and water and Diiodomethane as 
measurement liquids since they are the most common test liquids in wettability studies. 
With these parameters we can obtain the theoretical intrinsic contact angle through 
Young’s equation for water (WCA) and for the Diiododmethane (DCA) for each surface. 
All of these parameters as well as the respective contact angles are contained in Table 3.1. 

Y
 (

º)



3. ROUGHNESS AND SURFACE ENERGY 

 
43 

Table 3.1 Values of the surface tension (L) of water and Diiodomethane, surface energy (S) of the 
hydrophilic and hydrophobic surface and the calculated values of the water contact angle (WCA) 
and Diiodomethane contact angle (DCA) at 20°C. 

   ሻ࢓/ࡺ࢓ሺ	ࡸࢽ 
Hydrophilic 

surface 
Hydrophobic 

surface 

Water 72.8  ߛௌ ሺ݉ܰ/݉ሻ 41.1 12.0 
Diiodomethane 50.8  ܹܣܥ ሺ°ሻ 59.8 100.8 

ܣܥܦ    ሺ°ሻ 37.0 91.6 

In Figure 3.4 we can compare the evaluation of the surface energy by taking or not into 
account the roughness of the surface for a hydrophilic and a hydrophobic surface. For a 
hydrophilic surface, it is easily seen that when we calculate the surface energy without 
correcting for the roughness of the surface, the obtained value (ߛௌ Water or ߛௌ 
Diiodomethane) is always larger than the intrinsic surface energy (ߛௌ). This means not 
considering the roughness of a surface when evaluating its surface energy induces to 
overestimate its value. The error becomes larger as the roughness increases.  

 
Figure 3.4 Evaluation of the surface energy for a hydrophilic and a hydrophobic surface for water 
(S water) and Diiodomethane (S Diiodomethane) as measurement liquids, not taking into 
account the roughness of the surface, compared to the intrinsic surface energy value (S). 
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For a moderately rough surface (1.4=ݎ), we can see that the error introduced for not 
considering the roughness of the surface is 28% when measuring with water and the error 
when measuring with Diiodomethane is 39%. The surface energy is overestimated so the 
surface would appear more hydrophilic than it really is and the error obviously gets worse 
for larger values of ݎ. 

On the other hand, the value of the surface energy for a hydrophobic surface when not 
taking into account the effect of the roughness is underestimated. The introduction of the 
roughness makes the surface to behave more in a more hydrophobic manner, so the value 
estimated for the surface energy directly with Young’s formula would be lower than it 
really is. For 1.4=ݎ, the introduced error is lower than in a hydrophilic surface but for 
water it is 18% and for the Diiodomethane, 2%, getting worse for larger values of ݎ. 

It is important to keep in mind that the surface energy should be evaluated with at 
least two contributions,  the dispersive and the polar one. The behaviour previously plotted 
can be associated to each of these contributions separately, i.e. the dispersive and the polar 
component of the surface energy. The evaluation of the total surface energy will strongly 
depend on the weight of each of these components.  

If both the dispersive and polar components are in the hydrophobic or in the hydrophilic 
regime, since Wenzel model predicts an enhancement of the wetting of both hydrophobic 
and hydrophilic properties, this behaviour would be more remarkable. Otherwise, for 
example, if the contact angle of the polar part is larger than 90° and the contact angle of 
the dispersive part is smaller than 90°, one effect will compensate the other and the 
calculated surface energy will not deviate so much from the real one.  

This simple example verifies the influence of the roughness of a surface in the 
measurement of its wetting properties, and highlights the importance to know the 
roughness of the surface to be measured when measuring its surface energy. 

3.3. The Cassie Baxter model 

After Wenzel developed the calculation of the intrinsic contact angles on rough and 
homogeneous surfaces, Cassie and Baxter [86] came with a new approach for solids which 
are chemically heterogeneous, so their chemical composition is of at least two different 
chemical substances which will also influence the wetting properties of the surface.  

What Cassie and Baxter proposed is a way to calculate the intrinsic contact angle from 
the apparent measured one on surfaces that consists of ݊ different type of materials. They 
considered that any of these materials are randomly distributed on the surface and have 
associated a fraction of the material ( ௜݂) on the surface as well as their own surface energies 
 .௜ௌߛ ௜ௌ௅ andߛ

In this scenario, if we consider the fraction associated to each material and we 
introduced it in Young’s equation where ߛௌ → ∑ ௜݂ ൉ ௜ೄߛ

௡
௜  and ߛௌ௅ → ∑ ௜݂ ൉ ௜ௌ௅ߛ

௡
௜ , we finally 

obtain the Cassie-Baxter’s equation.  
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ݏ݋ܿ ஼஻ߠ ൌ෍ ௜݂ ൉ ݏ݋ܿ ௜௒ߠ

௡

௜

 (3.3)

This equation relates the apparent measured contact angle with the intrinsic contact 
angles taking into account the fraction of each material that composes the surface of the 
solid and is in contact with the liquid. 

Cassie and Baxter also introduced the way to determinate the fractions ݂ ௜ of the material 
[86] by first determining the geometry of the structure of the surface.  

In an easier scenario where the solid surface consists of two different component 
materials, 1 and 2 as shown in Figure 3.5(a), whose fractions are ݂ ଵ and ݂ ଶ, where ଵ݂ ൅ ଶ݂ ൌ
1, and their intrinsic contact angles are ߠଵ௒ and ߠଶೊ, the Cassie Baxter equation can be 
simplified as equation (3.4) shows. 

ݏ݋ܿ  ஼஻ߠ ൌ ଵ݂ ൉ ݏ݋ܿ ଵೊߠ ൅ ଶ݂ ൉ ݏ݋ܿ ଶೊ (3.4)ߠ

 

 
(a) (b) 

Figure 3.5 (a) Schematic diagram of Cassie Baxter’s apparent contact angle on two component 
materials; (b) schematic representation of a droplet sitting on trapped air bubbles V between the 
fractions of the material S  which represents the lotus effect and its projected area (Aflat) on a 
smooth surface. 

Following the previous state, for a given surface with a specific structure of one material, 
it can be possible that air bubbles become trapped between the fractions of the material 
as Figure 3.5(b) shows. In this situation, the wetting state can also be described by Cassie-
Baxter’s model with the solid material as material 1 and the trapped air bubbles as 
material 2. 

In this case, one of the fractions is given by the liquid-air interface characterized by 
ଵ݂ ൌ ௏݂ and ߠଵೊ ൌ 180°, since the fraction is fully dry so there is no contact between the 

liquid and solid. The other one is given by a solid-liquid interface characterized by ଶ݂ ൌ ௌ݂, 
which represents the fraction of liquid in contact with the solid with its corresponding 
contact angle ߠଶೊ ൌ  ௒. In this state, Cassie-Baxter’s equation is expressed as inߠ
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equation (3.5) and its apparent contact angle depends on the percentage of solid which is 
in contact with the droplet. 

ݏ݋ܿ  ஼஻ߠ ൌ െ ௏݂ ൅ ௌ݂ ൉ ݏ݋ܿ ௒ (3.5)ߠ

As ௏݂ ൅ ௌ݂ ൌ 1, then ௏݂ ൌ 1 െ ௌ݂ the Cassie-Baxter equation can be described as 
equation (3.6) shows. 

ݏ݋ܿ  ஼஻ߠ ൌ ௌ݂ ൉ ሺݎ ൉ ݏ݋ܿ ௒ߠ ൅ 1ሻ െ 1 (3.6)

If we represent the evolution of Young’s angle with respect to the Cassie-Baxter 
apparent angle for given values of ݎ and ௌ݂, shown in Figure 3.6(a), we can see that the 
apparent angle will always be larger than ߠ௒. Also, as ௌ݂ increases, the difference between 
݂ This is quite intuitive sine when .ݎ ௒ decreases for a constant value ofߠ ஼஻ andߠ ௌ increases, 
the volume fraction corresponding to trapped air decreases. When ௌ݂ is small however, CB 
model predicts very large apparent contact angles even for materials with very low intrinsic 
hydrophobicity.   

 
(a)

 
(b)

Figure 3.6 Representation of the Cassie Baxter’s apparent contact angle θCB as a function of the 
Young’s contact angle θY for (a) r = 1.2 and fS = 0.4, 0.6 and 0.8 as exemplary values, (b) fS = 0.6 
and r = 1.2, 1.4 and 1.6 as exemplary values. 
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The second section of Figure 3.6 shows the relation between ߠ௒ and the apparent contact 
angle for different roughness values at a given ௌ݂ value of 0.6. It allows us to glimpse the 
influence of microstructure geometry upon the hydrophobicity of the surfaces. For 
intrinsically hydrophilic materials, the less rough the microstructure for a given fraction of 
trapped air, the less hydrophilic they become. Conversely, for intrinsically hydrophobic 
materials, the rougher the surface for a given fraction of trapped air, the more hydrophobic 
they become.  

As Figure 3.7 shows, for low values of ௌ݂ which means there is lot of air trapped, the 
behaviour of the surfaces are not hydrophilic anymore even for low values of ߠ௒ for low 
roughness. Therefore, according to Cassie Baxter, low contact angles cannot be possible for 
low values of ௌ݂ and ݎ. 

 
Figure 3.7 Representation of the intrinsic contact angle θY corresponding to a set of given Cassie 
Baxter’s apparent contact angles as a function of the roughness factor r for of θCB = 30°, 60°, 90°, 
120° and 150° and fS = 0.4, 0.6 and 0.8. 

According to all of the above, for samples with complex microstructure best described 
by the Cassie Baxter model, if we do not take into account the specific geometry of the 
surface when performing an evaluation of the surface energy, we will underestimate grossly 
its value.  

In terms of the surface energy, we can notice the exposed behaviours taking into account 
if the surface is hydrophilic or hydrophobic as we performed with Wenzel model. 
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For the before considered hydrophilic surface (Figure 3.8), for low values of both ௌ݂ and 
 is larger than the value of the surface energy (ௌߛ) the value of the intrinsic surface energy ,ݎ
measured with both liquids when not correcting for roughness. This fact is due to the 
trapped air under the drop that makes the surface to behave less hydrophilically. As ௌ݂ 
becomes larger, the trapped air under the drop decreases and the surface behaves more 
similar to Wenzel’s model, since there is a bigger fraction of material which is in contact 
with the drop. Furthermore, if ݎ becomes also larger, the surface becomes more hydrophilic 
since at a certain point, the value of the measured surface energy is larger than the surface 
energy for the smooth surface as a result of the increased roughness.  

 
Figure 3.8 Evaluation of the surface energy for a hydrophilic surface, where the roughness varies 
from 1 to 2 for fS = 0.4, 0.6 and 0.8 comparing to the intrinsic surface energy value. 

Conversely, if the surface is hydrophobic, its behaviour is slightly different as can be 
seen in Figure 3.9. In this case, the value of the intrinsic surface energy is larger than the 
one estimated when not correcting for the roughness and the fraction of material in contact 
with the drop. Even then, as ௌ݂ and ݎ become larger, the surface becomes less hydrophobic. 
Furthermore, for small values of ݎ, the error made in the evaluation of the SE not 
considering the real contact area between the liquid and the solid decreases as ௌ݂ increases.  
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Figure 3.9 Evaluation of the surface energy for a hydrophobic surface, where the roughness varies 
from 1 to 2 for fS = 0.4, 0.6 and 0.8 comparing to the intrinsic surface energy value. 

The question arises whether one can distinguish easily between Wenzel and Cassie-
Baxter scenario and the answer is yes. When placing a drop of liquid on a solid surface and 
it easily slides, we are in Cassie Baxter’s regime. On the other hand, if the droplet remains 
stuck on the surface even though it is a hydrophobic surface, we are in Wenzel regime. 

There is a particularly striking example in nature were both models can be observed. 
For example, a Wenzel scenario can be observed in a rose which petals are hydrophobic 
but the water drops reaching the surface do not slip off and remain on the petal, as shown 
in Figure 3.10(a). Due to the micro structure of the surface and the wetting conditions, the 
liquid drop sticks to the surface and does not slip. 
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(a) (b) 

Figure 3.10 (a) Image of a flower petal with a water drop stuck on its surface that represents 
a Wenzel scenario; (b) image of sliding water on a lotus leaf that represents a Cassie-Baxter’s 
scenario. Sources: [87], [88] 

On the other hand, a Cassie-Baxter’s scenario is easily recognized on a lotus leaf as 
Figure 3.10(b) shows. These kind of leafs are of particular interest in superhydrophobic 
studies and self-cleaning surfaces development due to its microstructure and its capability 
to drag the dirt particles as the water slips off on the surface.  

3.4. Summary 

This chapter has presented the effect of the roughness of a surface in the evaluation of 
its surface energy as well as how the modification of the structure of the surface can enhance 
the wettability properties of the solid. 

Two different models have been presented to correct the effect of the roughness on the 
contact angle calculations. On the one hand, Wenzel model pointed out that the 
introduction of roughness on a surface improves its wetting properties. The introduction of 
roughness makes a hydrophilic surface even more hydrophilic and a hydrophobic surface 
even more hydrophobic. 

On the other hand, Cassie-Baxter’s model highlighted that this introduction of 
roughness on a hydrophobic sample can enhance its hydrophobicity to become 
superhydrophobic, but never hydrophilic. On the contrary, in a hydrophilic surface, 
depending on the values of ݎ and ௌ݂, the surface can cross over from hydrophilic to 
hydrophobic or else become more hydrophilic.  

The effect of the roughness of the solid on the surface energy has also been evaluated 
giving as a result that the error introduced by not taking into account this roughness is 
greater the greater the value of ݎ. This result gives strength to this Ph.D. thesis that is 
focused on evaluating the surface energy on rough samples by correcting the effect of the 
roughness, which has been demonstrated to be an important cause of error. 

The next step in this Ph.D. Thesis consists in introducing how we are going to carry 
out the evaluation of the surface energy by first presenting the mathematical method 
developed and the minimum error that it introduces to the calculations of the contact 
angle.
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4. Proposed mathematical method for 
measuring the contact angle 

4.1. Introduction 

As seen in Chapter 3, current techniques can only be applied to assess the global 
hydrophobicity or hydrophilicity of the surface, but cannot be used to determine the 
intrinsic surface energy if the surface under study is not smooth. As has been demonstrated 
with Wenzel model, the greater the roughness of the surface, the more erroneous it is to 
associate the measured apparent contact angle only with the evaluation of the surface 
energy. On the other hand, as Cassie Baxter shows, the greater the roughness, the greater 
the contact area between the liquid and the solid, and the greater the effect of the trapped 
air bubbles, so these factors can only be suitably accounted for when the local 
microstructure of the surface under study is known. 

From these presented models in Chapter 3, it can be verified that there is a direct 
correlation between the topography of a surface and the contact angle of a drop placed on 
it. For this reason, the surface energy of a rough material should not be calculated directly 
from the measured contact angle [89] and it is necessary to obtain the intrinsic contact 
angle thanks to the Wenzel or Cassie Baxter models [83], [86].  

In order to be able to use these calculation methods correctly in real samples (as opposed 
to samples specifically prepared with a determined topography via etching or other such 
processes), one must know with the utmost accuracy both the contact angle and the 
topography of the sample in the exact area of the sample where the drop has been placed.  

Unfortunately, no commercial device is currently available to perform both topography 
and contact angle measurements. The use of two different devices leads to a sample 
positioning uncertainty, implying that besides the time and resource consumption inherent 
to making two different measurements with two different devices, no assurance can be 
given that both measurements are performed on the same area on the sample and that the 
resulting calculated surface energy is correct. 

In order to solve this problem, a measurement method has been developed in this Ph.D. 
Thesis to measure the contact angle with a commercial device designed for non-contact 
topography measurements. This technique allows the measurement of both the topography 
of a solid surface and the contact angle of a drop placed on it, with a single device based 
on confocal technology. Thus, shifting in the sample positioning between the two 
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measurements is avoided and the proper location of both measurements in the same area 
of the sample is ensured. 

The developed measurement method has two main parts: the mathematical models, to 
calculate the contact angles, and the measurement strategy, to perform the measurements 
of the required parameters by means the confocal device, for the calculation of the contact 
angles. 

The confocal device will provide the measurement of several parameters of a liquid drop 
placed on the surface under measurement, as its height (݄) and its apparent diameter (ܮ), 
by means of the measurement strategy that will be introduced in next chapter. These 
parameters, in combination with the volume of the drop (ܸ), that will be known for each 
drop thanks to the use of a high accuracy liquid dispenser, will allow to calculate the 
apparent contact angle of the drop by three different mathematical models presented here 
below.  

This chapter will also include an evaluation of the error introduced in the calculation of 
the contact angles by means the three different mathematical method to verify their 
validity to perform contact angle calculations.  

4.2. Developed mathematical models to calculate the contact angle 

The three different mathematical models to calculate contact angles arise from the 
combination of the measured parameters of the drop by the confocal device, i.e. ݄ and ܮ, 
together with the volume of the dispensed drop, ܸ. We have proposed to calculate the 
contact angle by taking into account only the following pairs of parameters: (݄, ,ܸ) ,(ܮ  (ܮ
and (݄, ܸ). 

As Figure 4.1 shows, two possible situations when placing a liquid drop on a surface can 
be found, depending on the wetting properties of the surface that will be considered in the 
developed mathematical models, assuming that the drop is perfectly spherical.  

Figure 4.1(a) shows a drop placed on a high wettability surface, which means that the 
liquid drop maximizes its contact area with the solid surface and the contact angle is 
smaller than 90°. In the second scenario, as Figure 4.1 (b) shows, the drop minimizes the 
contact area with the surface, which means the surface has low wettability and it is 
therefore hydrophobic. In this case, the contact angles will be always greater than 90°. 
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(a) (b) 

Figure 4.1 Schematic representation of a drop placed on a (a) high wettability surface; 
(b) low wettability surface assuming that it is perfectly spherical. 

Next, the mathematical expressions developed for each pair of parameters will be 
presented to calculate the contact angle exclusively with the corresponding parameters, 
but further details on the mathematical development can be found in Appendix B. 
Although the mathematical models described below could seem very easy and 
straightforward compared to the available fitting methods in a commercial contact angle 
meter, we will demonstrate that taking into account the roughness of the surface 
compensates the small error introduced by the developed measurement method to calculate 
the contact angle.  

 Contact angle calculation with h and L 

The first mathematical model presented is based on a purely geometric calculation of 
the contact angle by means of the height ݄ and the apparent diameter ܮ of the drop, both 
measured with the confocal device. The mathematical expressions to calculate the contact 
angle of the drop in the hydrophilic and the hydrophobic surfaces are stated in equations 
(2.7) and (4.2) respectively.   

 
ߠ ൌ ݏ݋ܿܽ ቌ
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ܮ െ 2݄
ܮ

൰ (4.2)

 Contact angle calculation with h and V 

The second mathematical model presented is based on the calculation of the contact 
angle by means of the height of the drop ݄ and its volume ܸ as stated in equation (4.3), 
regardless of the wetting properties of the surface. 
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 Contact angle calculation with L and V 

The third mathematical model relates the contact angle ߠ together with the apparent 
diameter of the drop ܮ measured by the confocal device and the volume of the drop ܸ and 
their expressions were developed by Mazzola et al. in [89]. 

The mathematical expressions to calculate the contact angle of the drop on the 
hydrophilic and the hydrophobic surfaces are stated in equations (4.4) and (4.5) 
respectively.   
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The main difference presented by this mathematical model is that the contact angle 
does not have a direct mathematical expression as a function of the selected parameters. 
Since the analytical solution is a complex and lengthy process, the value of the contact 
angle would be obtained by numerical analysis in each scenario. 

As commented previously, one can think at first glance that these mathematical 
developments are very easy ways to calculate the contact angle with less accuracy than 
that provided by a fitting method. Even so, as we will see later in this Ph.D. Thesis, the 
potential of these simple analytical equations combined with a high accuracy device in the 
field of metrology will be proved. The reliability and accuracy of the performed 
measurements with the confocal device and the application of these easy expressions will 
result in a powerful, easy-to-use method, well suited for the measurement of hydrophobic 
samples, which arises as a solution to the previous exposed problems in this Ph.D. Thesis. 
We now proceed to evaluate the error that the measurement of those parameters could 
introduce in the calculation of the contact angle with each of these mathematical models. 

4.3. Evaluation of the error introduced in the calculation of the contact 
angle 

The previous presented mathematical expressions have two main sources of errors that 
could affect the calculations of the contact angle. On the one hand, measuring the height 
and the apparent diameter of the drop by means of the confocal device, introduces a 
positioning error depending on the axis of measurement. On the other hand, when the 
volume of the drop is involved in the calculations, the error will be determined by the 
accuracy of the used liquid dispenser. In our case of study, using a 10X microscope 
objective, and in the case where at least half of the drop is visible within the FOV, the 
values of these errors are tabulated in Table 4.1. 
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Table 4.1 Values of the errors introduced by the measurement of h (δh) and L (δL) by means the 
confocal device and the error introduced in the volume (δV) of the drop by means of the liquid 
dispenser. 

Errors 
ࢎࢾ ሺ࢓ࣆሻ ࡸࢾ	ሺ࢓ࣆሻ ࢂࢾ

1 10 1% of the nominal volume 

We therefore proceed to evaluate the minimum error introduced by the measurement 
of these parameters assuming the drop to be perfectly spherical in the calculation of the 
contact angle by the mathematical models developed in this Ph.D. Thesis.  

For each mathematical method this section presents the final expressions that evaluate 
the error introduced in the contact angle (ߠߜ) by the different parameters taking into 
account the sources of error. The mathematical expressions are obtained by standard error 
propagation procedures and assuming independent sources of errors, so the final 
contribution results from the square root of the sum of both squared contributions.  

 Evaluation of the error introduced in the calculation of θ by the 
measurement of h and L 

The errors introduced in the first mathematical model come exclusively from the 
measurement of ݄ and ܮ by the confocal device and are therefore related to the 
measurement error of the device, assuming the volume constant.  

The mathematical expressions that take into account the error introduced by ݄ and ܮ 
in a hydrophilic and in a hydrophobic sample when calculating the contact angle are stated 
by equations (4.6) and (4.7) respectively.  
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where ݄ߜ and ܮߜ are the errors introduced by the measurement of ݄ and ܮ respectively by 
the confocal device. 

Figure 4.2 plots the values of the minimum error in the calculation of the contact angle 
in both the hydrophilic and hydrophobic regime due to the error introduced by the 
measurement of ݄ and ܮ by means of the confocal device for given values of the volume of 
2, 5 and 10µL, as long as the spherical approximation holds. 
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Figure 4.2 Evaluation of the error introduced in the calculation of the contact angle, in both the 
hydrophilic and hydrophobic regime, by the parameters h and L, measured by the confocal device, 
for 2, 5 and 10µL as exemplary values of V.  

Although the error increases as the contact angle does and as the volume becomes 
smaller the error increases, we can assume that the contact angle calculations will not be 
overly affected by these errors neither in the hydrophilic nor in the hydrophobic regime. 

This method will be the one used in Chapter 6 to calculate the contact angle by the 
measurement of ݄ and ܮ, exclusively by means of the confocal device. Calculating the 
contact angle with this method enables us to do a direct comparison with the values of the 
contact angles measured by height-width fitting methods available in the contact angle 
meter due to their similarity.   

 Evaluation of the error introduced in the calculation of θ by the 
measurement of h and V 

The errors introduced in the calculation of the contact angle by means of the second 
mathematical model come from the measurement of ݄ by the confocal device and the error 
in the volume of the drop introduced by the liquid dispenser, assuming ܮ constant.  
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The mathematical expression that gives the error introduced by ݄ and V in both 
hydrophilic and a hydrophobic samples when calculating the contact angle is stated by 
equation (4.8). 
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where ܸߜ is the error introduced by the liquid dispenser in the volume of the measured 
drop. 

Evaluating the introduced error in the contact angle calculation for the second 
mathematical model as we performed in the previous model, as Figure 4.3 shows, we can 
also validate this second method for the calculation of the contact angle using ݄, measured 
by the confocal device and knowing ܸ by using the accurate liquid dispenser.  

 
Figure 4.3 Evaluation of the error introduced in the calculation of the contact angle, in both the 
hydrophilic and hydrophobic regime, by the parameters h and V, for 1, 1.5 and 2mm as exemplary 
values of L. 

The error introduced by calculating the contact angle using the parameters ݄ and ܮ is 
similar to the introduced by the previous method, therefore, theoretically, both methods 
are equally valid. 
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 Evaluation of the error introduced in the calculation of θ by the 
measurement of L and V 

In the last of the three mathematical models the errors in the contact angle calculation 
is introduced in the measurement of ܮ by the confocal device and the error in ܸ introduced 
by the liquid dispenser, assuming ݄ constant.  

The main difference of the actual mathematical model is that the evaluation of the error 
introduced in the contact angle calculation must be performed numerically, so there is no 
mathematical expression. 

Figure 4.4 shows the numerical evaluation of the error performed for the calculation of 
the contact angle with ܮ and ܸ in a hydrophilic and a hydrophobic sample for 0.3, 0.5 and 
1 mm as exemplary constant values of ݄. 

 
Figure 4.4 Evaluation of the error introduced in the calculation of the contact angle, in both the 
hydrophilic and hydrophobic regime, by the parameters L and V, for 1, 0.5 and 0.3 mm as 
exemplary values of h. 

This last method introduces a much larger error values than the previous methods. The 
numerical evaluation could have an impact in the estimation of these larger error but, 
overall, we think it is just less accurate than the other two. 
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4.4. Summary 

We have been able to develop three different mathematical models to calculate the 
contact angle based on these sets of easily measured parameters (݄, ,ܸ) ,(ܮ ,݄) and (ܮ ܸ), 
two of which can be measured with the confocal microscope, while the second is given by 
the liquid dispenser accuracy. We have estimated by error propagation the error introduced 
in the calculation of the contact angle for all three mathematical models due to the 
measurement errors in the measured parameters. The results indicated that the first two 
models are better suited to estimate the contact angle because the propagated error is 
smaller. Even so, from now on we will focus on the first mathematical model, which uses 
݄ and ܮ , both of which can be obtained exclusively by means of the confocal device, since 
from the point of view of further experimental implementation, we will have more 
confidence in performing the contact angle calculations in a straight and feasible way. 

Next chapter will present the second part of the developed measurement method 
consisting in the measurement strategies. We therefore proceed to explain the measurement 
strategies to perform the contact angle measurements by means of a commercial contact 
angle meter and the confocal device. 
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5. Measurement strategies 

5.1. Introduction 

After the introduction of the developed mathematical models to calculate the contact 
angle from different sets of parameters of the drop, it is time to introduce the second part 
of the developed measurement method, which are the measurement strategies.  

As discussed earlier, the structure of a surface is of key importance for its wetting 
properties. For this reason, in this Ph.D. we want to evaluate the surface energy of 
hydrophobic samples taking into account its surface structure, specifically its roughness. 
To be able to perform this evaluation as accurately as possible, we need to use a device 
whose capabilities in topography measurements are at the top of the sector, i.e. the confocal 
device. 

On the other hand, in order to give reliability to those results obtained by the confocal 
device, the contact angle values as well as the calculated surface energy need to be 
compared with reliable values obtained by another accurate device in the field of the 
contact angle measurements. In this case, we selected a commercial contact angle meter 
that measures the contact angle and calculates the corresponding surface energy in a 
reliable and accurate way in the case of smooth samples.  

This section contains two main parts, corresponding the two different devices that were 
used in this study. First we will present the commercial contact angle meter that was used 
to measure the contact angle on hydrophobic samples from the side and the developed 
measurement strategy to perform the contact angle measurements. Then, we will present 
the confocal device used to measure the set of parameters of the drop that are used to 
calculate the contact angle with the first mathematical model presented in Chapter 4, and 
the measurement strategy developed to measure the required parameters.  

To finish with the measurement strategies, we will introduce how the surface energy is 
calculated by the commercial contact angle meter. This same strategy will also be applied 
with the contact angle values obtained with the confocal device.  

5.2. Contact angle meter 

Since the aim of this study is to validate a developed measurement method in 
hydrophobic samples, accuracy and precise contact angle values are needed to compare 
them with the ones we want to validate. In this section we are going to present the results 
obtained from the contact angle and surface energy measurements performed thanks to the 
stay in a The Welding Institute (TWI) in Cambridge, equipped with an accurate and really 
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reliable contact angle meter, with extensive functionality for the calculation of the surface 
energy of the solid surface under measurement.  

TWI has expertise in the areas of joining and coating technology for engineering 
materials and it is at the forefront of the development of novel coatings of many types and 
their characterization.  

The contact angle meter with which the TWI is equipped has been manufactured by 
KRUSS, which produces first-class measuring instruments for surface and interfacial 
chemistry. The DSA-100, see Figure 5.1(a), is specialized in coatings characterization and 
its technology allows the user to measure the contact angle of a liquid drop and the 
evaluation of the surface energy of the solid surface under measurement. 

A software that allows the user a wide range of measurement options for the contact 
angle and the proper evaluation of the surface energy controls the device. This study focuses 
on the contact angles obtained from a sessile drop and the corresponding evaluation of the 
surface energy of the solid surfaces.  

   

 

 
(a) (b)

Figure 5.1 (a) Picture of the DSA-100 from KRUSS used to perform the contact angle 
measurements; (b) Image of a sessile drop acquired by the DSA-100. 
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The methodology of the DSA-100 for the measurement of the contact angle is based on 
the shape analysis of the lateral view of the drop for every measurement method as shown 
in Figure 5.1(b). It includes the sessile drop, pendant drop and the dynamic contact angle 
methods among others. It is equipped with a high-resolution camera and three-axis 
mechanical stage used as a sample holder. The liquid dispenser consists of a set of syringes 
located on a revolving holder allowing the measurement of the contact angle with up to 8 
liquids, which is translated in maximum accuracy for determining the surface free energy. 
Each syringe links to a liquid reservoir containing the liquids of interest and the software 
controls the dispensation of each drop. It also allows the user to control the volume of the 
dispensed drop and the liquid used in each measurement. All of these qualities make the 
DSA-100 a reliable and high accuracy contact angle meter.  

In order to compare the measurements obtained with this device with those obtained 
with our measurement method, the use of a sessile drop is mandatory since, with our 
method, the drop will be measured in a top view configuration. For this reason, the 
principal measurement method chosen to measure the contact angle with the DSA-100 was 
the sessile drop. 

The sessile drop measurement method performed by the DSA-100 has a wide range of 
options to perform the fitting to the sessile drop in order to obtain the contact angle. The 
circle, ellipse, height/width, tangent and Young-Laplace are the methods available in the 
software and are shown in Figure 5.2.  

(a) (b) (c) 

 
(d) (e) 

Figure 5.2 Images of the same water drop placed on a hydrophobic solid surface, showing the 
different applied fitting models of the contact angle by the DSA-100 software and the mean values 
(MCA) obtained. (a) Circle, MCA=100.0°; (b) Ellipse, MCA=103.0°; (c) Height/width, 
MCA=100.9°; (d) Tangent, MCA=103.2° and (e) Young-Laplace, MCA=103.2°, fitting methods. 
The figures include the simulation lines of the shape of the water droplets and the horizontal 
baselines. 



5. MEASUREMENT STRATEGIES 

64 

From the pictures, it is easy to see that the extracted values of the contact angle depend 
strongly upon the fitting method applied. The reason why they are different relies on the 
fitting equation and the number of points that each method uses. This does not mean that 
one fitting method is better than the others but rather that each is more appropriate in 
particular measurement conditions, regarding the wettability of the surface and the 
measurement liquid. 

In order to obtain valuable and reliable data in our study, the sample was measured 
several times with different liquid drops, as Figure 5.3(a) shows. The edge of the sample 
must be placed as close as possible to the edge of the sample holder and the drops must be 
placed near to the edge of the sample. In this way, the user can avoid misinterpretations 
and inaccuracies due to the loss of the sharpness in the contact area between the drop and 
the sample when the drop is placed far from the edge, as Figure 5.3(b) shows. 

(a) (b) 

Figure 5.3 (a) Placement of the sample in the sample holder of the DSA and location of the 
water drops, (b) Comparison of the sharpness of the interface when a drop is placed on the edge 
and far from the edge of a hydrophobic sample.  

In order to place correctly the drop on the surface of the sample it is mandatory to let 
it fall from the smallest possible height so kinetic energy does not spread it. To do that, 
the tip of the syringe should be as close as possible to the sample so that, when the drop 
is growing, it will touch the surface and the adhesion to the surface will pull it off the tip 
when it recedes.  

Different measurement strategies were carried out in order to achieve a database as 
complete as possible. With all the available samples, all the different fitting methods were 
applied to measure the value of the contact angle with at least three liquid drops in each 
sample, for each liquid, and measured its contact angle. All the different available fittings 
were applied to each drop to verify their functionality for each case. Since our developed 
method has as parameters the height and the width of the drop, the contact angle values 
obtained with the DSA from the height/width fitting method will be compared with the 
ones obtained by the presented method as they use the same set of parameters. 

Another key point of the method used by the DSA-100 is the way in which it evaluates 
the surface energy once the contact angle is measured. In order to measure the surface 
energy as reliably as possible, two different liquids are used, one dispersive and the other 
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one polar. In this way, the DSA-100 used the OWRK method, introduced in Chapter 2, 
which takes into account these two components when calculating the surface energy. 

As a first step, the DSA-100 software calculates the dispersive part of the surface energy 
since the Diiodomethane only has the dispersive component. Therefore, the dispersive part 
of the surface energy (ߛௌௗ) of the solid surface is directly calculated as stated by equation 
(2.4) in Chapter 2, and expressed by equation (5.1). 

ௌߛ 
ௗ ൌ
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Where ߛ௅ is the dispersive part of the Diiodomethane surface energy and ߠ஽ is the 
contact angle measured with the Diiodomethane. 

Once the dispersive part is calculated, the polar part can be calculated using water as 
the measurement liquid. Equation (5.2) shows how the different components of the surface 
energy of the water and the measured water contact angle can be used to calculate the 
polar component of the solid surface energy. 
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Where ߛ௅
௣ is the polar part of the surface energy of the water, ߛ௅ௗ is the dispersive part 

of the surface energy of the water, ߛ௅் is the total surface energy of the water and ߠ௉ is the 
polar contact angle measured with water.  

Finally, the total surface energy of the solid is the sum of both components.  

5.3. Confocal device 

First, it is important to highlight the reason why the chosen device is a confocal 
microscope. As has been mentioned in previous chapters, there is a proven relationship 
between the roughness of a surface and its contact angle but, nowadays, no device is 
available that can perform both measurements. There are devices specialized in contact 
angle and surface energy measurements, as the one presented above and devices specialized 
in topography measurement as the one selected in this study.  

The device used is the S-Neox, shown in Figure 5.4(a), from Sensofar Metrology 
Company who develops, manufactures and commercializes high-end 3D surface metrology 
tools. The S-Neox is a very accurate and reliable non-contact 3D surface profiler that 
combines confocal, interferometry and focus variation techniques. 
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(a) (b) 

Figure 5.4 (a) Picture of the S-Neox from Sensofar, (b) close-up of 
the sample placed on the sample holder of the S-Neox and the high 
accuracy syringe placing the measuring water drop on the sample. 

The device is equipped with a set of microscopic objectives with magnifications from 
2.5X to 150X and numerical apertures up to 0.95, located in a manually controlled revolver 
objective holder. The three-axis mechanical stage used as a sample holder is controlled by 
software and its resolution is up to 2 nm with linear stage and 0.75 nm with piezo stage. 
All of this gives the confocal device great capability and high accuracy performing 
topographic measurements. 

As has been mentioned, the device offers three different measurement methods and each 
one has the proper set of microscope objectives to get the right performance depending on 
the characteristics of the sample under measurement. Due to the requirements of the 
presented study, the measurement method which fits better is the confocal method.  

There are different reasons to justify this choice but one of the most important is the 
high vertical resolution that this technique provides. As has been explained in Chapter 4, 
the developed calculation methods have as main parameters the height (݄) and the width 
 of the liquid drop to be measured. Since the vertical resolution of the confocal technique (ܮ)
is down to 1 nm, this means that the height of the drop can be obtained with high accuracy 
in the nanometer range, thus significantly reducing the error in the calculation. 

One of the main advantages that the S-Neox presents over the traditional side-view 
devices is that there is no constraint on the placement of the sample to measure the contact 
angle since it performs a top view measurement. There is therefore no inconvenient from 
reflections produced by the edges of the sample. 

The first step in the developed measurement method consists on measuring the 
topography of the sample at the exact location where the drop will be later placed. We use 
a 20X microscope objective to perform the measurement with high accuracy, according to 
the characteristics of the samples to be measured.  

As the field of view of the 20X microscope objective is about 660 µm x 480 µm, the 
topography of the sample is obtained by performing a 6x6 extended topography, in order 
to cover the entire surface where the drop will be later placed, as shown in Figure 5.5(a). 



5. MEASUREMENT STRATEGIES	

 
67 

 
(a) (b) (c) 

Figure 5.5 (a) Extended  surface topography of one of the measured samples with a 20X 
microscope objective, (b) top-view image of the liquid drop deposited on the sample, obtained 
with a 5X microscope objective and (c) dual topography of both the apex of the drop and the 
surface of the sample performed with a 10X microscope objective. 

The second step after the measurement of the topography, consists on placing the liquid 
drop within the limits of the measured area by changing first the microscope objective by 
a 5X in order to see the entire drop in the field of view. An image of the drop is taken from 
above, as Figure 5.5(b) shows, from which the width of the drop will be later obtained by 
software processing. 

This time, the drop dispensation is performed manually with a high accuracy syringe 
with which the volume is always under control. Placing manually the drop has its 
advantages so the user can locate exactly the drop under the light path of the device 
ensuring the right positioning of the drop on the measured area of the sample. 

Immediately after taking the image, a dual topography is performed in order to measure 
the height of the drop. As we need to enlarge the field of view to be able to see 
simultaneously the apex of the drop and the surface of the sample, we change to a 10X 
microscope objective. First, the apex of the drop must be located and fitted within the field 
of view of the microscope objective. Then we search approximately the distance from the 
apex to the sample surface. We can then perform two topography scans, one on the apex 
of the drop and the other on the sample surface, both with the appropriate scanning ranges. 
The measurement of the height of the drop by this procedure reduces the measuring time 
while the drop and avoids the evaporation of the liquid drop. 

Figure 5.5(c) shows the dual topography where the topography of both the apex and 
the surface of the sample are measured. The color scale shows the difference in height 
between the sample surface and the apex of the drop. From this dual topography we will 
obtain the height of the drop by the processing software, which is the last parameter needed 
to calculate the contact angle with the developed measurement method. 

The next step consists in measuring the roughness of the surface, the height and the 
width of the drop processing the three previous measurements with the software. The 
roughness of the surface is obtained from the topography of the surface of the sample, the 
width of the drop from the top-view image of the drop and the height of the drop from the 
dual topography.  

0 1 2 3 mm

mm

0.0

0.5

1.0

1.5

2.0

2.5



5. MEASUREMENT STRATEGIES 

68 

The first step of this processing procedure consists in obtaining ܮ (width of the drop). 
With the software named Sensomap, from Sensofar Company, the contour of the drop can 
be extracted from the image and a circle fitting can be performed to obtain the value of ܮ 
as shown in Figure 5.6(a).  

  
(a) (b) 

Figure 5.6 (a) Measurement of ܮ of the drop by fitting a circle to the contour of the liquid 
drop in the image taken by the S-Neox. (b) Calculation of the Sdr parameter in the area filled 
by the liquid drop.  

The next step consists in measuring the roughness of the surface from the previous 
performed topography. By processing this data set with the Sensomap software, we can 
obtain the Developed Interfacial Area Ratio (Sdr) [90] which is defined as the additional 
surface area contributed by the texture as compared to a flat plane on the same 
measurement region size and is expressed in percentage.  

The value of the Sdr is obtained processing the entire area where the topography was 
performed, and therefore where the drop was deposited, as shown in Figure 5.6(b).  

With this parameter, we can calculate the roughness ratio factor ݎ by applying 
equation (5.3). This parameter is the one needed to correct the effect of the roughness in 
the contact angle calculation according to Wenzel’s model.  

ݎ  ൌ 1 ൅
ݎ݀ܵ
100

 (5.3)

The last step consists on measuring the height of the drop of liquid placed on the surface 
of the sample from the dual topography. With Sensomap, we can obtain the profile of this 
topography by tracing a line which connects the two topographies, from surface to apex, 
to finally measure the value of the height of the drop, as shown in Figure 5.7(a) and Figure 
5.7(b). 
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At this point, with ܮ	and ݄ measured, the contact angle of the sample can be calculated 
by method presented in Chapter 4, in which ݄ and ܮ are the only required parameters. As 
was said before, we selected this calculation method because one of the aims of this Ph.D. 
Thesis consists in demonstrating that a confocal device can provide singlehandedly all the 
required parameters needed for the calculation of the contact angle. Hence, the selected 
mathematical model calculates the contact angle by parameters only measured with the S-
Neox, and is therefore not influenced by other error sources such as the error in the volume 
due to the liquid dispenser.  

Furthermore, with the roughness ratio factor obtained from the topography of the 
surface, we can correct the contact angle according to Wenzel’s model, introduced in 
Chapter 3. Thus, we take into account the real roughness of the surface under study with 
the certainty that the topography and the contact angle measurements were performed in 
the same exact area of the sample.  

 As commented before, this procedure is performed several times for the same samples 
measured with the DSA-100 as well as with water and Diiodomethane as measurement 
liquids. The measurement of the contact angle is performed for three different drops of 
each liquid in order to obtain a mean contact angle value as reliable as possible and which 
turns out to be comparable with the ones obtained with the measurements performed with 
the DSA-100. 

The use of these two liquids allows the evaluation of the surface energy of each sample 
with the mathematical expressions introduced before, taking into account the contributions 
of the dispersive and the polar parts in the surface energy.  

With these measurements, our aim is to demonstrate the validity and accuracy of the 
presented measurement method for measuring contact angles in hydrophobic samples with 
a confocal device. Furthermore, we are able to correct those contact angles values with the 
influence of the surface roughness according to Wenzel’s model, verifying the validity of 
the developed method to finally calculate the intrinsic surface energy of the surface under 
study.  

 
(a) (b) 

Figure 5.7 (a) 2D view of the dual topography of both the apex of the drop and the surface of 
the sample to measure the height of the drop from the profile obtained from the drawn line, (b) 
measured height of the drop.  
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6. Experimental measures 

6.1. Introduction 

In this chapter, we will present the experimental results obtained with the measurements 
performed with both the DSA-100 and the S-Neox. First, we will introduce the different 
samples used in this work, as well as their main characteristics and the kind of 
measurements performed with each one. We will then present the contact angle values 
obtained for each sample and its corresponding value of the surface energy provided by the 
DSA-100. Furthermore, a repeatability study performed in some samples will be presented 
in order to give reliability to the measurement procedure used with both devices.  

Finally, we will introduce the values obtained by means the measurements performed 
by the S-Neox for each sample, which include the height and the width of the liquid drop 
as well as the Sdr parameter related to the structure of the surface. We will then calculate 
the corresponding value of the contact angle by means of the developed measurement 
method to compare them with the ones obtained with the DSA-100. Initial conclusions 
obtained from this comparison will be the verification of the validity of the developed 
measurement method to measure contact angles. 

6.2. Samples and measurements 

The goal of this Ph.D. Thesis consists validating the previously presented developed 
measurement method on hydrophobic samples. However, we wanted to extend the scope 
of this validation to hydrophilic and superhydrophobic samples in order to perform a full 
validation. For this reason, we present the samples used in this Ph.D. divided according to 
their wetting properties, i.e. hydrophobic, hydrophilic or superhydropobic, also specifying 
the kind of substrate and the measurements performed with each device. Figure 6.1 shows 
some of the samples used in the study.  
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Figure 6.1 Pictures of samples S1 through S6 used in this Ph.D. Thesis to validate the 
developed measurement method. 

Most of the samples consist on a glass substrate with coatings provided with different 
wetting properties from the hydrophobic to the hydrophilic range.  

Some of these samples, in particular those that have been coated, were provided by the 
TWI and L’Urederra (LUR) research centres. For this reason, no information about the 
composition of the coating is given in this thesis since the formula of these coatings are of 
TWI and LUR property.  

Different measurements were performed on these samples such as the contact angle and 
the surface energy (CA, SE) performed by the DSA-100, the measurement of the height 
and the width of the liquid drops to further calculate the contact angle as well as the Sdr 
parameter (ܮ, ݄,  all three performed by the S-Neox. Furthermore, a repeatability ,(ݎ݀ܵ
study were also performed in two of the samples as well as a study of how the volume 
change over time (V vs T).   

The set of samples are tabulated in next three tables where it is indicated the substrate 
of the sample, the wetting properties of the coating and the measurement performed with 
each device as well the supplier of the sample.  
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Table 6.1 Summary of the hydrophobic measured samples indicating the supplier, the substrate 
material and the measurements performed with both the DSA-100 and the S-Neox. 

Hydrophobic samples 

Supplier Sample Substrate Coating 
DSA-100 

measurements 
S-Neox 

measurements 

T
W

I 

S1 Glass Hydrophobic CA, SE ݎ݀ܵ ,݄ ,ܮ 

S2 Glass  Hydrophobic 
CA, SE 

Repeatability 

 ݎ݀ܵ ,݄ ,ܮ

Repeatability 

S3 Glass Hydrophobic 
CA, SE 

V vs T  
 ݎ݀ܵ ,݄ ,ܮ

S4 Glass Hydrophobic CA, SE ݎ݀ܵ ,݄ ,ܮ 

S5 Glass Hydrophobic 
CA, SE 

Repeatability 

 ݎ݀ܵ ,݄ ,ܮ

Repeatability 

S6 Glass Hydrophobic CA, SE ݎ݀ܵ ,݄ ,ܮ 

LU
R

 S7 Glass Hydrophobic CA, SE ݎ݀ܵ ,݄ ,ܮ 

S8 Aluminium Hydrophobic CA, SE ݎ݀ܵ ,݄ ,ܮ 

Table 6.2 Summary of the hydrophilic measured samples indicating the supplier, the substrate 
material and the measurements performed with both the DSA-100 and the S-Neox. 

Hydrophilic samples 

Supplier Sample Substrate Coating 
DSA-100 

measurements 
S-Neox 

measurements 

LU
R

 

S9 Glass 
None 

(Hydrophilic) 
CA, SE ݎ݀ܵ ,݄ ,ܮ 

S10 Glass Hydrophilic 
CA, SE 

V vs T 
 ݎ݀ܵ ,݄ ,ܮ

S11 Aluminium 
None 

(Hydrophilic) 
CA, SE ݎ݀ܵ ,݄ ,ܮ 
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Table 6.3 Superhydrophobic sample, indicating the supplier, the substrate material and the 
measurements performed with both the DSA-100 and the S-Neox. 

Superhydrophobic samples 

Supplier Sample Substrate 
DSA-100 

measurements 
S-Neox 

measurements 

TWI S12 Glass CA, SE ݎ݀ܵ ,݄ ,ܮ 

 

Below, we will introduce the measurements performed with both the DSA-100 and the 
S-Neox, focusing on the parameters measured with each one. These parameters include the 
contact angle and the surface energy directly calculated by the DSA-100 and the height, 
the width of the liquid drop and the real area of sample that is used in the calculation of 
the surface structure (Sdr) by the S-Neox. All these measurements were performed at a 
temperature of 20°C with a relative humidity between 30-35% and both liquids at room 
temperature. 

6.3. DSA-100 experimental measurements 

 Contact angle and surface energy measurements 

To measure the contact angle with the DSA-100, we used water as well as 
Diiodomethane as measurement liquids. For each liquid, we deposited a 2 µL drop on the 
sample and we measured by means of the software its corresponding contact angle applying 
the height-width fitting method. 

The reason why we selected the height-width fitting method in the DSA-100 to calculate 
the contact angles is due to the similarity with the method used to obtain the contact angle 
with the S-Neox by means of the developed measurement method. The calculations of the 
contact angle assumes a spherical shape for the drop and only involves ݄	and  . As was 
said before, both parameters are measured entirely by means the S-Neox. In this way, we 
do not take into account external sources of error such as the error in the volume of the 
drop introduced by the liquid dispenser. 

The measurement procedure is repeated three times, so three different liquid drops of 
the same volume are measured for each liquid. The software gives us a mean contact angle 
value for each measurement liquid (ߠ Mean) and its standard deviation (ߠߜ).  

Furthermore, the software calculates the surface energy (SE) according to Fowkes’ 
method with the previous obtained values of the mean contact angles, and also provides 
the dispersive and the polar components. 

Table 6.4 summarizes the mean contact angle calculated by the DSA-100 and its 
standard deviation obtained for each hydrophobic sample, measured with water and 
Diiodomethane as well as the total surface energy and its dispersive and polar components.  
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Table 6.4 Summary of the mean contact angle value and its standard deviation obtained by the 
DSA-100 in hydrophobic samples. The software also calculates the surface energy and gives the total 
surface energy as well as its dispersive and polar components. 

 Water Diiodomethane Surface energy (mN/m) 

Sample 
Mean ࣂ

(°) 
 (°) ࣂࢾ

ࣂ Mean 
(°) 

 (°) ࣂࢾ
Total 
SE 

Dispersive 
component 

Polar
component 

S1 108.49 0.55 82.82 1.16 16.81 16.08 0.74 
S2 119.27 1.46 88.84 0.10 13.27 13.22 0.05 
S3 126.24 0.30 99.04 0.36 9.04 9.02 0.01 
S4 100.70 0.93 75.09 0.52 21.57 20.07 1.49 
S5 111.29 0.52 80.51 1.38 17.52 17.24 0.28 
S6 120.55 0.25 93.04 0.54 11.48 11.39 0.09 
S7 108.25 0.97 86.77 1.87 15.25 14.17 1.08 
S8 110.05 0.84 90.82 1.12 13.45 12.34 1.11 

The measurement of the contact angle of the hydrophilic samples was more complex 
than the measurement of the contact angle of the hydrophobic samples. One of the 
difficulties we met was the placement of the liquid drop on the surface. The drops tended 
to spread on hydrophilic surfaces in an irregular way and we generally needed more than 
three attempts to be able to place one that useful for measurement. This was traduced in 
about 10 deposited drops whereof only three of them were adequate to calculate the mean 
contact angle.  

The other main problem was the fitting performed by the DSA-100, which was not as 
accurate as when performed for drops placed on hydrophobic samples. The fitting was 
completely unstable and it took a long time for it to stabilize. Sometimes too, the fitting 
did not recognize the contour of the drop.  

The results obtained from these measurements performed on hydrophilic samples are 
shown in Table 6.5. 

Table 6.5 Summary of the mean contact angle value and its standard deviation obtained by the 
DSA-100 in hydrophilic samples. The surface energy is also calculated by the software and gives the 
total surface energy as well as its dispersive and polar components. 

 Water Diiodomethane Surface energy (mN/m) 

Sample 
 Mean ࣂ

(°) 
 (°) ࣂࢾ

 Mean ࣂ
(°) 

 (°) ࣂࢾ
Total 
SE 

Dispersive 
component 

Polar 
component 

S9 30.17 1.76 55.29 0.74 65.47 31.28 34.19 
S10 25.56 0.85 41.49 1.13 70.44 38.85 31.59 
S11 87.40 2.00 52.59 1.69 35.32 32.82 2.51 
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In the case of the superhydrophobic sample (S12), we performed the measurements with 
approximately 7 µL water drops since we need more volume to be able to place the drop 
on the surface. These measurements were only performed with water since the 
Diiodomethane spread completely on the surface, which did not allow performing the 
measurement. 

Figure 6.2 shows the same water drop placed on the superhydrophobic surface, fitted 
by different fitting methods available in the DSA-100. The height-width fitting method 
does not seem to be the most appropriate. 

 
(a) (b) (c) 

 
(d) (e) 

Figure 6.2 Pictures of the same 7 µL water drop placed on sample S12 with different fittings 
applied by the DSA-100 to calculate the contact angle: (a) circle, (b) Ellipse, (c) Height-width, 
(d) Tangent and (e) Young-Laplace fittings.  

The measured value of the contact angle by the DSA-100 for the same water drop is 
completely different depending on the applied fitting method. Following the same 
procedure, each fitting was applied to each of the three water drops so we finally obtain a 
mean contact angle value and its standard deviation for each fitting, whose values are 
tabulated in Table 6.6. 
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Table 6.6 Summary of the mean contact angle value for water as a measurement liquid and its 
standard deviation measured by the DSA-100 for the superhydrophobic sample (S12) obtained 
different fittings.  

S12 measured with water 

Fitting ࣂ Mean (°) ࣂࢾ (°)
Circle 139.13 2.22 
Ellipse 147.23 2.51

Height-width 133.89 1.71 
Tangent 158.08 3.84

Young-Laplace 159.68 4.85 

The value of the standard deviation obtained for each fitting seems to suggest that the 
most appropriate is the height-width fitting, but looking at the image, we can easily see 
that the fitting is not well performed. According to the explained in previous chapters, 
when working with superhydrophobic samples, the best fitting method is the Young-
Laplace since it takes into account the effect of the gravity on the liquid drop. This makes 
it the best choice in this case because the drops are bigger than the ones needed in 
hydrophobic samples and the gravity effects are more pronounced.  

The high value obtained for the standard deviation could be due to the volume of the 
dispensed drop by means of the DSA-100. As superhydrophobic samples are water-
repellent, we need drops with higher volumes to be able to place a drop on the surface. 
With higher volumes, the DSA-100 is less accurate than when dispensing smaller volumes. 
Furthermore, as the drop is not stuck on the surface it can be affected by any airflow, 
however small, and any movement of the drop at the time of fit its contour, could affect 
the measurement of the contact angle value.  

 Repetabilty of the measurements 

In order to give reliability to the performed measurements, we wanted to test their 
repeatability.  

To do that, we chose some samples that had already been measured by the procedure 
explained previously. For this study, we measured the contact angle in four different areas 
of the sample, with three different 2µL drops for each liquid, to obtain a mean value of the 
contact angle along the entire sample.  

From these measurements, the DSA-100 performs an average to obtain a mean contact 
angle value for the entire sample that can be compared with the value obtained by the 
previous procedure.  

In Table 6.7 are tabulated both the mean contact angles values obtained from the 
3-drops method and the ones obtained by the 12-drops method. The standard deviation 
  .for each mean contact angle value is also shown for each measurement liquid (ߠߜ)
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Table 6.7 Comparison of the mean contact angle values obtained by the 3-drops method and the 
ones obtained by the 12-drops method for samples S2 and S5.  

  Water Diiodomethane 

Sample Method 
 Mean ࣂ

(°) 
 (°) ࣂࢾ

St. Dev 
(°) 

 Mean ࣂ
(°) 

 (°) ࣂࢾ
St. Dev 

(°) 

S2 
3-drops 119.27 1.46

1.34 
88.84 0.13 

0.63 
12-drops 120.9 1.19 89.96 1.85 

S5 
3-drops 111.29 1.03

0.05 
80.51 1.65 

0.42 
12-drops 111.6 0.78 81.42 0.97 

This study demonstrates the high repeatability of the measurement procedure used. The 
existing difference between the contact angle values obtained by both methods and each 
liquid will be due to the measurement error itself.  

We will now introduce the measurements performed by the S-Neox which includes the 
measurement of the height and the width of the liquid drops and also the Sdr parameter.  

We will also present the corresponding mean contact angle values calculated by applying 
the developed measurement method presented in Chapter 4 depending on the wetting 
properties of the sample, and the roughness factor ݎ as explained in Chapter 5. 

6.4. S-Neox experimental measures 

 Height, width and Sdr measurements 

With the S-Neox, we first measured the Sdr parameter for the samples presented in 
Table 6.8, Table 6.9 and Table 6.10 at each position were the three different drops would 
be placed. The values shown in these tables correspond to an average of the three measured 
Sdr values along the sample. We verified that most of the samples have their coating 
homogeneously deposited so the values of the Sdr for the same sample have a dispersion 
lower than 0.01%.  

Furthermore, we have also measured the height (݄) and the width (ܮ) of three different 
2 µL drops, with both water and Diiodomethane as measurement liquids. The mean values 
of ܮ and ݄ of each sample are also presented in the following tables as well as the 
corresponding standard deviation for each mean value.   
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Table 6.8 Summary of the mean values of ݄ and ܮ measured for three different 2µL drops of both 
water and Diiodomethane measured by the S-Neox on hydrophobic samples as well as the mean 
value of the Sdr of each sample. 

 Water Diiodomethane  

Sample 
 Mean ࡸ
(mm) 

 ࡸࢾ
(mm) 

Mean ࢎ
(mm) 

ࢎࢾ
(mm) 

ࡸ Mean
(mm) 

ࡸࢾ
(mm) 

ࢎ Mean 
(mm) 

 ࢎࢾ
(mm) 

Sdr
(%) 

S1 1.805 0.016 1.180 0.013 2.361 0.021 1.021 0.026 0.79 
S2 1.745 0.011 1.312 0.022 2.783 0.023 1.021 0.013 1.01
S3 1.764 0.013 1.410 0.011 1.724 0.012 0.987 0.019 0.49 
S4 1.980 0.010 1.142 0.021 2.520 0.014 0.830 0.022 0.04
S5 1.840 0.019 1.240 0.020 2.168 0.017 0.883 0.025 0.42 
S6 1.756 0.015 1.325 0.009 2.470 0.015 0.940 0.018 0.16
S7 1.916 0.023 1.254 0.014 2.278 0.027 1.047 0.022 0.32 
S8 1.895 0.017 1.278 0.022 2.030 0.011 1.056 0.027 0.70

 

As with the DSA-100, we also met several problems to measure ݄ and ܮ in hydrophilic 
samples. For such samples, the width of the drop is larger than for drops placed on 
hydrophobic surfaces and they do not fit in the field of view of the 5X microscope objective. 
We then tried to perform an extended image of the drop but the movement of the sample 
holder was transferred to the drop resulting in a blurred and fragmented image of the drop. 
As the software of the S-Neox has no the option to leave some seconds holder movement 
ad image acquisition when performing an extended image, the drop cannot be stabilizedand 
the problem cannot be overcome. We therefore had to change to a 2.5X microscope 
objective to be able to perform the image of the drop. 

In order to measure ݄, we also had to change the microscope objective from the 10X to 
a 5X because otherwise we could not see the apex of the drop and the surface of the sample 
at the same time in the field of the microscope objective. The measured ݄ and ܮ in the 
hydrophilic samples are shown in Table 6.9 together with the measured value of the Sdr. 

Table 6.9 Summary of the mean values of ݄ and ܮ measured with the S-Neox for three different 
2µL drops of both water and Diiodomethane on hydrophilic samples, together with the mean value 
of the Sdr of each sample. 

 Water Diiodomethane   

Sample 
 Mean ࡸ
(mm) 

 ࡸࢾ
(mm) 

 Mean ࢎ
(mm) 

ࢎࢾ
(mm) 

 Mean ࡸ
(mm) 

ࡸࢾ
(mm) 

 Mean ࢎ
(mm) 

 ࢎࢾ
(mm) 

Sdr 
(%) 

S9 2.498 0.011 0.349 0.010 3.311 0.013 0.724 0.025 0.02 
S10 2.325 0.035 0.406 0.009 3.128 0.022 0.706 0.017 0.01
S11 2.159 0.029 1.078 0.018 2.974 0.018 0.780 0.022 0.33 

For the superhydrophobic sample, we also measured the drop parameters with 7µL 
drops. Otherwise, we were not able to place the drop on the surface. The mean values of 
݄ and ܮ	are reported in Table 6.10 as well as the value of the Sdr. 
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Table 6.10 Summary of the mean values of ݄ and ܮ measured f by the S-Neox for three different 
7µL water drops on superhydrophobic samples, together with the mean value of the Sdr. 

 Water  

Sample 
 Mean ࡸ
(mm) 

ࡸࢾ
(mm) 

 Mean ࢎ
(mm) 

ࢎࢾ
(mm) 

Sdr 
(%) 

S9 2.275 0.039 2.702 0.053 0.02 

From these measured parameters, we are able to calculate the corresponding contact 
angles values with the h, L model presented in Chapter 4. We also calculated the value of 
the roughness factor ݎ as explained in Chapter 5. All these parameters are shown in Table 
6.11, Table 6.12 and Table 6.13. 

Table 6.11 Calculated contact angle values and their standard deviation, for both water and 
Diiodomethane and the r factor for the set of hydrophobic samples. 

 Water Diiodomethane  

Sample 
Calculated 
 (°) Mean	ࣂ

 (°) ࣂࢾ
Calculated
 (°) Meanࣂ

 r (°) ࣂࢾ

S1 107.91 0.33 82.23 0.05 1.0079 
S2 120.25 0.16 74.56 0.09 1.0101 
S3 126.77 0.10 98.34 0.10 1.0049 
S4 98.83 0.07 70.05 0.09 1.0004 
S5 110.35 0.14 79.31 0.06 1.0042 
S6 120.60 0.30 76.18 0.07 1.0016 
S7 108.00 0.28 85.37 0.17 1.0032 
S8 110.41 0.14 92.32 0.06 1.0070 

Table 6.12 Calculated contact angle values and their standard deviation, for both water and 
Diiodomethane and the r factor for the set of hydrophilic samples. 

 Water Diiodomethane  

Sample 
Calculated 
 (°) Mean	ࣂ

 (°) ࣂࢾ
Calculated
 (°) Meanࣂ

 r (°) ࣂࢾ

S9 31.22 0.24 47.23 0.22 1.0002 
S10 38.50 0.65 48.59 0.15 1.0001 
S11 89.92 0.32 55.35 0.16 1.0033 

Table 6.13 Calculated contact angle value and its standard deviation, for both water and 
Diiodomethane and the r factor for the superhydrophobic sample. 

 Water  

Sample 
Calculated
 (°) Meanࣂ

 r (°) ࣂࢾ

S12 133.12 0.35 1.0002 
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Before we proceed with the validation of these mean contact angles calculated by means 
the application of the developed measurement method, we must verify that these 
measurements are also as reliable as the ones performed with the DSA-100. We therefore, 
present the repeatability study performed with the S-Neox.  

 Repetabilty of the measurements 

As was also done with the DSA-100, we selected samples S3 and S5 to perform the 
repeatability study. The procedure was the same; we measured the height and the width 
of 12 different drops, all with a volume of 2µL, with both water and Diiodomethane as 
measurement liquids, and we compared the values with the ones obtained in section 6.4.1 
for these samples.  

In Table 6.14 are tabulated both the mean ܮ and h values obtained from the 3-drops 
method and the ones obtained by the 12-drops method with their corresponding standard 
deviation for each measurement liquid. 

With these values, we can conclude that the measurement procedure performed by the 
S-Neox is as reliable as the one performed by the DSA-100.  

Once the reliability of the measurement procedures performed by both devices has been 
proved, we must deal with a possible situation that we could face when working with 
liquids, regardless of the device being used. As we are aware, liquids evaporate depending 
on the environment conditions. This evaporation could obviously affect our type of 
measurements. For this reason, we decided to study how the volume of a drop placed on a 
surface under measurement changes with time. The results will be presented in the 
following section. 
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Table 6.14 Comparison of the mean h and L values obtained by the 3-drops method and the ones 
obtained by the 12-drops method for samples S2 and S5. 
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6.5. Evolution of the volume of the drop with time 

Under a controlled atmosphere at a temperature of 20°C and a relative humidity 
between 30-35%, we monitored the evolution of the volume of a drop taking advantage of 
the DSA-100 software.  

The measurement consisted of recording a two-minute video of a deposited drop on two 
different samples, one hydrophilic and the other one hydrophobic, with the two 
measurement liquids, water and Diiodomethane. From this video, every 15 seconds we took 
a snapshot from the side view of the drop and applying a fitting method we obtained the 
value of the volume calculated by the DSA-100 software at each moment.  

The recorded evolution of the volume with time plotted in Figure 6.3 shows that, even 
though both liquids show some evaporation, water drops have a notable loss of volume 
compared to the Diiodomethane ones, in the same range of time of 2 minutes, regardless 
of the wetting properties of the samples.  

 

Figure 6.3 Plot of the evolution of the volume of a drop with time of both water and 
Diiodomethane as measurement liquids placed on a hydrophilic and a hydrophobic sample.  

Time is an important parameter to take into account when working with liquids so the 
measurements must be performed in a range of time where these losses are minimum. On 
the one hand, the time taken to perform a contact angle measurement by the DSA-100 can 
be as short as 30 seconds, whereas the measurement of the height and the width of the 
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drop by means the S-Neox can take 45 seconds. According to these times, a summary of 
the volume losses are presented in Table 6.15, depending on the wetting properties of the 
sample and the device used to perform the measurement.  

Table 6.15 Summary of the volume losses according to the wetting properties of the sample under 
study and the device with which the measurements are performed.  

Loss of volume over time 

  
Hydrophilic 

sample 
Hydrophobic 

sample 

DSA-100 
Water 2.0% 1.0% 
Diiodo 1.0% 0.5% 

S-Neox 
Water 3.0% 1.0% 
Diiodo 2.0% 0.5% 

In both cases, the loss of volume of a water drop is higher than the loss of volume 
suffered in the case of a Diiodomethane drop, which can be explained due to their heat 
capacities.  

Heat capacity is defined as the quantity of heat transferred to a body that increases its 
temperature 1 unit of temperature. Water has a heat capacity of 75.4 J/K·mol [91] 
compared to the heat capacity of the Diiodomethane which is 133 J/K·mol [92] both at a 
temperature of 25°C. This difference makes water to be more volatile in an air atmosphere 
and at temperature and humidity conditions presents in our measurements, than the 
Diiodomethane in agreement with the observed behaviour. Furthermore, when the sample 
under study is hydrophilic, the surface-to-volume ratio of the drop increases, and the 
resulting evaporation rate is higher than for hydrophobic samples. 

Even so, these losses of volume in the range of time taken to perform the measurement 
with both devices is actually quite small and considered to be within the experimental 
measurement error since the losses are less than 2%. Therefore, we can consider that, under 
our ambient conditions, the results are not affected by the evaporation suffered by the 
liquids drops during the time in which the measurements are being performed.  

Another important factor to take into account is how the drop is illuminated since the 
way of illuminate the drop can increase the evaporation rate.  

In the case of the DSA-100, the drop is illuminated with backlight coming from a light 
source placed behind a diffuser plate. The quantity of light received by the liquid drop is 
therefore quite small and does significantly contribute to its heating.  

The S-Neox [93] has an illumination system completely different to the one from the 
DSA-100. This device needs the light reflected by the sample to be able to perform the 
measurement so, when measuring ݄ and ܮ, it illuminates directly the liquid drop and some 
of the light passes through it. In this case, different factors such as the absorption spectrum 
of water and Diiodomethane and the spectral distributions of the LEDs and their 
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corresponding dichroic filters, used in the S-Neox, must be taken into account since they 
can encourage the loss of volume of the drops through heat contribution. 

From the absorption spectrum of both liquids, shown in Figure 6.4, we can observe that, 
on the one hand, water is relatively transparent to visible light and absorbs most ultraviolet 
and infrared light. On the other hand, Diiodomethane has its maximum absorption 
centered on the ultraviolet range (shown in the following figure), and is mostly transparent 
to the visible light.  

 
(a) (b)

Figure 6.4 (a) Absorbance spectrum of water and (b) absorption cross-section 
of Diiodomethane. Sources: [94], [95]. 

The measurement of ݄ and ܮ of a drop with the S-Neox was performed illuminating 
with the green LED with which the device is equipped. The spectral distribution, shown 
in Figure 6.5, has its peak at a wavelength of 530 nm.   

 
Figure 6.5 Spectral distribution of the three LED blue (460 nm), green (530 nm) and 
red (630 nm) and their corresponding dichroic filters as well for the white LED with 
which the S-Neox is equipped. Source: [93]. 

A
bs

or
pt

io
n 

cr
os

 s
ec

tio
n 

[c
m

2
 ·

 m
ol

ec
ul

e
-1

]



6. EXPERIMENTAL MEASURES 

86 

From this data, we can surmise that neither water nor Diiodomethane will absorb heat 
provided from the light source since they are very transparent in the range were the set 
green  LED – dichroic green filter has its peak of spectral distribution. Even so, we decided 
to evaluate the temperature increase of the water drop due to the illumination of the light 
source over the time taken to perform the measurement. In order to do this, we measured 
the power that reaches the drop from the green LED by means an optical power meter. 

The spotlight of the LED that reaches the liquid drop covers all the area filled by the 
drop. As we were usually working with 2µL drops, from the measurements performed in 
the set of hydrophobic samples, the mean height of these drops is 1.8 mm.  

The heat capacity (ܥ) of a material is defined as the absorbed heat (ܳ) divided by the 
temperature increase (Δܶ) as stated in equation (2.23). 

ܥ  ൌ
ܳ
ܶ߂

 (6.1)

The heat capacity can be also expressed as the specific volumetric heat capacity (ܥ௘௦௣) 
multiplied by the volume ሺܸ) of the liquid drop and the energy absorbed by the liquid drop 
is the absorbed power ( ௔ܲ௕௦) over the time taken to perform the measurement (ݐ). 
Replacing these parameters in equation (2.23), we finally obtain the temperature increase 
expressed as equation (6.2) shows. 

ܶ߂  ൌ ௔ܲ௕௦ ൉ ݐ
௘௦௣ܥ ൉ ܸ

 (6.2)

The absorbed power is the difference between the power that reaches the liquid drop 
( ௜ܲ௡), which is by the power meter, and the power that goes through the drop and comes 
out again ( ௢ܲ௨௧). ௢ܲ௨௧ is calculated according to equation (6.3) taking into account the 
absorbance coefficient (ߙ) of water at the wavelength of the light source, obtained from 
Figure 6.4(a), and the distance travelled by the light through the liquid drop (ܮ), which is 
(to take a maximum value) two times the height of the drop.   

 ௢ܲ௨௧ ൌ ௜ܲ௡ ൉ ݁ିఈ௅ (6.3)

The values of the different parameters involved in the calculations are shown in Table 
6.16 as well as the resulting temperature increase of the drop. 

Table 6.16 Value of the different parameters involved in the calculation of the temperature increase 
of a drop of water illuminated by the green LED of the S-Neox during the time taken to perform 
the measurement. 

 	࢖࢙ࢋ࡯
ቀ ࡶ

࡯°	૜࢓
ቁ  

 	࢚
ሺ࢙ሻ 

 	ࢂ
൫࢓૜൯ 

 	ࢻ
ሺି࢓૚ሻ 

ࡸ  
ሺ࢓ሻ 

࢔࢏ࡼ  
ሺ۸/ܛሻ 

 ࢚࢛࢕ࡼ
ሺ࢙/ࡶሻ 

 ࢙࢈ࢇࡼ
ሺ࢙/ࡶሻ 

 ࢀࢤ
ሺ°࡯ሻ

4185 45 2·10-9 10-2 3.60·10-6 2.40·10-5 2.39·10-5 8.64·10-9 0.05
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The maximum temperature increase of the water drop during the measurement with 
the S-Neox is around 0.05°C. Therefore, we can conclude that the light source is adequate 
for these measurements and does not contribute significantly to the evaporation.  

After these verifications, we can recommend the best measurement conditions that 
would consists on: 

‐ working in a controlled environment where the relative humidity does not exceed (or 
go much lower than 35%) and a maximum temperature of 22°C 

‐ to not illuminate the liquid drops with high light powers that would in any case not 
suit the measurement procedure because the detector of the device would saturate, 

‐ keep the measurement time of ݄ and ܮ under 1 minute and, 

‐ whenever possible, keeping the liquid drops under 5 microliters in order for the 
spherical approximation of the drop to work.  

At this point, the final step in this chapter consists on comparing the values obtained 
from the direct measurement of the contact angle by means of the DSA-100 and the ones 
calculated with our mathematical method.  

6.6. Validation of the calculated contact angles 

To validate the values of the contact angles in hydrophobic samples obtained from the 
S-Neox measurements, we will directly compare those values with the ones obtained with 
the measurements performed with the DSA-100. 

Table 6.17 Comparison between the contact angles measured with the DSA-100 and the ones 
calculated by the developed measurement method using the S-Neox in hydrophobic samples. 

 Water Diiodomethane 

 DSA-100 S-Neox  DSA-100 S-Neox  

Sample 
 Mean ࣂ

(°) 
 Mean ࣂ

(°) 
Difference

 Mean ࣂ
(°) 

 Mean ࣂ
(°) 

Difference

S1 108.49 107.91 0.54% 82.82 82.23 0.71% 
S2 119.27 120.25 0.82% 88.84 74.56 16.08% 
S3 126.24 126.77 0.42% 99.04 98.34 0.71% 
S4 100.70 98.83 1.86% 75.09 70.05 6.72% 
S5 111.29 110.35 0.84% 80.51 79.31 1.49% 
S6 120.55 120.60 0.05% 93.04 76.18 18.12% 
S7 108.25 108.00 0.23% 86.77 85.37 1.62% 
S8 110.05 110.41 0.33% 90.82 92.32 1.65% 

At first glance, one can appreciate that the contact angle values obtained by applying 
the measurement method in the S-Neox are essentially the same than the ones obtained by 
the DSA-100 when measuring with water. Conversely, the values of the contact angles 
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obtained with Diiodomethane by applying the measurement method with the S-Neox have 
a strong difference with the ones obtained by the DSA-100 in most cases, with several epic 
fails.  

On the other hand, as we already commented, the wetting properties of the samples 
depend on their chemical compositions and their surface microstructure but also depend 
on the liquid used to perform the measurements. As we can see, a sample that presents a 
contact angle of 108.49° (S1) with water, has a contact angle of 82.82° for Diiodomethane, 
an angle below 90º. This fact can be related with the behaviour presented by Wenzel model 
introduced in Chapter 3. At the time to evaluate the surface energy of these samples, the 
behaviour of each component must be taken into account when evaluating the total surface 
energy.  

Although the main aim of this Ph.D. Thesis is to validate the developed measurement 
method on hydrophobic samples, we will also compare the contact angle values obtained 
for the measured set of hydrophilic samples with both devices to understand if the 
developed measurement method is also valid for contact angles in the hydrophilic regime.  

Table 6.18 compares the values of the contact angles obtained by means of both devices 
for the set of hydrophilic samples. As we can see, in general, the smaller the contact angle 
value the more the difference between the contact angles obtained by the DSA-100 and the 
S-Neox, regardless of the measurement liquid. 

Table 6.18 Comparison between the measured contact angles by the DSA-100 and the ones 
calculated by the developed measurement method using the S-Neox in hydrophilic samples. 

 Water Diiodomethane 

 DSA-100 S-Neox  DSA-100 S-Neox  

Sample 
 Mean ࣂ

(°) 
 Mean ࣂ

(°) 
Difference

 Mean ࣂ
(°) 

 Mean ࣂ
(°) 

Difference

S9 30.17 31.2 3.49% 55.29 47.23 14.58% 
S10 25.56 38.50 50.64% 41.49 48.59 17.11% 
S11 87.40 89.92 2.88% 52.59 55.35 5.26% 

The very large difference can be due to different facts, however, it is likely that the 
calculation of the contact angle from h, and L is not the most appropriate for drops that 
spread widely, especially due to the Field-of-view considerations already explained in 
Chapter 5, which translate in a loss of accuracy in the measurement of both parameters. 
Therefore, the developed measurement method in its current form is not valid for very 
hydrophilic samples. As we developed three different mathematical methods to calculate 
the contact angle by the parameters measured with the S-Neox, further steps would consist 
in trying out the other two mathematical methods in order to check whether the error is 
reduced by substituting one of the parameters by V. However, as was said, since our aim 
was to validate the measurement method on hydrophobic samples, these further steps are 
out of the scope of this present thesis. 
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Even so, as was pointed out in Chapter 5, even with the DSA-100 or other commercial 
devices, the measurement of the contact angle for hydrophilic samples is an arduous process 
that needs to be improved or be performed in different measurement conditions than the 
ones used to measure the contact angle in hydrophobic samples. With the DSA-100, the 
fitting was not as accurate and reliable when measuring the contact angle in hydrophilic 
samples as when measuring it in hydrophobic samples.  

Finally, another explanation for the large difference between contact angles could be 
found in the loss of volume of drops when measuring on hydrophilic samples. As was shown, 
the greatest loss of volume take place when measuring with water in hydrophilic samples. 
As the losses are around 3%, it could be considered that this loss of volume during the 
measurement further lowers the measurement accuracy of the parameters.  

The comparison between the contact angles obtained by both devices for the 
superhydrophobic sample must take into account that we need to compare the values 
obtained by the height-width fitting although the Young-Laplace method performs the best 
measurement fitting. This comparison can only be made for water as a measurement liquid, 
as shown in Table 6.20, since we could not measure with Diiodomethane because the drops 
spread completely on the surface.  

Table 6.19 Comparison between the contact angle measured with the DSA-100 and the one 
calculated by the developed measurement method using the S-Neox in the superhydrophobic sample 
for water. 

Water 

 DSA-100 S-Neox  

Sample 
 Mean ࣂ

(°) 
 Mean ࣂ

(°) 
Difference

S9 132.89 133.12 0.178% 

The value of the contact angle obtained with the measurement method developed for 
the S-Neox is practically equal to the one calculated by the DSA-100. Therefore, we confirm 
that the developed measurement method is also valid to obtain contact angles in 
superhydrophobic samples as DSA-100 does by the height-width fitting method. However, 
we must keep in mind that, as shown in Chapter 5, the spherical assumption is not perfectly 
valid when measuring on superhydrophobic samples, which need larger volumes for the 
drop to set. Therefore, the value obtained for the superhydrophobic samples is not perfectly 
accurate.  

From these comparisons, we have obtained encouraging results that allow us to confirm 
the validity of the developed measurement method to calculate the contact angle in 
hydrophobic samples by means of a confocal device. We have therefore developed a valid 
measurement method and its corresponding mathematics that allows us to measure both 
the topography and the contact angle of a hydrophobic sample with a single device. This 
guarantees the reliability required to further evaluate the surface energy of hydrophobic 
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samples with the correction of the effect of the roughness of the surface in the contact angle 
according to Wenzel’s model.  

6.7. Correction of the effect of the roughness in the calculated contact 
angles 

Since the validity of the developed measurement method to calculate the contact angle 
on hydrophobic surfaces by means of the parameters provided by the S-Neox has been 
proved, the next step consists in correcting the effect of the roughness of the surface on the 
contact angles according to Wenzel’s model introduced in Chapter 3. The correction of the 
contact angle will be made according to equation (6.4) which comes from equation (3.2). 

ݏ݋ܿ  ௒ߠ ൌ
1
ݎ
൉ ݏ݋ܿ ௐ (6.4)ߠ

where ߠௐ corresponds to the observed contact angle, calculated by means of the parameters 
provided by the S-Neox and ߠ௒ is Young’s contact angle, corrected of the effect of the 
roughness of the surface, also measured by means of the confocal device. 

The correction of the effect of the roughness will be made only for those samples whose 
difference between the measured contact angle by the DSA-100 and the calculated by the 
parameters provided by the S-Neox is less than 2% with both measurement liquids.  

Table 6.20 summarizes the ݎ factor calculated for each hydrophobic sample as well as 
the corrected contact angle according to Wenzel’s model for samples S1, S3, S5, S7 and S8.  

Table 6.20 Values of the contact angles corrected ሺߠ௒ ) of the effect of the roughness of the surface 
according to Wenzel’s model in hydrophobic samples for both water and Diiodomethane.  

S-Neox 

  Water Diiodomethane 

Sample r factor 
Calculated 
(°) Mean ࣂ

 Mean ࣂ
corrected (°)

Calculated 
(°) Mean ࣂ

 Mean ࣂ
corrected (°)

S1 1.0079 107.91 107.76 82.23 82.29 
S3 1.0049 126.77 126.56 98.34 98.30 
S5 1.0042 110.35 110.26 79.31 79.36 
S7 1.0032 108.00 107.94 85.37 85.38 
S8 1.0070 110.41 110.26 92.32 92.30 

These values of the contact angles corrected by the effect of the roughness follow the 
behaviour predicted by Wenzel’s model as the roughness of the surface enhances the 
wetting properties of the surfaces. This means that the corrected contact angle is smaller 
than the observed one in the hydrophobic regime. Conversely, in the hydrophilic regime, 
the corrected contact angle is larger than the observed one. 
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We will therefore be able in the following chapter to evaluate the surface energy of the 
hydrophobic measured samples with more reliability than the ones provided by the DSA-
100 since this device does not take into account the effect of the roughness and our 
developed measurement method does.  

Something that should be pointed out is that the set of samples used, do not have large 
values of roughness. As the validity of the measurement method to calculate the contact 
angle on hydrophobic samples has been demonstrated, and as one of the goals of this Ph.D. 
Thesis consists on correcting the effect of the roughness of a surface in its contact angle, 
we wanted to go further with real samples in which the roughness has an important role. 

6.8. Contact angle calculation in naturally-structured samples 

Once the validity of the calculation of the contact angle by means of the developed 
measurement method have been demonstrated, we wanted to apply the same procedure 
but in samples that can be found in nature. Specifically, the following introduced samples 
are plants that have a particular surface structure, with larger roughness than the previous 
samples, which gives them larger hydrophobicity. 

Figure 6.6 shows the samples used in these last measurements were the surface structure 
plays an important role. Concretely, we used a Photus leaf, a petal of a Gerbera and a 
petal of a rose. 

For the topography measurement of more complex surfaces than the ones already 
measured, we needed to change to a microscope objective with larger magnification than 
the used until now. Concretely, we used a 50X microscope objective since the structure of 
the surfaces have sizes of 10 µm and larger slopes that cannot be measured with smaller 
magnifications.  
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(a) (b) 

 

(c) (d) 

Figure 6.6 (a) Optical image of a Photus plant, (b) surface topography of the Photus leaf 
measured by the S-Neox with a 50X microscope objective to obtain the Sdr factor; (c) optical 
image of Gerbera and a drop placed on the surface of a Gerbera’s petal and (d) surface topography 
of the Gerberas’s petal measured by the S-Neox with a 50X microscope objective to obtain the 
Sdr factor.  

As can be seen, the values of the Sdr factor are much larger than the ones obtained 
with the samples that have been used to validate the developed measurement method. 
With these samples, we also performed the same previous procedure to obtain a mean value 
of ݄ and ܮ and calculate the corresponding contact angle for each one with 4µL drops in 
order to no introduce the effect of the gravity in the drop, shown in Table 6.21. The 
measurements were performed with water since the samples are superhydrophobic and the 
Diiodomethane spreads on their surfaces.  
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Table 6.21 Mean values of  ݄ and ܮ measured with 4µL liquid drops and the value of the Sdr 
obtained by the S-Neox of the selected real samples. 

S-Neox 

Sample 
 Mean ࡸ
(mm) 

 Mean ࢎ
(mm) 

 (°) Mean ࣂ

Photus leaf 2.313 1.535 109.15 
Gerbera petal 2.021 1.769 138.61 

The next step consists in correcting the contact angle with the roughness of the sample. 
The correction of the roughness of the sample is performed according to Wenzel’s model 
and the resulting values are shown in Table 6.22. 

Table 6.22 Correction of the contact angle value with the r factor according to Wenzel’s model.  

S-Neox 

Sample Sdr (%) ࣂ ࢘ Mean corrected 
(°) 

Photus leaf 6.10% 1.061 107.94 
Gerbera petal 34.6% 1.346 123.87 

In these samples, whose structures provides the surface with larger roughness, we can 
observe the impact of correcting with Wenzel’s method more notably than in the first set 
of samples. The corrected values (ߠ௒) according to Wenzel’s model are much smaller than 
the observed ones, since they take into account the roughness of the surface.  

The rose petal was another sample in which we have great interest since it is key in 
most of the superhydrophobic studies found in the bibliography. What we met when 
measuring the topography of the rose petal was the limits of the S-Neox with this kind of 
surface structures.  

As Figure 6.7 shows, the surface of a rose petal presents a structure that contains a 
pillar pattern. The shape of these pillars have slopes that the S-Neox is not able to measure 
so the surface topography has a black background. Since the S-Neox is not able to obtain 
the topography of the entire structure of those pillars by means of any available 
magnification, the Sdr cannot be measured in this case. 
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(a) (b) 

Figure 6.7 (a) Optical image of a rose and a petal with a drop placed on the surface. (b) surface 
topography measured by the S-Neox with a 50X microscope objective to obtain the Sdr factor. 

In most cases found in the bibliography, the surfaces images of this kind of samples are 
obtained by means of a Scanning Electron Microscopy (SEM) [96], [97], as the one shown 
in Figure 6.8. The pillars which are scattered over the surface of the petal rose have great 
slopes that the S-Neox is not able to measure.  

 
Figure 6.8 SEM image of the surface of a petal rose where the entire pillar-structure can be 

seen. Source: [97] 

In any case, we were able to measure the contact angle in the rose petal with water as 
the measurement liquid and the results are shown in Table 6.23. 

Table 6.23 Correction of the contact angle value with the r factor according to Wenzel’s model.  

S-Neox 

Sample 
 Mean ࡸ
(mm) 

 Mean ࢎ
(mm) 

 Mean ࣂ
(°) 

Rose petal 2.104 1.850 139.91 

 Comparing this value with the one obtained for the Gerbera’s petal, we can expect 
that, if we wanted to calculate the surface energy from this measured contact angle, the 
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error that we would make by not taking into account the roughness of the rose petal would 
be relevant.  

Next chapter will introduce the evaluation of the surface energy of those samples in 
which the validation of the calculation of the contact angle by means of the developed 
measurement method have been successfully validated. The evaluation will be performed 
with the corrected contact angles by the effect of the roughness of the surface presented in 
section 6.7. Unfortunately, the evaluation of the surface energy in samples such as 
superhydrophobic or the plant samples presented in this last section, will not be performed 
due to the impossibility to measure the contact angle with Diiodomethane as a 
measurement liquid.  
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7. Surface energy evaluation 

7.1. Introduction 

After the validation of the calculation of the contact angle by means of the developed 
measurement method on hydrophobic surfaces, we are going to evaluate the surface energy 
according to the OWRK method, introduced in Chapter 5, only for those samples where 
the contact angle are valid (that is, hydrophobic samples with valid measurements with 
the diiodomethane drop) . The evaluation will be made with the values of the contact 
angles that have been already corrected by the effect of the roughness of the surface 
according to Wenzel’s model.  

Furthermore, we will compare the values of the surface energy that takes into account 
the roughness of the surface with the ones obtained by the DSA-100. With this, we will 
demonstrate that the developed measurement method is a powerful tool to evaluate the 
surface energy of a hydrophobic sample taking into account the effect of the roughness. All 
the required measurements are performed by means of a confocal device, and even then, 
the result is provided with less error than when performing the measurement with a 
commercial contact angle meter that does not take into account the roughness of the 
surface.  

7.2. Evaluation of the surface energy from the measurements performed 
with the S-Neox. 

The evaluation of the surface energy according to OWRK’s method performed by means 
of the DSA-100 from the measurement of the contact angle was introduced in Chapter 5. 
As a reminder, the OWRK method considers that the total surface energy (ߛௌ) of a solid 
has two main contributions, the dispersive (ߛௌௗ) and the polar (ߛௌ

௣) ones and are expressed 
as equations (2.4) and (5.2) respectively shows. 
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Where ߛ௅ௗ is the dispersive component of the Diiodomethane and ߠ஽ is the contact angle 
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where ߛ௅் is the total surface energy of the water, ߛ௅
௣ and ߛ௅ௗ are the polar and the dispersive 

component of the surface energy of water respectively, and ߠ௉ is the contact angle measured 
with water.  

At this point, we will use the previous mathematical expressions to evaluate the surface 
energy with the corrected calculated values of the contact angles obtained by means of the 
developed measurement method using the S-Neox only for those samples whose contact 
angles are valid for both liquids in Chapter 6. 

As we worked with two different liquids, the dispersive component of the surface energy 
will be evaluated with Diiodomethane, as it is a pure dispersive liquid. On the other hand, 
the polar component of the surface energy will be evaluated with water. Table 7.1 shows 
the values of the polar and dispersive components of both liquids.  

Table 7.1 Surface energy values for water and Diiodomethane.  
 Surface energy (mN/m) 

 Total 
Dispersiv

e 
Polar 

Water 72.8 22.6 50.2 
Diiodomethane 50.8 50.8 0.0 

The evaluation of the surface energy is performed in hydrophobic samples where the 
correction of the effect of the roughness in the contact angle has already been performed.  
Table 7.2 shows the values of the surface energy for hydrophobic samples S1, S3, S5, S7 
and S8, calculated with the corrected contact angle values obtained by the developed 
measurement method.  

Table 7.2 Values of the total surface energy (Total SE) and its dispersive and polar components 
calculated from the corrected contact angles measured in the hydrophobic samples by means of the 
developed measurement method.  

Surface energy evaluation (mN/m) 

Sample Total SE 
Dispersive 
component

Polar 
component 

S1 15.45 14.40 1.05 
S3 10.89 10.87 0.02 
S5 15.62 15.05 0.57 
S7 14.87 13.72 1.14 
S8 13.22 12.19 1.03 

Although the developed measurement method is also valid for superhydrophobic and 
real samples, for those samples we have only been able to calculate and correct the contact 
angle with water. Therefore, we are not able to evaluate the surface energy of these samples 
without the dispersive component, related to the measurement of the contact angle with 
the Diiodomethane. 
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The next step consists in comparing the surface energy values obtained from the 
developed measurement method by using the S-Neox with the ones directly calculated by 
the DSA-100.  

7.3. Validation of the surface energy calculation 

Table 7.3 compares the values of the surface energy evaluated with the measurement 
method developed in this Ph.D. Thesis and the ones directly calculated by the DSA-100 
for the selected hydrophobic samples.  

Table 7.3 Comparison between surface energy values corrected by the effect of roughness obtained 
by the developed measurement method and the ones calculated by the DSA-100.  

 
Total Surface energy 

(mN/m) 

Dispersive component 

(mN/m) 

Polar component 

(mN/m) 

Sample Corrected DSA-100 Corrected DSA-100 Corrected DSA-100 
S1 15.45 16.81 14.40 16.08 1.05 0.74 
S3 10.89 9.04 10.87 9.02 0.02 0.01 
S5 15.62 17.52 15.05 17.24 0.57 0.28 
S7 14.87 15.25 13.72 14.17 1.14 1.08 
S8 13.22 13.45 12.19 12.34 1.03 1.11 

From the comparison of these values of the evaluated surface energy, we can obtain 
encouraging results although the validation of the evaluation of the surface energy must 
be made by components as we aware when Wenzel’s model was introduced. 

Initially, before performing any measurement, we knew that these samples were 
hydrophobic, in the sense that the water contact angle was larger than 90º. However, being 
hydrophobic doesn’t necessarily mean that the contact angle for dispersive liquids is larger 
than 90º.  

When measuring with water, the contact angles obtained were always larger than 100° 
in all these samples. The evaluation of the polar component of the surface energy gives as 
a result a low contribution in the total surface energy. Therefore, if we compare the values 
of the polar components taking into account the roughness of the surface with the ones 
directly obtained with the DSA-100, we recognize the behaviour exposed by Wenzel’s 
model; in the hydrophobic regime, not taking into account the roughness of the surface in 
the calculation of the surface energy means that we are underestimating its value.  

On the other hand, when measuring with Diiodomethane, the values of the contact 
angle were generally smaller than 90°, with the exception of S3.  The dispersive component 
in this case is therefore much larger than the polar component. If we compare the values 
of the dispersive component of the surface energy taking into account the roughness of the 
surface with the ones directly calculated by the DSA-100, we can also recognize the 
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behaviour predicted in Wenzel’s model. Since the contact angle is smaller than 90º, not 
taking into account the roughness would make us overestimate the surface energy values. 

Lastly, as Wenzel also predicted, the evaluation of the total surface energy strongly 
depends on the weight of each component of the surface energy. Since these hydrophobic 
samples have their two components (polar and dispersive) in a different wetting regime, 
the general behaviour of the total surface energy cannot be easily predicted, since the effect 
of one of the components compensates the other.  

Therefore, we can validate our developed measurement method in this last step because 
the evaluation of the components of the surface energy of hydrophobic samples, taking into 
account the roughness of the surface have been successfully performed since the obtained 
results fulfil the behaviour predicted by Wenzel.  

7.4. Summary  

In this last chapter, we have successfully been able to evaluate separately the polar and 
dispersive components of the surface energy of the previously selected hydrophobic samples 
with the effect of the roughness of the surface. We performed the evaluation with the 
contact angles measured with our developed measurement method, with both water and 
Diiodometahne as measurement liquids, and calculated Young’s angle by taking into 
account the effect of the roughness according to Wenzel’s model.  

Since we were dealing with hydrophobic samples, the polar component of the surface 
energy calculated with our method was larger than the value provided by standard 
commercial calculations that assume smooth surfaces. The dispersive component of the 
surface energy, on the contrary, was smaller than when calculating it with standard 
methods, because the contact angles were smaller than 90º and therefore, in a different 
regime. The global result was that, for these samples of limited roughness, one thing almost 
compensated the other and the overall effect on the total surface energy was small.  

It is worth noting that all the required measurements to get here have been performed 
with the developed measurement method in this Ph.D. Thesis, using a confocal device to 
measure both the roughness of the surface and the required parameters to calculate the 
contact angle and without displacement of the sample between devices since we used a 
single device.  
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8. Summary, conclusions and future work 

8.1. Summary 

There is a big dynamism of the scientific community as well as of the market in the 
field of surface characterization to overcome the problem that, until recently, there was no 
available device able to perform topographic and surface energy measurements with a single 
device.  

On the one hand, the scientific community dynamism is captured by the implementation 
of the European project NATURAL “Standardized metrology of Nano-sTrUctuRed 
coAtings with Low surface energy” (FP7-NMP-2012-SME-6, 310397) with the goal of 
develop real world, practical characterization methods for nano-structured coatings with a 
low surface energy for anti-fouling applications and/or for low friction applications. The 
characterization methods developed during the project are directly related with the 
measurement of the surface energy of the coating through the measurement of the contact 
angle. 

On the other hand, the market interest is demonstrated by the development of a new 
device while this Ph.D. thesis was being carried out, which focuses on the characterization 
of solid samples through the measurement of both the topography and the surface energy 
of the surface with the same device. Even so, the solution developed in this Ph.D. Thesis 
presents some advantages over this competing device; one is that the technique used to 
perform the topographic measurements is more accurate and the other is that in our 
solution, there is no displacement of the sample at any time.  

This Ph.D. Thesis has presented interesting contributions in the characterization of 
solid surfaces. The innovation of the Ph.D. Thesis is mainly the development and validation 
of a new measurement method able to evaluate, with a single device, the surface energy of 
solid samples through the measurement of the contact angle and the structure of a surface 
in the same area of the sample. Taking into account that the structure of the surface at 
the same place where the contact angle is measured is known, the effect of the roughness 
in the contact angle is corrected according to Wenzel’s model. 

Although we started to work with interferometry in this Ph.D. Thesis, finally the 
confocal technique has been presented as a new tool able to correct the effect of the 
roughness of a hydrophobic surface in the evaluation of the surface energy with water and 
Diiodomethane as measurement liquids. 
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8.2. Conclusions  

In this Ph.D. Thesis, we developed a new measurement method to measure the 
surface energy in hydrophobic samples with a single device, based on confocal 
technology, which incorporates the correction of the effect of the roughness of the 
surface in the contact angle measurement. We have further validated this technique 
by comparing the results obtained by measuring different samples with our developed 
method and with a commercial contact angle meter.  

Initially, this Ph.D. Thesis started to develop the measurement method based on the 
interferometric technique but the initial results stated that interferometry has strong 
limitations to achieve the goals of this Ph.D. Thesis. For this reason, we changed to the 
confocal technique, which allowed us to achieve successfully the proposed goals. Therefore, 
we conclude that: 

 Confocal profilometry is the best option to take into account the roughness of 
a surface in the measurement of the surface energy.   

A bibliographic and a commercial analysis in the field of contact angles and surface 
topography measurements has been performed, in which we detected a single, very recent 
device based on interferometry, to solve the problematic for which this Ph.D. is also 
addressed. From this study, we conclude that: 

 No commercial device has a fully satisfactory capability to evaluate the surface 
energy taking into account the roughness of a surface.   

 The theoretical basis for the new measurement methodology has been explained. It 
allows correcting the effect of the roughness of the surface in the contact angle 
according to Wenzel’s model.  

We have developed three different mathematical models to obtain the contact angle 
from a combination of the width (ܮ) and the height (݄) of the drop measured by the 
confocal device, and the volume of the dispensed drop (ܸ) indicated by the liquid dispenser. 
Each different model uses a different pair of parameters: (݄, ,݄) ,(ܮ ܸ) or (ܮ, ܸ). 

We have verified the three different mathematical models by evaluating the error 
introduced in the measurement. This has allowed us to obtain the validity of each method 
to perform the calculation of the contact angle. 

We have developed a measurement strategy to perform contact angle measurements 
and surface energy evaluations with a commercial contact angle meter. 

We have explained the calculation of the surface energy from the previous 
measurement of the contact angle according to the OWRK method, which is the method 
used by current commercial contact angle meters to perform the calculation.  

We have developed a measurement strategy to perform the measurement of the 
Developed Interfacial Area Ratio (Sdr) in the same area where the drop will be placed, as 
well as the measurement of ݄ and ܮ	of a liquid drop with the confocal device. ܮ is obtained 
by measuring the contour of the drop from an image of the entire drop and ݄ is measured 
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by a dual topography performed at both the apex of the drop and at the surface of the 
sample.  

We have measured using the commercial contact angle meter different sets of 
hydrophobic, hydrophilic and superhydrophobic samples. The measurement of the contact 
angles have been performed with the height-width fitting method with water and 
Diiodomethane as measurement liquids. 

The total surface energy values of these three set of samples were also obtained from 
the automatic calculation performed by the commercial contact angle meter according to 
the OWRK method, as well as their dispersive and polar components.  

We have found some difficulties while measuring with the commercial contact angle 
meter that can be summarized as follows: 

‐ The measurement of hydrophilic samples is complicated with any technique and 
fitting method because the low value of the contact angle generates repeatability 
issues.  

‐ For the set of superhydrophobic samples, the contact angle must be measured using 
the Young Laplace fitting method because larger volumes are required, implying 
that the effect of the gravity in the drop must be taken into account. 

‐ For the set of superhydrophobic samples we have only been able to measure the 
contact angle with water as a measurement liquid because the Diiodomethane 
spreads completely on the surface. Hence, the evaluation of the surface energy could 
not be performed for this set if samples. 

‐ The commercial contact angle meter has a restriction on the area of the sample 
were the drop can be placed, limited to the area adjacent to the edges of the sample. 
Otherwise, the intersection between the drop and the sample is out of focus and 
blurred which introduces error to the measurement of the contact angle. 

 We have measured using our new methodology the same set of hydrophobic, 
hydrophilic and superhydrophobic samples with both water and Diiodomethane as 
measurement liquids. The measurements have been performed with a confocal device to 
obtain Sdr, ݄ and ܮ. The corresponding contact angle values have been calculated with the 
mathematical model in which only ݄ and ܮ are involved since both parameters can be 
measured with the confocal device alone.  

We have found some difficulties while measuring with the confocal device that can be 
summarized as follows: 

‐ In the measurement of ݄ and ܮ of drops placed on hydrophilic samples, we must 
reduce the magnification of the microscope objective up to 2.5X to be able to obtain 
the entire image of the drop, and up to 5X to measure ݄ by means of the dual 
topography. Hence, the accuracy of the measurement of ݄ and ܮ is significantly 
reduced. 
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‐ The use of larger drops in order to measure superhydrophobic samples means that 
the spherical assumption which underlies our developed mathematical methods is 
not really valid any more, introducing a larger error in the evaluation of the contact 
angle. 

Both measurement strategies were validated by means a repeatability study of the 
measurements for both devices in samples S3 and S5 (hydrophobic). Therefore, we conclude 
that: 

 Both measurement strategies have great and equivalent repeatability in the 
measurement of contact angles for hydrophobic samples.   

 With a study of the evolution of the volume of the drop over time performed in a 
hydrophobic and a hydrophilic sample, with both water and Diiodomethane, we verify that 
the loss of volume of the drop does not affect the measurements performed by both devices. 
The maximum volume losses are around 2% of the initial volume when measuring with 
water in hydrophilic samples with the commercial contact angle meter and of 3% also 
measuring with water in hydrophilic samples with the confocal device. Therefore, we 
conclude that: 

 The drop’s volume losses in the measurement of the contact angle is equivalent 
in both measurement strategies and does not affect the measurements.    

The ways of illuminating the liquid drops by both devices have been also demonstrated 
to not enhance the loss of volume of the liquid drops. The commercial contact angle meter 
illuminates the drop with backlight and therefore does not contribute to heating the drop. 
Conversely, the confocal device illuminates directly the liquid drop but there is very little 
absorption on the part of both water and Diiodomethane of any wavelength of the light 
source, implying that very little heating takes place. Therefore, we conclude that: 

 The light source does not contribute to the evaporation of the drops when 
measuring with the confocal device.  

 We have compared the contact angles calculated with the parameters provided by 
the confocal device, comparing them with the ones obtained with the commercial contact 
angle meter for the three set of samples measured. 

We have successfully validated our developed measurement method for the confocal 
device for the contact angles measured with water in the entire set of hydrophobic samples 
and partially for the contact angles measured with Diiodomethane. 

We have not validated the developed measurement method in the set of hydrophilic 
samples due to the absence of similarity between the values of the contact angles obtained 
by both devices. 

We have calculated the roughness factor ࢘ from the Sdr parameter obtained using 
the confocal device. This r factor is required to correct the effect of the roughness in the 
contact angle according to Wenzel’s model. 
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We have corrected the effect of the roughness in the contact angles of a subset of 
hydrophobic samples (S1, S3, S5, S7 and S8) according to Wenzel’s model. . The effect of 
the roughness of the sample in the contact angle have also been corrected in real samples 
such as a Photus leaf, a Gerbera’s petal and a rose petal. 

We have evaluated the dispersive and polar component of the surface energy for 
samples S1, S3, S5, S7 and S8 according to OWRK’s method, taking into account the 
roughness of the surface and this evaluation have been successfully validated since we have 
demonstrated the behaviour predicted by Wenzel. Therefore, we conclude that: 

 The work developed in this Ph.D. Thesis has been able to demonstrate and 
correct the effect of the roughness in the evaluation of the surface energy of 
hydrophobic samples by using a single device based on confocal technology. 

8.3. Future work 

The future research lines opened by the work presented in this Ph.D. Thesis are: 

‐ Regarding the measurement performed by means the confocal device, different 
measurement conditions could be studied in order to decrease the loss of volume 
particularly in hydrophilic samples when measuring with water. Lower the 
environment temperature or cold down the samples before the measurement could 
decrease the loss of volume in the time taken to perform the measurements by 
means the confocal device.  

‐ Regarding the measurement of the contact angle in hydrophilic samples by means 
the developed measurement method in this Ph.D. Thesis it could be interesting to 
test the validity of the remaining mathematical models to calculate the contact 
angle as a function of (݄, ܸ) or (ܮ, ܸ) since the mathematical model applied in the 
validation performed is not the proper one for hydrophilic samples. 

‐ In order not to lose accuracy in the measurement of ܮ of drops placed on hydrophilic 
samples due to the decrease of the objectives magnification up to 2.5X, the idea to 
perform an extended image of the drop keeping the 5X magnification was directly 
eliminated. Since the movement of the sample holder of the confocal device is 
transferred to the drop between consecutive images, the final image results in a 
blurred image. It could be useful to provide to the movement of the sample holder 
of the confocal device with some seconds to allow the drop to be static again at the 
moment to take the different images. 
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A. Preliminary results with 
interferometric technic 

During the first year of this Ph.D. Thesis we started to focus our work to develop a 
device in the field of interferometric technic so we built a first experimental setup and 
checked some limits of the standard interferometric technique. 

This preliminary testing had two principal aims. On the one hand, we wanted to check 
the adequacy of the proposed system for the measurement of liquid drops profiles with the 
developed experimental setup. And, on the other hand we tested the adaptations applied 
in the interferometric device consisting on the use of an afocal system in front of the 
detector and the use of incoherent light to achieve an interference pattern from which the 
information to obtain the profile of the drop would be extracted.  

The first developed prototype was based on an amplitude division interferometer, in a 
Twyman-Green configuration [61], [98]. Figure 4.1 shows the system which works by 
generating an interference pattern coming from the light reflected on two surfaces 
(measured and reference), which are placed at the output ports of each measurement arm 
of the device. The light coming from the light source is reflected back by both surfaces and 
recombined in the detector plane by means of an internal beam splitter. In the case that a 
liquid drop is placed on one of the surfaces, the resulting interference pattern will be the 
resulting from light reflected by one of the surfaces and the light reflected by the surface 
of the liquid drop.  

 
Figure A.1 Schematic representation of the developed system based on a Twyman-Green 
interferometer in which an afocal system is placed in front of the detector.  
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The first adaption of the original interferometric system is the addition of an afocal 
system in the detector arm. This afocal system, placed between the beam splitter and the 
detector, consists of two doublet achromatic lenses, for which the image focal point of the 
first doublet is located on the object focal point of the second doublet.  

With the addition of this afocal system, we achieve a constant lateral magnification in 
the detector arm of the system which avoids the work distance dependence if we want to 
maintain a scale relation between the pixels size of the detector and the real size of the 
sample. It also allows us to obtain, on the detector plane, the image of the sample surface, 
combined with the interferogram pattern. The detector used consists of a CMOS 
Monochrome camera [99], with 2592x1944 (HxV) pixels with sizes of 2.2x2.2 µm and a 
sensing area of 5.7x4.28 mm. 

Figure A.2(a) shows the first prototype of the developed system. To test the assembled 
device and to perform the first measurements, two flat mirrors placed on a solid plate are 
used, as Figure A.2(b) shows. One of these mirrors will be use as reference and the other 
one as sample. One of the reasons for choosing two flat mirrors lies, in first instance, in 
testing the capability of the prototype to perform interferometric measurements. By using 
an easy shape as a flat mirror is, a well-controlled interference pattern is obtained.  

(a) (b)

Figure A.2 (a) Image of the developed experimental setup placed in a platform of 450x350 mm. 
(b) Flat mirrors, of 25 mm of diameter, used in the measurement a liquid drop profile, both 
placed in a plate of 75x120 mm. 

On the other hand, by placing these mirrors into a solid plate we try to simulate the 
experimental conditions that the NATURAL project wants to face up to. The measurement 
process consists on measuring two different areas of the same sample, thereby minimizing 
the impact of vibrations on the measurement. In this way, we achieve this minimization 
due to the use of this solid plate to hold the mirrors.  

Initially, a coherent light was selected as the light source. More specifically, a fiber-
coupled Single Mode Laser Diode [100], with wavelength 635 nm and a bandwidth less than 
3 nm, working in continuous wave (CW) mode, in order to achieve a flat enough wave 
front. To perform the first measurements, both flat mirrors were placed on the exits of the 
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corresponding arms of the setup and the first interference pattern was obtained, as Figure 
A.3(a) shows. 

(a) (b) 

Figure A.3 5.7x4.28 mm acquired images of the interference pattern created by (a) the 
superposition of the reflected laser light on the surface of both mirrors; (b) the superposition of 
the reflected LED light on the surface of both mirrors. 

It is clearly seen that the obtained interference pattern, which is composed of horizontal 
fringes, includes diffractive effects translated into small concentric circular patterns because 
of the presence of dust particles and also multiple reflections of the light through all the 
optical parts of the system, which turn into a low contrast circular pattern which covers 
the entire image.  

Due to the fact that these effects do not allow the correct evaluation of the information 
given by the interference pattern; a second light source was tested. The laser light was 
replaced by an encapsulated LED source [101], with 626 nm wavelength and a bandwidth 
of 50 nm. A light diffusor was placed in front of LED in order to achieve uniform 
illumination on the sample.  

Following the same procedure as before, a new interference pattern is obtained and is 
shown in Figure A.3(b). The differences between both interference patterns are very clear. 
In this case, a high contrast, uniform fringe pattern is obtained and the explanation comes 
from the fact that the low coherence of this kind of light sources allows to deal with non-
desired diffractive effects.  

Indeed, if we compare the coherent length of both light sources obtained from equation 
(2.17), where ߣ଴ is the wavelength and Δߣ is the bandwidth, the result is around 3 µm for 
the LED and around 0.1 mm for the diode laser.  

 
ݖ߂ ൌ ݈௖ ൎ 0.44 ൉ ቈ

଴ߣ
ଶ

ߣ߂
቉ (A.1)

The coherence length gives us an idea of the allowed optical path difference (OPD) 
between both arms of the setup to achieve interferences. If the OPD is larger than the 
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coherence length, there will not be any interference pattern from the sample. Therefore, 
because our light source corresponds to the lowest coherence length, the configuration of 
the setup requires perfect symmetry in both arms to ensure that the detected optical path 
differences will be due to the sample under test instead of the interferometer itself. 

Regarding the final objective of the NATURAL project, which has the aim of measure 
the surface energy of a solid surface, it is important to highlight that liquid drops are 
always involved in the process. The next step was therefore to measure the radius of a 
liquid drop which is deposited in the field of view of the system. In these conditions, a new 
interference pattern will be obtained and subsequently analyzed to obtain the value of the 
radius.  

The process starts by placing a liquid drop on one of the mirrors by means of a 
retractable liquid dispenser. Once the drop is placed in the field of view of the system, the 
light will illuminate both, the drop and the reference mirror, as Figure A.4(a) shows. It is 
important to take into account that the light reflected by the surface of the drop will have 
a specular behaviour as Figure A.4(b) shows.  

 

(a) (b) 

Figure A.4 (a) scheme of how the light illuminates the mirror and the dispensed liquid drop, 
(a) schematic representation of the reflection of the light by the surface of a liquid drop 

This will mean that only a small part of the light will be reflected back into the system 
and will recombine with the light reflected by the surface of the mirror.  

Figure A.5(a) shows the obtained image at this point, in which the interference pattern 
can be seen together with the disposed drop and only a small part of the drop is illuminated, 
leaving the rest of the drop as a shadow. The interference pattern corresponds to the 
recombination of the light coming from both mirrors, as in the previous step, which means 
that the optical path must be changed to match the same length both for the mirror and 
for the surface of the drop. Once the length of one of the arms is adjusted, the interference 
pattern is obtained in the vertex of the drop, at its highest, central point, as Figure A.5(b) 
shows.  
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(a) (b) 

Figure A.5  (a) 5.7x4.28mm image of the interference pattern created by the light reflected by 
both mirrors with the liquid drop placed on the field of view; (b) interference pattern created 
by the light reflected by the upper part of the liquid drop recombined with the light reflected 
by the reference mirror highlighting the dimensions of the interference pattern.   

As can be seen, the area covered by the interference pattern of the drop is about 
0.56x0.55 mm which is very small compared to the total image size, 5.7x4.28 mm, and also 
compared to the dimensions of the drop.  

Given that we are performing these first experiments with liquids drops whose volumes 
are in the microliter scale, we can take advantage of the fact that the influence of gravity 
is negligible compared to the influence of surface tension and the liquid drop can be 
approximated as a part of a sphere [102]. With this approximation, the height and the 
width of the cap of the liquid drop where the interferences take place can be obtained from 
the interference pattern. 

Figure A.6(b) shows the intensity profile along the dotted line of the interference pattern 
of Figure A.6(a). This intensity profile represents the grey levels of the image between 0 
and 255 at each corresponding pixel of the detector.  
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(a) (b) 

Figure A.6 (a) Magnified image of the interference pattern of the drop; (b) intensity profile 
obtained along the dotted line in (a). 

By analyzing this intensity profile, we can obtain the number of fringes, since the 
maximums correspond to white fringes and minimums to the black ones. We know that 
the distance between a black and a white fringe corresponds to /2, therefore, the height 
of the cap can be easily known by multiplying this value with the obtained number of 
fringes.  

On the other hand, the width of this cap of the liquid drop covered by the interferences 
can be extracted from the intensity profile by means of the length covered by the 
interference pattern, since we know the pixel size of the detector.   

It is important to highlight that the contrast of this interference pattern is much poorer 
than the obtained when only the mirrors were used. This will be an important point to 
work on in the following steps of the thesis.  

Once the height and the width of the cap of the liquid drop covered by the interferences 
are obtained, the spherical cap equation can be applied to the interference pattern to finally 
obtain the value of the radius of the sphere.  

For the present example, which was presented in the OPTOEL 2015 [103] congress, the 
value of the calculated radius of the sphere is about 0.6 mm. This means that the 
interference pattern produced by the reflected light on the drop only covers a 0.36% of the 
total area of the drop, what means that only 30	݉ߤ of the drop are used to perform the 
measurement. This is another point to be improved in the further work of this PhD thesis.  

As a summary, from this early testing of the prototype it is easy to conclude that the 
use of non-coherent light is a key point to achieve clear interference patterns and, on the 
other hand, the addition of an afocal system in the measurement arm of the device prevent 
us of incorrect scale interpretation in the image analysis. However, we also have identified 
that the area covered by the interference pattern in the measurement of the profile of the 
liquid drop is about 0.36% of the projected drop and the contrast of its interference pattern 
is not as nice as the previous performed experiments. We therefore conclude that standard 
interferometric devices are not enough to successfully reach the improvements of the 
essential components that this Ph.D. Thesis wants to obtain. 
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B. Detailed mathematical models 

In this appendix, we are going to introduce the detailed mathematics to obtain the finals 
equations to calculate the contact angle from the different sets of parameters introduced 
in Chapter 4: (݄, ,ܸ) ,(ܮ ,݄) and (ܮ ܸ). 

The parameters involved in these equations are depicted in Figure 4.1 where a liquid 
drop is drawn both in a hydrophilic and in a hydrophobic surface and assumed to be 
perfectly spherical. 

 
(a) (b)

Figure B.1 Schematic representation of a drop placed on a (a) high wettability surface; (b) low 
wettability surface assuming that it is perfectly spherical, with the parameters involved in the 
mathematical expressions.  

B.1. Contact angle calculation with h and L 

In a hydrophilic sample, the relation between ߠ and ߙ is expressed in equation (B.1). 

ߠ  ൅ ߙ ൌ 90° (B.1)

The parameters ܮ, ݄ and ܴ follow as well the relation expressed in equation (B.2). 

 
ሺܴ െ ݄ሻଶ ൅ ൬

ܮ
2
൰
ଶ

ൌ ܴଶ (B.2)

Furthermore, ߙ can be related to ܴ and ݄ as equation (B.3).  

݊݅ݏ  ߙ ൌ
ܴ െ ݄
ܴ

 (B.3)

Therefore, we can directly relate ߠ with ܴ and ݄ by isolating ߙ from equation (B.1) and 
replacing it in equation (B.3), resulting in equation (B.4). 
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ݏ݋ܿ  ߠ ൌ
ܴ െ ݄
ܴ

 (B.4)

As we are interested in the expression that relates ߠ with the parameters ݄	and ܮ, we 
can isolate ܴ as a function of ݄ and ܮ from equation (B.2) resulting in equation (B.5), 

 
ܴ ൌ

݄ଶ ൅ ቀ௅
ଶ
ቁ
ଶ

2݄
 (B.5)

and replace (B.5) in (B.4), resulting the final expression to calculate ߠ by means ݄ and ܮ, 
measured by the confocal device, stated in equation (B.6). 

 
ߠ ൌ ݏ݋ܿܽ ቌ

௅మ

ସ
െ ݄ଶ

݄ଶ ൅
௅మ

ସ

ቍ (B.6)

In a hydrophobic sample, there is a different relation between ߠ and ߙ, expressed by 
equation (B.7). 

ߙ  ൅ 90° ൌ ߠ  (B.7)

As in this case, the drop height is larger than its apparent diameter, we can relate ܮ 
and ܴ by equation (B.8). 

ܮ  ൌ 2ܴ  (B.8)

Following the previous procedure, we can relate ߙ with ܴ and ݄, expressed by equation 
(B.9), to finally obtain the relation of ߠ with ܴ and ݄. 

݊݅ݏ  ߙ ൌ
݄ െ ܴ
ܴ

 (B.9)

Isolating ߙ from equation (B.7) and replacing it in equation (B.9), we obtain equation 
(B.10). 

ݏ݋ܿ  ߠ ൌ
ܴ െ ݄
ܴ

 (B.10)

This equation can be restated as a function of ܴ and ܮ is we isolate ܴ from equation 
(B.8) and we replace it in equation (B.10). Final expression to calculate ߠ as a function of 
 .and ݄ in a hydrophobic surface is obtained and stated by equation (B.11) ܮ

ߠ  ൌ ݏ݋ܿܽ ൬
ܮ െ 2݄
ܮ

൰ (B.11)

B.2. Contact angle calculation with h and V 

The second mathematical model is based on the calculation of ߠ as a function of ݄ 
and ܮ. 
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As the drop is assumed to be perfectly spherical, we introduced the volume of the 
spherical cap as equation (B.12) states. 

 
ܸ ൌ

ଶ݄ߨ

3
ሺ3ܴ െ ݄ሻ (B.12)

In a hydrophilic sample, by isolating ܴ  from equation (B.12) and replacing it in equation 
(B.4), we obtain the expression of ߠ as a function of both ݄ and ܸ stated by equation 
(B.13). 

 
ߠ ൌ ݏ݋ܿܽ ቆ

3ܸ െ ଷ݄ߨ2

3ܸ ൅ ଷ݄ߨ
ቇ (B.13)

In a hydrophobic sample we obtain the same relation between ߠ and ݄ and ܸ since we 
need to relate (B.10), which is essentially (B.4), also with (B.13).
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