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Zusammenfassung 

In der Anwendung der Mikro- und Nanotechnologie nehmen die 

Struktureigenschaften der technischen Oberflächen immer mehr an Bedeutung zu. 

Der fehlende Zusammenhang zwischen den geometrieorientierten Eigenschaften der 

technischen Oberflächen und ihrer Funktionserfüllung wird hauptsächlich durch 

Funktionsprüfungen ausgeglichen. Funktionsprüfungen bieten zwar eine optimale 

Korrelation zwischen der Messgröße und der Bauteilfunktion, erlauben jedoch keine 

Aussage über die Ursache mangelnder Funktionsfähigkeit bzw. geben keine für die 

Fertigungslenkung notwendigen Informationen. Hier fehlen bisher Ansätze für die 

Bewertung der funktionsbezogenen Aussagesicherheit von Ergebnissen.  

In der vorliegenden Arbeit wird untersucht, inwieweit die Aussagefähigkeit der 

Messergebnisse über die Funktionserfüllung von Mikrotopographien durch die 

Untersuchung technischer Funktionen und der Beschreibung der 

Oberflächenstrukturen mit funktionsorientierten Kenngrößen verbessert wird. Die 

wissenschaftlichen Grundlagen werden allgemein beschrieben und in einem 

Anwendungsfall exemplarisch realisiert. Zur Verifizierung der vorgeschlagenen 

Methodik wird die Benetzbarkeit der technischen Oberflächen mit Hilfe von 

funktionsorientierten Kenngrößen charakterisiert.  

Abstract 

The structural properties of technical surfaces become more important in the 

applications of micro and nanotechnology. The possible relationships between 

geometrical properties of technical surfaces and their functional behavior are 

commonly investigated by functional tests. Although functional tests may provide 

correlations between the measured variable and the functional behavior of products, 

available information is not always sufficient to understand reasons for the lack of 

functionality and they are not always enough to control manufacturing processes. 

New approaches are required to evaluate measurement results in a function-oriented 

way. 

In this thesis, based on the analysis of technical functions and description of surfaces 

with parameters, the informative value of measurement results is investigated. 

Moreover, surfaces are characterized with function-oriented parameters to predict the 

behavior of products. The scientific method is described in a general way but its 

application is shown in a case study. In order to verify the proposed methodology, the 

wettability of technical surfaces is investigated and it is characterized with function-

oriented parameters.  
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Introduction  1 

1 Introduction 

Every object interacts through its surface and surface related mechanisms such as 

fatigue, cracking, fretting wear, excessive wear, corrosion, erosion are the main 

sources for 90% of all engineering components failures [HUMIENNY 2001]. However in 

many macroscopic applications, surface and its properties have been considered 

negligible with minor effects. Nevertheless as the dimensions of the products become 

smaller in micro- and nanotechnologies and as surface effects start to dominate, 

details come to light which are mostly ignored in macroscopic systems but which 

have a decisive impact on functionality of products. With the help of new 

technologies it is possible to modify the structural properties in order to fulfill such 

requirements [BÜTTGENBACH 2000] and to improve the product life cycle. However 

this necessities new methods to characterize such technical surfaces.  

In most cases, known methods and ways of thinking should have to be modified to 

understand the behavior of surfaces in micro- and nanotechnologies. Application of 

functional tests in macroscopic field may be accepted as such an example. 

Relationship between geometrical properties of technical surfaces and their 

functional behavior is commonly investigated by functional tests. In that way, 

necessary correlations between topography and the function of the surface may be 

provided. However such tests are not always sufficient to understand the reasons of 

product failures. In other words, they do not always provide the necessary 

information to understand and to control the manufacturing process. Necessary 

diagnostics can be supplied by investigating the relationships with parameters which 

provide information to predict the functional behavior of products. 

Due to the lack of information about the interactions among manufacturing process, 

surface characteristics and functional behavior of products, finding out appropriate 

surface parameters is a challenging task. The unknown interactions between 

workpiece and functional requirements may result in the choice of inappropriate 

parameters. In many cases insufficient description of the functional behavior is tried 

to be compensated with close tolerances, which is one of the reasons for high 

production costs in industry. Until nowadays, designers are assumed to have the 

whole information about technical function of the product and in most cases practical 

experiences are relevant enough to solve problems. However a deep understanding 

of the underlying principles is required to solve the problems and to rule the new era. 

In micro- and nanotechnologies, another important trend is trying to increase the 

informative value of parameters by using sophisticated evaluation algorithms. As 

stated in [ENGELMANN 2007], today most of the scientific activities in this field focus on 

the development of new strategies to evaluate measurement data. Developing new 

evaluation methods is definitely important. However, when available information is 
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insufficient to describe functional specifications, evaluation of that information would 

not provide significant improvements. Evaluation methods provide task related 

information, if they are developed with considering the requirements of the 

investigated case. Most probably, ideal case is achieved when measurement 

technique and the underlying principles of the investigated application depend on the 

same physical principle. In other words, if the surface measurement data is evaluated 

in a way that technical function occurs, (measurement technique and technical 

function depend on the same physical principle), results may provide higher degrees 

of information.  

Another complicated issue of the stated new field is the characterization of 

measurement techniques with clear and straightforward methods. In most cases, 

performance of instruments is specified with theoretical methods, which are not 

always possible to be verified. Manufacturer statements about the resolution of 

instruments may be seen as such an example. Stated resolutions are calculated with 

theoretical approaches and it is not possible to evaluate them in an experimental 

way. Furthermore, since many factors influencing performance of instruments are still 

unknown, the reliability of measurement results is mostly done by comparison of 

different instruments for a given task. For some applications comparison may provide 

rough estimations, but in general, new methods are required to specify capabilities of 

measurement techniques and to increase the traceability of measurement results.  

In order to establish a reliable process control system, manufacturing units should be 

supported with function relevant product information. However, function of a surface 

cannot be measured in all cases, especially in micro- and nanometer applications. 

This makes it necessary to represent the available surface information in a way that 

the product functionality can be predicted. In this research work, based on the stated 

requirements, a concept is proposed to determine parameters, which are called 

“function-oriented parameters”. Under the consideration of relationships in micro- and 

nanometer field, the parameters may help to predict the functional behavior of 

products.  

Application of this concept is also shown with a case study, in which wettability of 

technical surfaces is investigated. During this case study, not only the role of 

topography on wettability of surfaces is characterized with new techniques, but also a 

practice-oriented way to investigate the lateral resolution of surface measurement 

instruments is demonstrated. This practical method finds out the limitation of surface 

measurement technique independent from manufacturers’ specifications. By using 

available information from other scientific fields or from other dimensions, it is shown 

that an interdisciplinary approach may be helpful to find solutions for the problems of 

micro- and nanometrology. 
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2 State of the art 

2.1 Characterization of technical functions with geometrical specifications 

One of the main tasks of dimensional metrology is to find out relationships among 

geometrical properties and functional requirements of the workpiece. Functional 

behavior of the products can only be controlled, if the representation of geometrical 

characteristics describes the function. In macroscopic dimensions, where the 

tolerances are typically much higher than the deviations, functional requirements of 

the components can be guaranteed by using Geometric Product Specifications and 

Verification (GPS), which describe the shape, dimension and surface characteristics 

of the workpieces [HUMIENNY 2001].  

GPS provides a way of communication between design, manufacturing and 

measurement units by using the language of geometry. Although it is standardized in 

industry, due to the developments in the manufacturing techniques, requirements on 

functionality of products are increasing and it is seen that, new concepts and new 

ways of thinking are needed. As stated in [WECKENMANN 2000], [WECKENMANN 2001] 

or [HANSE 2006] due to the small irregularities and microstructures of surfaces in 

micro- and nanotechnologies, demands for new tolerancing rules are increasing. This 

becomes especially significant as the differences between tolerances and the surface 

deviations of this new field are not obviously separated from each other. 

Description of surfaces according to [DIN EN ISO 1101] is not always enough to 

characterize the requirements of new technical functions. With the objective of 

improving the quality of GPS language, ISO TC 213 has started to publish the next 

generation of GPS, like [DIN ISO/TS 17450]. In comparison to the notion of tolerance 

zones, by defining specifications with sets of operations, like partition, extraction, 

filtration, association, collection, construction and evaluation, a much richer language 

may be achieved [NIELSEN 2006].  

Publication of new generation of GPS ensures the evaluation of functional 

performance of workpieces with new concepts, like the expansion of uncertainty 

concept. Definition of new terms of uncertainties makes it possible to widen the 

expression of “lack of information”. New concepts of uncertainties, like specification 

uncertainty, method uncertainty, implementation uncertainty and correlation 

uncertainty are defined in [DIN ISO/TS 17450]. An overview of the interactions can be 

seen in figure 2.1. 

Correlation uncertainty, which is one of these concepts, is the difference between the 

actual specification and functional behavior. It defines how well the specification 

expresses the functional requirements. 
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Figure 2.1: Overview of uncertainties, as defined in [DIN ISO/TS 17450] 

Another new concept is the specification uncertainty. With this term, the uncertainties 

caused by poor definitions may be characterized. The ambiguity in the requirements, 

which are due to the specification, is quantified by the specification uncertainty. A 

summary of correlation and specification uncertainties can be seen in table 2.1. 

Table 2.1: Combinations of correlation and specification uncertainties [DIN ISO/TS 17450] 

 Small specification uncertainty Large specification uncertainty 

Small 

correlation 

uncertainty 

Describes and controls geometric 

characteristics that tightly control 

the intended function 

Geometric characteristics are described 

and controlled to achieve portions of the 

intended function but specification is 

incomplete 

Large 

correlation 

uncertainty 

Describes all geometric 

characteristics but does not tightly 

control the intended function 

Neither describes nor controls geometry 

required for intended function 

Uncertainty of measurement which is defined in [GUM 1993] is expressed in [DIN 

ISO/TS 17450] with two additional components; method uncertainty and 

implementation uncertainty. An overview is shown in table 2.2.  

Table 2.2: Combination of method and implementation uncertainties [DIN ISO/TS 17450] 

 Small implementation uncertainty Large implementation uncertainty 

Small 

method 

uncertainty 

The measuring process closely follows 

the specification and is implemented 

with few deviations from ideal 

metrological characteristics 

The measuring process closely follows 

the specification, but it is implemented 

with significant deviations from ideal 

metrological characteristics 

Large 

method 

uncertainty 

The measuring process does not 

follow the specification very tightly, but 

it is implemented with few deviations 

from ideal metrological characteristics 

The measuring process does not follow 

the specification very tightly and it is 

implemented with significant deviations 

from ideal metrological characteristics 
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As stated in [NIELSEN 2006], having an accurate measurement instrument, a good 

environment, a well trained operator, etc. are not enough to get a low total 

uncertainty. Additionally, measuring process should measure what the specification 

requires. Even with perfect measurement instrument, it is impossible to reduce the 

measurement uncertainty below the method uncertainty. 

Additional to the mentioned activities, there are also other approaches to describe 

the functionality of workpieces. Contact & Channel Model is such an example and it 

describes the functionality of a technical system in an overall way [ALBERS 2002]. 

Although surface metrology is not in the main focus, the model tries to describe 

geometry through “Working Surface Pairs (WSPs)” which carry out functions and 

“Channel and Support Structures (CSSs)” which connect the WSPs. With the 

described method both functional and physical elements of a mechanical design can 

be considered and visualized.  

Introduction of these ways of thinking shows also the need that, information from 

experimental results should describe the functional performance of the products. This 

is especially important in micro- and nanotechnologies, where the functional 

requirements on the products are higher and the available information is limited due 

to the unknown effects of this new field.  

 

2.2 Characterization of technical surfaces in micro- and nanometrology 

Characterization of a surface with its amplitude, spacing and shape of its features, is 

called “topography”. The term “topography” is derived from Greek roots; topo- 

meaning place and graph- describes a type of symbolic diagram [SHERRINGTON 

1986]. Science of measuring topography, namely surface metrology, provides 

valuable information to control manufacturing process. Information from topography 

is essential to understand the behavior of products in different engineering 

applications and as stated in many studies like [WHITEHOUSE 1997], [WECKENMANN 

2005], [GRÖGER 2007], it is especially crucial, when the objects get smaller. However 

there is not a unique representation of the surface. Depending on the interactions 

between surfaces and probing systems, different type of information is available from 

topographies. As stated in [LEACH 2010], an optical instrument detects the interaction 

between the light beam and the surface and this is not necessarily the same 

topography obtained by an infinitely thin mechanical probe. Because of this reason, it 

is required to get an overview of different definitions. 
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2.2.1 Definitions of surface 

In order to measure a workpiece, it is inevitable to interact with the material boundary 

of the object, namely its surface. Depending on the physical principle of the 

measurement system, workpiece interacts through its surface with other objects, 

mediums, electromechanical and acoustic wavelengths. If it is a tactile measurement 

system, the measurement system and the surface are interacted with each other by 

means of a mechanical probe. Like in measurements with atomic force microscopy 

(AFM), surface information is influenced by the finite size of the tip and the 

interactions between the tip and surface (e.g. capillary forces). If it is an optical 

measurement system, the reflected electromagnetic waves from the workpiece 

should be acquired and in that case, surface data depends on the optical properties 

of the workpiece. So that, surface is a property whose detection is only possible by 

the application of an appropriate physical effect. Surfaces could be investigated with 

eyes (simplest way of investigation), by probing with a ball, with a plane, by using 

electrical field, magnetic field, electromagnetic reflection (depending on the 

wavelength e.g. optical, x-ray, thermal), electromagnetic transmission (depending on 

the wavelength, e.g. optical, x-ray, thermal), acoustic reflection (or transmission) and 

contacting with fluid (e.g. pneumatic probing systems). Each data acquisition method 

has its own effect and based on the optical, mechanical or electro-magnetic 

properties of the workpiece, resulted surfaces are different from each other. Since 

optical properties of the surfaces are not necessarily identical to the mechanical 

properties, comparison of different surfaces of the same workpiece should be done 

very carefully.  

The availability of different surface detection techniques makes it unavoidable to set 

some definitions to describe surface properties. According to [DIN EN ISO 14660-1], 

real surface is defined as “a set of features which physically exist and separate the 

entire workpiece from the surrounding medium”. It is also stated that, there are 

different real surfaces depending on the nature of functional interactions. Definition of 

real electro-magnetic surface is also given in [DIN EN ISO 14660-1] as “locus of the 

effective ideal reflection point of the real surface of a workpiece, by electro-magnetic 

radiation with a specified wavelength”.  

Additionally, real mechanical surface is defined as “boundary of the erosion, by a 

spherical ball of radius r, of the locus of the centre of an ideal tactile sphere, also with 

radius r, rolled over the real surface of a workpiece” [DIN EN ISO 14660-1]. An 

overview of the definition can be seen in figure 2.2. In this figure, surface is 

represented in a simplified sinusoidal form and the obtained data is affected by the 

size of the probe.  
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Sphere with 
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Real mechanical 
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Height of 
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Figure 2.2: Illustration of the definition of mechanical surface [DIETZSCH 2004], [GRÖGER 2007] 

In addition to their way of acquisitions, surfaces may also be evaluated by 

characterizing their components, which form the final topography. Especially in 

micro- and nanometer regime, where small regions play a more dominant role, these 

components should have to be considered. Characterizing different properties by 

means of a single word “surface”, without considering structural elements, is 

insufficient to understand the functional behavior of products. 

 

2.2.2 Components of surfaces 

By conventional machining processes, three main components of surface topography 

are generated and they are classified according to their causes, reasons for their 

formations. First component is the roughness and irregularities which are inherent in 

production process, left by machining (e.g. cutting tool, spark), as a result of built of 

edge formation and tool tip irregularities are described with it. Second component is 

the waviness and it results from factors such as deflections (machine or work), 

vibrations, unbalanced grinding wheel, irregularities in tool feed, chatter or 

extraneous influences. The third component of the surface, which is left after 

elimination of roughness and waviness, is defined as its form [SHERRINGTON 1986].  

Additional to three main components, classification could be expanded. In [DIN 

4760], surface is further break down into six categories. Form, waviness and 

roughness are designated as the first, second, third and fourth orders of profile 

deviation. Roughness is further subdivided. An overview of this classification is given 

in figure 2.3. 
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With the aim of specifying surface information with components, many standards like 

DIN ISO 12085, DIN 4768, DIN 4777, DIN ISO13565 have been defined. Although 

those standards depend on different characterization methods, basic idea is utilizing 

surface wavelength or peak to peak spacing to separate topography. 

Form Deviation

(shown exaggerated as profile section)

Examples of

type of deviation
Examples of causations

Deviations from

straightness, flatness, 

roundness, etc.

Faults in machine tool

guideways, deflection of machine

or workpiece, incorrect clamping

of workpiece, hardening

distortion, wear

Undulations (see DIN 

4761)

Eccentric clamping, deviations in 

the geometry or running of a 

cutter, vibration of the machine

tool or tool chatter

Grooves (see DIN 4761)
Form of cutting edge, feed or

infeed of tool

Score marks, flaking, 

protruberances (see DIN 

4761)

Chip formation process

(segmental chip, continuous chip, 

built-up edge), deformation of

material during blasting, bud

formation during electrolytic

treatment

Class 5: Roughness

Note: No longer capable of straightworfard

representation in pictoral form

Crystalline structure

Crystallisation processes, 

modification of surface through

chemical action (e.g. acid

treatment), corrosion processes

Class 6:

Note: No longer capable of straightworfard

representation in pictoral form

Lattice structure of material

Class 1: Shape Deviations

Class 2: Waviness

Class 3: Roughness

Class 4: Roughness

Figure 2.3: Surface classification according to [DIN 4760] 

 

2.2.3 Surface measurement techniques in micro- and nanometrology 

There exist many surface measurement techniques but only some of them are 

capable to be applied in micro- and nanotechnologies. According to Berndt’s “golden 

rule of metrology” [BERNDT 1968], uncertainty of the measurement should be between 

1/5 and 1/10 of the tolerance range. In order to apply measurement techniques, 

resolution of the instrument, which is a very important contribution in measurement 

uncertainty, should be lower than the tolerances. In the applications of micro- and 

nanometrology, those requirements could be fulfilled by only a small number of 

techniques. In the following sections, some of these techniques which may be 

applied to characterize the surfaces of this new field are described.  
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White Light Interferometer (WLI) 

Due to its vertical resolution, WLI has been accepted as an important tool for the 

investigations of surface topography. A general working principle of WLI is shown in 

figure 2.4. A beam splitter separates the light coming from the source into two 

beams. One of the beams reaches to the workpiece and the other to the reference 

mirror. The Mireau objective is driven by a linear actuator element along the optical 

axis. During its vertical movement, the intensity of the reflected light is stored for 

each pixel in the CCD element.  

The vertical measurement region depends on the working distance of the actuator. 

The maximum of intensity modulation in the interference correlogram occurs at a 

position where the distance to the measuring object is equal to the distance to the 

reference surface (distance denoted by a in figure 2.4). This maximum is evaluated 

to get the height data of the test sample at a certain point. Finally, the height data 

together with the corresponding lateral coordinates give the topography of the 

workpiece. 

 

Figure 2.4: Illustration of the working principle of WLI 

As stated in [GAO 2008], the vertical resolution of white light interferometers is limited 

to one thousand of the mean wavelength (i.e. sub-nanometer). In this technique, 

short coherence length of white light, which was recently regarded as a disadvantage 

in other applications, is used. The coherence length of light (Δl) can be calculated 

approximately as follows; 








2

l      (1.1) 
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where λ is the wavelength and Δλ is the bandwidth of the light source. Due to its 

broad spectral bandwidth (0.18 µm), white light has a short coherence length, 

approximately 2 µm if the wavelength is taken as 600 nm. Because of this reason, 

fringes which provide maximum contrast occur when the length of two paths of the 

interferometer are very close to each other.  

As specified in [TAYLOR-HOBSON 2005] the vertical resolution of the instrument used 

in this study (Taylor Hobson Talysurf CCI 1000) is 0.01 nm. In general lateral 

resolution depends on the applied CCD and the objective, but in this study a method 

is proposed to investigate lateral resolution of measurement instruments.  

Although the information from WLI measurements provides solutions for many micro- 

and nanometer applications, measurement results of step heights are not always 

reliable. If step height is less than the coherence length of light, WLI results might 

show some problems at edges. Positions on the decay of edges may not be 

identified as non-measured points and identified with values which are not realistic. 

This problem is known as “batwings” and reported in many studies, like [GAO 2008], 

[HARASAKI 2000] and [WEIDNER 2005]. It is explained in [GAO 2008] as the interference 

between reflection of waves normally incident on the top and bottom surfaces 

following diffraction from the edge. 

Illustration of such a batwing effect which sometimes occurs during step height 

measurements is shown in figure 2.5. It should be noticed that height values of the 

structures are smaller than the coherence length of white light (approximately 2 µm). 

 

Figure 2.5.: Effect of batwings at the edges of step height measurement taken by a WLI with 20X 

objective (lateral resolution 0.88 µm, N.A. 0.44) 

Even though this effect may be compensated by filtering at smooth surfaces, 

measurement of rough surfaces should be done with much more care. It should be 

kept in mind that, although the measurement error is usually small, it is significant 

when compared with the vertical resolution of WLI. 
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Confocal Microscopy 

Another important areal measurement technique is the confocal microscopy. 

Although this technique has been mainly applied to life science and biology related 

fields, due to its benefits it has been started to be used in surface metrology, like in 

[ARTIGAS 2004] or in [LEICA 2011]. 

In comparison to other optical measurement techniques, confocal microscopy 

provides additional advantages like high numerical aperture (high lateral resolution) 

and measurement of degrees of slopes on the surfaces. 

Basically its working principle is based on the combination of small depth of focus of 

optics with vertical movement to get surface data. Vertical resolution depends on the 

depth of focus of the optics: increase of the numerical aperture of the objective 

results in the increase of the vertical resolving power. 

As stated in [LEACH 2011], the most common type of confocal microscopy is the 

confocal laser scanning microscope which is illustrated in figure 2.6a. With the help 

of a pinhole the sample surface is illuminated in a restricted way and the reflected 

light is detected with an additional pinhole, which is also known as confocal aperture. 

Confocal aperture blocks the light that comes from the surface points which are out 

of focus. In other words, surface information is calculated only from the regions which 

are in focus. The signal which is detected during this vertical scanning is called axial 

response (see figure 2.6b) and maximum of this curve is used to locate the position 

when the surface point is in focus. By means of a vertical movement, optically 

sectioned images are generated in this way. 

 

Figure 2.6: a) Setup of a confocal laser scanning microscope b) detected axial response during 

scanning  
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There are mainly three different types of confocal arrangements: laser scanning, disc 

scanning and programmable array scanning. Each configuration has its own 

characteristics such as maximization of light efficiency, reduction of noise or fast 

measurement analysis. An example of confocal microscopy in surface metrology is 

explained in [Leica 2011]. It belongs to the group of programmable array scanning 

and it has a lateral resolution of 0.14 µm (for 150X objective with NA 0.95) and a 

vertical resolution less than 2 nm.   

Chromatic White Light Sensor (CWL) 

The measurement principle of CWL is based on the chromatic aberration of white 

light. The refractive index of the front lens in the sensor head changes for different 

wavelengths of light. As the focus length depends on the refractive index, an optical 

system with a strong chromatic aberration shows the focus point of the different 

wavelengths at different positions along the optical axis, see figure 2.7. This effect, 

the longitudinal chromatic aberration, is used for better identification of focus point 

and this is applied in the chromatic sensor. White light is separated into different 

colored focal points and focused on the sample. The intensity of the reflected light is 

evaluated with a spectrometer. As the wavelength which is focused on the sample 

surface has the maximum intensity, the distance between the sensor and the sample 

surface can be determined by comparison tables. 

 

Figure 2.7: Illustration of the working principle of CWL 
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The vertical measuring range is equal to the available distance from blue and red 

focus points. The CWL sensor which is used throughout the investigations (FRT 

MicroGlider 350) has a vertical range of 300 µm and its vertical resolution over the z 

range is 10 nm. With the chromatic sensor surface structures up to 1-2 µm (effective 

spot diameter of the white light) can be resolved [FRT 2009B]. 

Focus-Variation System 

The combination of small depth of focus of an optical system with a vertical scanning 

unit is the main idea of a focus-variation system. An overview of the working principle 

is shown in figure 2.8. The light coming from the source is directed to the workpiece 

and the reflected light is detected by the CCD sensor. Due to the small depth of field 

of optics, only a restricted region of surface is sharply captured. By means of vertical 

movement, the distance between objective and workpiece is varied and at each 

stage, images are continuously acquired. By this movement, each region is captured 

sharply. Algorithms convert the acquired data into 3D information with a true color 

image of the surface [DANZL 2009].  

Lateral resolution depends on the objective and according to [ALICONA 2009] the 

measurement system used in this study (InfiniteFocus G4) has a vertical resolution 

up to 10 nm. Although WLI has a better resolution, true colour of the optical image 

information makes focus-variation system an attractive solution especially for the 

defect detections. 

 

Figure 2.8: Illustration of the focus-variation principle 

Another important advantage of this technique is the capability of measuring surface 

slopes up to 80° [ALICONA 2009]. The maximum measurable slope angle does not 
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depend on the numerical aperture of the objective and the applied light sources make 

it possible to reach such slopes [DANZL 2009]. 

Unfortunately this technique is mostly restricted by the properties of the investigated 

workpiece. In order to obtain reasonable topographies, investigated surfaces should 

have textures on them. On shiny workpieces, if the surface is lack of textures, correct 

height values cannot be calculated. Because of this reason, measurement of glass 

and wafer is not always possible. 

Atomic Force Microscopy (AFM) 

AFMs are primarily designed to measure surfaces with a very high spatial resolution. 

A fine tip at the end of a cantilever for the investigation of sample surface, a feedback 

sensor which detects small changes of the tip or cantilever position, a z-scanner 

which keeps the probe under constant conditions (i.e. repulsive forces) and a xy-

scanner to displace the tip are the main components of AFMs. 

The cantilever with a sharp tip, mounted on the end of the piezo scanning tube, is 

moved towards the workpiece and when it is very close (a few tens of nanometers), 

the surface forces result in an interaction between the sample and the tip. The 

resulting movement is detected and evaluation of the signal gives information about 

the workpiece topography.  

 

Figure 2.9: Measuring principle of atomic force microscope [WECKENMANN 2009B] 

The main modes for operating an AFM are contact, non-contact and tapping mode. 

In the contact mode, the cantilever is scanned across the surface and repulsive 

surface forces cause a bending of the cantilever. In the dynamic non-contact mode, 

the cantilever is oscillated, close to its resonant frequency above the surface. The 

van der Waals forces decrease the resonance frequency of the cantilever and this 

decrease is compensated by the feedback loop system to keep the tip to sample 

distance constant. In the tapping mode, cantilever is oscillated up and down at near 

its resonance frequency. Due to the acting forces on cantilever (van der Waals 

forces, electrostatic forces, etc.) amplitude of oscillation decreases as cantilever 
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comes close to the surface. A piezo actuator controls the height of the cantilever. As 

seen in figure 2.9, to detect the position of the cantilever, light from a laser diode is 

led to the sensor head, through a fiber-optic cable. The light reflects from two planes, 

the planar end of the fiber (reference beam) and the upper side of the cantilever 

(object beam). The resulting interference signal is detected by a photodiode at the 

end of the optical fiber. When the distance between the cantilever and the optical 

fiber changes, the resulting interference signal is also changed and this can be used 

as an input to the feedback system that ensures the force between the sample and 

tip (and hence distance) to be constant. The AFM, which is used in this work, allows 

a scanning range in the xy-axis of 80 µm x 80 µm. The cantilever which is used has a 

diameter smaller than 8 nm. In the z-axis, measuring range is limited to 6 µm. 

Restrictions in vertical range and the required long measurement time may be 

accepted as the main disadvantages [WECKENMANN 2009B]. Additionally, as stated in 

[GARNAES 2003], it is not easy to calibrate step heights and to perform roughness 

measurements with AFMs. The main reasons are: (1) coupling of z-axis to the 

movement of x- and y-axis makes a flat surface to be appeared with a superimposed 

bow of up to appr. 10 nm, (2) thermal drifts, (3) due to the vertical capacitive sensors 

there is a remaining non linear error of the z-coordinate of up to app. 50 nm on the 

scale of 5 µm [GARNAES 2003].  

Although optical techniques are mainly used in micro- and nano technologies, tactile 

methods do not lose their importance. An overview of some recent developments 

which use these probes to reduce measurement time is given in [BÜTTGENBACH 2006] 

and [WECKENMANN 2009C]. 

 

2.3 Specification of resolution 

As we see up to now, there are different possibilities to investigate technical surfaces 

with micro- and nanometer resolutions. Especially structural properties of the 

surfaces, which play a more dominant role compared to the other surface 

components, like waviness or roughness, can be characterized. However, it should 

be mentioned that acquired information is always restricted by the resolution of the 

instrument. Because of this reason, the resolution is an important criterion for the 

applicability of the technique in micro- and nanometrology. Nevertheless there is not 

an unique definition to specify the term “resolution” in surface metrology. In most 

cases definitions from other fields are applied. Before discussing the importance of 

resolution in surface metrology, it makes sense to see different definitions in other 

fields. 
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2.3.1 Different approaches to specify resolution  

Optical microscopy is one of the fields in which the term “resolution” quite important 

and well understood for applications with microscopes. The resolution of a 

microscope objective is defined as the smallest distance between two points on a 

specimen that can still be distinguished as two separate units. This ability to 

distinguish is determined by the numerical aperture of the objective and the 

wavelength of the applied light. The numerical aperture of a microscope objective is a 

measure of its ability to gather light and resolve fine specimen detail at a fixed 

working distance. The higher the numerical aperture of the total system, the better 

the resolution. Based on this basics, in the optical microscopy, two peaks are 

accepted to be resolved if the image satisfies Rayleigh’s criterion. To get the shortest 

distinguishable distance between two points, Lord Rayleigh said that two points are 

resolved if the distance between them is larger than the distance between main 

maximum and minimum of the diffraction pattern. Thus the resolution is a function of 

the wavelength ( ) and the numerical aperture (NA) of the objective [OLDFIELD 1994] 

and defined as: 

Lateral Resolution = 

NANA


61.0

2

22.1





     (1.2) 

The achieved minimum separation between resolved asperities determines the best 

lateral resolution of the system. Another approach is given by the Sparrow criteria, in 

which the constant in equation 1.2 (0.61) is replaced by 0.82. Although both 

approaches by using diffraction limited resolution have been widely used in the 

community of microscopy, separation of peaks is not enough for metrological 

purposes; correct values have to be measured. As stated in [LEACH 2010], when 

measuring surface texture, not only the ability of a system to measure spacing of 

points in an image but also the ability to calculate height of features in an accurate 

way should be considered.  

Additional to the lateral resolving capacity of an instrument, structural resolution is 

also important to understand the resolving power of the measurement system. This 

issue is currently being discussed under new developing metrology field, namely 

dimensional computed tomography (CT). Dimensional CT is the only technology 

which makes it possible to investigate the inner and outer regions of a product at the 

same time. In order to use CT as a metrology tool, among other issues, capability of 

CT to revolve structures should be characterized. However, as in the case of surface 

metrology, available definitions are not sufficient to specify the term resolution. As 

stated in [KRUTH 2011] there are some methods to investigate the spatial resolution or 

structural resolution in voxel gray value domain but since they do not cover the 

complete CT measurement process, these methods cannot be applied directly. The 
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structural resolution of dimensional CT is currently analyzed in the draft version of 

guideline VDI/VDE 2630-1.3. In [VDI/VDE2630-1.3] it is defined as the diameter of 

the smallest usefully measurable sphere. This definition is not restricted to lateral 

dimensions but evaluate the resolving power as a sum up. Since sphere is suggested 

as a calibration standard, the definition of different resolutions in different directions 

(lateral, vertical or axial) is not necessary. This way of characterizing can be useful to 

specify the resolution of CT as a real 3D measurement technique, but it cannot be 

applied to optical surface metrology due to the limitations in the slope of surfaces. 

Surface information is restricted by the numerical aperture and the permissible angle 

of the objectives. 

Definitions from other fields are in some cases helpful but not sufficient to 

characterize the structural resolution of the systems in surface metrology. There are 

some attempts to expand the specification of resolution in dimensional CT, but as 

stated in [KRUTH 2011], the discussion on structural resolution and its application in 

CT and other metrological sensors has not been completed yet. 

 

2.3.2 Importance of lateral resolution in surface metrology 

Surface metrology deals with both lateral and vertical dimensions, so it is important to 

characterize the resolution in both aspects. However resolving capabilities show 

huge differences in different directions. Because of this reason, it is not easy to 

specify them under a single term, like the structural resolution in dimensional CT. 

Although vertical and lateral resolution capabilities effect each other, they are 

separately specified by manufacturers.  

Height resolution is currently being discussed in ISO TC 213 WG16 in order to define 

the capability of an instrument to distinguish different features on surfaces. Due to 

the restrictions in the availability of the standards to test the vertical resolutions, 

manufactures’ specifications mostly based on the experimental values, like 

multiplying the noise of the system with a constant. Although there are different 

approaches to specify it, the important issue is the development of a procedure in 

order to test it experimentally. As stated in [LEACH 2011] the vertical resolving power 

of metrology instruments (some numerical values are stated in the previous section) 

is relatively small compared to other contributions to the uncertainties such as 

amplifications errors and noise. This fact makes it possible to conclude that the 

limiting factor in the structure revolving capability of an instrument is not its vertical 

resolution but its lateral resolution. However there is no agreed, specific definition of 

lateral resolution for areal instruments [LEACH 2011],[SENONER 2010]. 
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In order to understand the significance of lateral resolution in surface data, it is 

helpful to consider the working principle of some measuring systems. Confocal 

microscopy and the focus variation system are two possible examples to show the 

dependency of acquired surface data on the lateral resolution. The basic working 

principle of confocal microscopy depends on the acquisition of confocal images 

which are taken from different vertical planes along the depth of focus of the 

microscope’s objective. Since the limited depth of field of optics is applied to 

determine the vertical information, principle of focus-variation is also influenced by 

the depth of field of the objective. It can be stated that, surface information is 

determined by the depth of field and as given in Berek’s formula it is strongly 

influenced by the numerical aperture of the objective [BEREK 1927]. In its simplified 

form, it can be given as;  
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visT : visually experienced depth of field 

n : refractive index of the medium in which the object is situated 

 : wavelength of the light used, for white light 0.55 µm 

VISTOTM _ : Total visual magnification of the microscope 

NA : Numerical aperture of the objective 

As stated in [LEICA 2012] if the total visual magnification is replaced by the 

relationship of useful magnification ( Mtot_vis=500 to 1000X NA), it can be seen that, 

depth of field is inversely proportional to the square of the numerical aperture, see 

figure 2.10. 

 

Figure 2.10: Depth of field as a function of the NA for λ = 0.55 µm and n = 1, [LEICA 2012] 
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Since numerical aperture is strongly related to the lateral resolution, it is obvious that 

lateral resolution has an important effect on the acquired surface data. The greater 

the numerical aperture of the objective (better lateral resolution), the narrower the 

depth of focus and the greater the vertical resolution that can be obtained. Because 

of these reasons, specification of the lateral information is crucial in order to 

understand the resolving power of the measurement system. It can be concluded 

that, in most cases vertical resolving power of the surface metrology instrument is 

influenced by its lateral one. If a structure is not sufficiently resolved in lateral 

dimensions, the acquired vertical information is also questionable. 

Shortcomings of the definitions 

Although the lateral information is very important to characterize the measurement 

system, unfortunately there is no unique definition to specify it. From a general point 

of view, there are different attempts to define the resolution of measurement 

systems. In [VIM 2008] resolution of a measuring system is defined as “smallest 

change, in the value of a quantity being measured by a measuring system that 

causes a perceptible change in the corresponding indication”. But this definition does 

not consider the influencing factors of the measurement system. Another definition 

with insufficient informative value is used by the manufacturers. Lateral resolution is 

specified by calculating the distance between pixels. This is mostly calculated by 

dividing the field of view by the number of pixels in the camera array. Like the other 

definitions, this is a very theoretical approach without considering the measurement 

system as a whole. 

As stated before there are some criteria to decide if a structure (or feature) is 

resolved or not. But for surface metrology, classical resolution criteria like Rayleigh 

criterion and Sparrow criterion are not sufficient, they give rather theoretical limits of 

resolution than the resolution of surface data measured by measurement 

instruments. As stated in [SENONER 2010], it is desired to develop methods which 

takes into account the experimental conditions. 

As a conclusion it can be stated that resolution is affected by many factors and as 

emphasized in [SENONER 2010] or [LEACH 2010] different definitions of lateral 

resolution are in use and there is no generally accepted method for the determination 

of lateral resolution which meets the demands of the state-of-the-art in surface 

analysis.  

 

2.4 Areal evaluation of surface information 

In a typical measurement process, after having acquired surface information with a 

suitable measurement system and having evaluated its components, next step is the 
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description of the gained information with relevant surface parameters. In literature a 

very large number of parameters have been defined and are extensively used in 

industry today. But in some cases, although they have different names, their 

informative values are almost the same, they do not give additional information. Such 

parameters cannot provide new relationships between geometrical surface 

characteristics and requirement of the technical functions. This problem is 

summarized very well by D. J. Whitehouse and called “parameter rash” [WHITEHOUSE 

1982]. Before defining new parameters for an application, a benchmark among 

available parameters may help to extract the required information about a surface.  

Today most of the existing parameters depend on 2D surface analysis, which is also 

resulted from traditionally developed 2D measurement techniques. Since 2D 

parameters like Ra or Rz are easy to measure, easy to understand and applied in 

many quality control systems, evaluation of surfaces with 2D parameters is specified 

in many standards, like DIN EN ISO 4287, DIN EN ISO 4288 or ISO 11562. Although 

2D parameters may provide information for feedback purposes, this characterization 

is not always sufficient to understand the reasons of changes in the process. In other 

words, they are not capable of providing information required for the diagnostics and 

based on this diagnostics preventing of a possible product failure. As stated in many 

reports, like [DIETZSCH 2009], [EUR 15178 EN] informative value of 2D parameters 

are limited. In order to show their deficiency, an example is given in figure 2.11. 

 

Figure 2.11: Limited information from 2D parameters which are calculated on artificially generated 

surfaces 

In figure 2.11 two surfaces are shown and due to the volume of the grooves, they are 

completely different from each other. Since the amount of material free regions on 

the right surface is significantly larger than the left one, they could show very different 

behaviors for a given technical application, like sealing. But when the profiles of 
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these surfaces are evaluated under the same conditions, calculated 2D parameters 

may have the same values. For this particular example, as shown in the figure, 

calculated Pt values are completely same. In this example, the importance of 

choosing a right parameter is shown. For this particular example, parameters which 

provide information about the volume (like areal ones) may give better results.  

As stated in [JIANG 2007B], characterizing the functional topographic features of the 

surfaces with areal parameters is more advantageous than 2D ones. Consideration 

of texture shape and direction, estimation of feature attributes and differentiation 

between connected and isolated features could be seen as some of possibilities with 

3D parameters. Due to those advantages, 3D evaluations provide more information 

to predict the functional behavior of surfaces. 

Many reports like [LONARDO 1996], [WECKENMANN 2010] or [EUR 15178 EN] state that 

surfaces interact between each other in a 3D way and functional requirements are 

strongly related to the surface texture. 3D techniques do not only give a reliable 

description of the surface but also provide more information to establish a 

relationship between the geometry and its function. Because of these reasons, it is 

important to get an overview of some important standardized 3D parameters.  

 

2.4.1 3D Surface parameters – ISO 25178 

In many cases it is seen that a full understanding of the connection between surface 

topography and functional performance may only be realized if a 3D approach of 

surface characterization is utilized.  

With the objective of characterizing surface finish assessment, a significant effort has 

been done by a European consortium. The result of this work was reported in [EUR 

15178 EN]. The surface areal parameters which are derived from this work are 

classified and improved by the International Standards Organisation (ISO). This is 

part of the areal surface texture documents under the ISO number ISO/TS 25178 

[ISO 25178].  

Surface parameters which are defined in ISO 25178 can be subdivided in two main 

categories, namely field and feature parameters. Field parameters are defined by 

using statistics which is applied on the scale-limited continuous surface. On the other 

hand, feature parameters are the ones, which are defined by using some pattern 

recognition techniques.  
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Field Parameters (S and V Parameters) 

Definitions of field parameters are based on statistics and they are used to describe 

averages, deviations and extremes of surfaces. S-parameters and V-parameters are 

two main groups of field parameters. A brief overview of S parameters is given in 

figure 2.12. S-parameters are defined by characterization of amplitude and spatial 

information and they can be divided into four different types: height, spacing, hybrid 

and miscellaneous.  

S Parameters

Height  Parameters

Sq: Root mean square height

Sp: Maximum peak height

Sv: Maximum valley height

Sz: Maximum height of surface

Sa: Arithmetical mean height

Ssk: Skewness

Sku: Kurtosis

Hybrid Parameters

Sdq: Root mean square

slope of the assessed

texture surface

Sdr: Developed interfacial

area ratio

Spatial Parameters

Sal: Fastest decay auto

correlation length

Str: Texture aspect ratio

Miscellaneous Parameter

Std: Texture direction of the

texture surface

 

Figure 2.12: An overview of S parameters 

Height parameters are defined analog to 2D parameters. Spatial parameters 

characterize surfaces by using their spatial properties and as stated in [JIANG 2007B], 

they provide information to distinguish between highly textured and random surface 

parameters. In this study, among other parameters, Str is also used to characterize 

the anisotropy of manufactured surfaces. Hybrid parameters provide both spatial and 

height information. Not only slope of surfaces but also total surface area can be 

specified with those parameters. Characterization of surface texture direction can be 

done by using miscellaneous parameter, Std. The other set of field parameters (see 

figure 2.13) is the V-parameters, which are based on the material ratio curve.  

These are defined analog to ISO 13565-2 and ISO 13565-3 using the areal material 

ratio function. Although areal parameters are explained in this section, for simplicity 

purposes, 2D are used to give an overview. Those parameters from Abbott-Firestone 

curve are used to characterize different functional properties in relation to mechanical 

resistance. 
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V Parameters

Areal Parameters

Sk: Core roughness depth

Spk: Reduce peak height

Svk: Reduce valley depth

Smr1: Peak material portion

Smr2: Valley material portion

Spq: Slope of the plateau

Spq: Slope of the valley

Smq: Relative material ratio at

the plateau to valley

intersection

Material Volume 

Vmp: Material volume of

the texture surface

Vmc: Core material 

volume of the texture

surface

Other 

S95p: Peak extreme 

height

Void Volume 

Vvv: Dale void volume of

the texture surface

Vvc: Void core volume of

the texture surface

Figure 2.13: An overview of V parameters 

An overview of these R
k 
parameters (R

k
, R

pk
, R

vk
, M

r1
 and M

r2
) can be seen in figure 

2.14. Material ratio curve of different surfaces may be characterized by dividing the 

curve into three regions, namely peak, core and height. 

The core roughness depth (1), R
k
 is the height of the core material. In this region, 

change of the slope of the tangencies is slow and the increase in material is large. 

Mechanical load capacity and the mechanical resistance of the materials may be 

characterized with this region. Smaller R
k
 values indicate higher mechanical load 

capacities. 

 

Figure 2.14:  Illustration of Abbott Curve and parameters which are derived on it [DIN EN ISO 13565-

2] 

The parameters M
r1
 and M

r2
 (in percentage) limit the area where specified properties 

of core region should exist. In other words, core roughness depth is defined with M
r1
 

and M
r2 

values. The reduced peak height (2), R
pk

 shows the height of the profile peak 

which stays above core region. Running-in characteristics of surfaces can be 

characterised with this parameter. For example in a bearing process, a short running-

in time is advantageous and good running-in properties are denoted by small R
pk

 

values. The reduced valley depth (3), R
vk

 is the depth of valley which is extended into 
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the core region. High values denote surfaces which are capable to accept lubricants 

in their valleys (or pockets). 

In the areal analysis, counter parts of these 2D parameters from Abbott curve are 

defined in the same way. However parameters are not calculated on profile but on 

whole surface. A simple demonstration of this idea is shown in figure 2.15. Cross-

sectional areas of the surfaces at different penetration depths are calculated and this 

information is used to set up the curve. 

 

 

Figure 2.15: Cross-sectional areas of a surface at penetration depths of 55 µm, 30 µm and 15 µm 

Feature Parameters 

All surfaces have some patterns which may or may not be important for a given 

technical application. In order to extract these patterns, it is needed to define and 

identify relevant features. In other words, functional related features should be 

separated from the insignificant ones. After having separated the significant features, 

these should be characterized with appropriate parameters. Extraction of significant 

structures in surface metrology may be seen as an analog technique to segmentation 

methods in image processing. In surface metrology, feature parameters may be 

defined as features from a scale-limited surface by using pattern recognition 

techniques. In comparison to field parameters, feature parameters provide much 

more diagnostics [SCOTT 2009]. In ISO 25178 segmentation techniques are 

introduced and based on these techniques nine feature parameters are specified 

(see figure 2.16).  
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Feature Parameters

Spacing / Hybrid 

Parameters     

Sds: Density of summits

Ssc: Arithmetic mean

peak curvature

Material Parameters

Sva: Closed void area

Spa: Closed peak area

Svv: Closed void volume

Spv: Closed peak volume

Peak Parameters

S5z: Ten point height of

surface

S5p: Five point peak height

S5v: Five point pit height
 

Figure 2.16: Feature parameters 

The process of feature characterization can be summarized in five steps: 1) selection 

of the type of texture feature, (2) segmentation, (3) determining significant features, 

(4) selection of feature attributes, and (5) quantification of feature attribute statistics 

[SCOTT 2009]. Since segmentation is the underlying principle of feature parameters 

and it is also applied in this study, more detailed information is given in the next 

section. 

 

2.4.2 Segmentation techniques 

In ISO 25178, segmentation is defined as a method which partitions a scale limited 

surface into distinct regions. And in a general sense, it is the process, by which 

suitable local features are found that allow distinguishing them from other objects and 

from the background. For example in image processing applications, each individual 

pixel is analyzed to see whether it belongs to an object of interest or not [JÄHNE 

2005]. Although segmentation techniques are mostly developed in 2D image 

processing problems, they could be applied in surface metrology. In the following 

three important segmentation methods are given as an overview.  

Pixel-Based Segmentation 

Pixel-based segmentation methods are the simplest techniques to identify the certain 

features of data. Evaluation is based on the gray values of each pixel. Decisions 

whether the pixel belongs to a certain group or not are done without the 

consideration of the local neighborhood. In these methods, the result is mostly 

affected by the gray value of the pixel and the chosen threshold. As stated in [JÄHNE 

2005], in the cases, when objects show variations in their gray values, the size of the 

segmented objects changes significantly with the level of the threshold. The 

variations in the size of objects are due to the variations of gray values at the edge of 

objects. Despite their disadvantages, owing to their rapid nature of algorithms, pixel-

based segmentation methods are commonly used. 
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Edge-Based Segmentation 

Shortcomings of pixel-based methods to identify significant peaks and valleys may 

be overcome with edge-based segmentation algorithms. They use the fact that, each 

structure on measured data is separated from others by its edges and if the edges 

are found out, then the structures could be identified easily. Gray values of points on 

boundaries change very sharply. These sharp changes could be detected by looking 

at the gradient of gray values. The points, whose gray values change sharply, 

namely edges, have also higher gradient values. Based on this fact, edge-oriented 

techniques use gradient information for segmentation purposes. The profile of a 

measured data and its calculated gradient values are shown in figure 2.17. Gradient 

values are figured out by using the ratio of the height difference of two neighbor 

points (in absolute value) and the lateral resolution. Left axis shows height data of the 

profile and the calculated gradient data are shown on right one. It can be recognized 

that, gradients at edges are explicitly higher than the gradients on the core part of the 

segments. Additionally, the gradient of the measurement noise can also be seen in 

the figure. If these are not eliminated, it can result in over-segmentation. Merging of 

small segments (or structures) is one of the precautions to avoid over segmentation.  

 

Figure 2.17: Height values of the structures on a measured profile and the calculated gradient values 

There are different algorithms to calculate gradient information. Sobel edge operator 

is one of the most popular one [JÄHNE 2005]. Sobel operator examines the original 

image as a matrix and uses two 3×3 kernels (one for horizontal direction, and one for 

vertical direction) to convolve it.  



State of the art  27 

Region-Based Segmentation 

In some cases, edges cannot be used to separate structures from each other. Then it 

is required to consider additional properties of the regions. In that case, it is 

necessary to define criteria by which unique properties of the regions are described 

to distinguish different regions. Gray values, color information or some structures 

could be set as such criteria. “Region merging” and “region splitting” are two popular 

techniques of region based methods. Their definitions and applications are given in 

[OHLANDER 1978] and [HARRIS 1996]. 

Evaluation of 3D data with segmentation methods 

Application of segmentation methods in surface metrology and image processing are 

very similar to each other. In surface metrology, height information of each point is 

evaluated like the gray values of 2D images. The main task is to find out the relevant 

properties of data points and by means of these properties to separate segments 

from each others. The application of watershed algorithms is the most popular 

technique to segment 3D data. 

The term “watershed” comes from daily life and describes the boundary lines of rain 

water staying on a surface. The main idea is that, if rain falls on a surface, it will flow 

from high altitude regions to low ones. Every region is filled up with its liquid and then 

meets with the liquid of other regions. The boundary line of the region, the watershed 

line, defines the contours of the structures and outlines the outer borders of the 

structure. Every structure is closed with such a watershed line and detection of this 

line makes it possible to identify the structure.  

An example for application of such methods on surface data is seen in the 

characterization of cylinder liners in [WEIDNER 2005]. In that study a modified type of 

watershed algorithms is applied to identify Si-crystal particles on a technical surface. 

After having separated the irrelevant regions of the surface, evaluations are 

performed on the remaining significant regions, which reduce the computing work. 

Similar methods to find out feature parameters on a 3D data have been also reported 

in [VERMA 2005] and [GEUS 2008]. Although the watershed algorithms is mostly 

applied in many fields, like image processing or material testing, it is not widespread 

in metrology.  

 

2.4.3 Filtering 

As mentioned in section 2.2, technical surfaces contain surface irregularities which 

may be classified as roughness, waviness and form errors, based on lateral scale. 

Like reported in [BODSCHWINNA 2000], [WHITEHOUSE 1994], [RAJA 2002] or [JIANG 

2007B] roughness is generated by the material removal mechanisms such as tool 
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marks, waviness results from the irregular operation of machine tool and form 

deviations are mostly due to the machine tool itself. Depending on the required 

information, surfaces could be separated into those components by using filters. But 

this should be done with attention. Since some information is always lost by filtering, 

effects of filters on measurement results should be aware of. Applications of filters 

have been specified by rules and standardizations like [DIN EN ISO 3274], [DIN EN 

ISO 4288], [DIN EN ISO 11562]. A brief overview of such filters is given in [JIANG 

2007A] as follows: 

Linear filters: Gaussian filter [DIN EN ISO 11562], Spline filter [KRYSTEK 1996], Spline 

wavelet filter [JIANG 2000]. 

Morphological filters: The envelope filters. 

Robust filters: Robust Gaussian filter [SEEWIG 1999], the Robust Spline filter. 

Segmentation filters. Application of motif approach. 

One of the most common ways of separating roughness components from other 

components which have longer wavelengths is performed by Gaussian filters. It is 

specified in [DIN EN ISO 11562]. Although in many cases application of Gaussian 

filters is satisfactory, as stated in [SEEWIG 2005], surfaces which have special 

structures, like laser holes or hard particles in metal composites may not be filtered 

as desired. Information about valleys, which are crucial for the functionality of 

products, can be lost during filtering with Gaussian filters. In such cases, application 

of robust Gaussian filters provides better results. The required information about 

specific structures, like valleys or peaks, remains on the surface data even after 

filtering. 

Although 2D filtering techniques are state-of-the-art for many applications, areal 

measurements results should be filtered different from profile ones. Filtration of areal 

data has been specified in [ISO/DIS 25178-3] and in [ISO/TS 16610]. 

Like in the 2D case, roughness appears at smaller scale, form errors are at larger 

scale and waviness is in-between. As seen in the figure 2.18 nominal form of the 

surface is eliminated by a F-operator (for form). Information on the smallest scale, 

like short-wave noise, can be removed by using S-filter (for small). Being filtered by 

S-filter and F-operator, the remained surface is called as SF surface. If the SF 

surface is filtered with a L-filter (for large), which is used to remove unwanted large 

scale lateral components, the new surface is called SL surface. It contains 

information about structures in roughness scale. Both SF and SL surfaces are called 

as scale limited surfaces and they depend on the filter and/or operators that are used 

to generate them.  
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Figure 2.18: Relationships between S-filter, L-filter, F-operator and SF and SL surfaces [ISO/DIS 

25178-2] 

In 2D applications, the term “cut-off” describes the separation of wavelengths, but 

this term is not useful in the application of morphological filters. Wavelength has 

nothing to do with morphological filters and a more general term is required for the 

areal applications. In this terminology, the scale at which the filters operate is 

controlled by the nesting index. Replacement of the term “cut-off” with the “nesting 

index” may be accepted as an example to fulfill the new requirements of areal 

investigations. 

 

2.5 Influence of topography on functional performance 

There are lots of parameters to characterize surfaces, but not all of them are capable 

of providing information about the functional behavior of products. Task related 

performance of technical surfaces can only be predicted with correctly chosen or 

precisely applied parameters.  

There are many attempts to find out the influence of topography on functional 

performance by choosing the appropriate surface parameters, like [WHITEHOUSE 

1997], [KUBIAK 2009A] or [SHERRINGTON 1986]. But a common problem is the diversity 

and variety of parameters, which make them hard to deal with. As stated in [DE 

CHIFFRE 2000], there is a need to reduce the number of parameters or at least some 

guidelines are needed to find out the appropriate parameter. Moreover in some 

cases, like in metal industry, surfaces are still characterized by Ra or Rz values 
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without consideration of functional relationships [BECK 2005]. There are also other 

studies in which very general relations between some functional applications and 

surface parameters is given, like in table 2.3 [EUR 15178 EN], [GRIFFITHS 1988]. This 

information helps to get a feeling about the relationships between parameters and 

functional behaviours, but in most cases a deeper understanding of the product 

functionality is required to find out the parameters. 

Table 2.3: Functional significance of parameters, according to [EUR 15178 EN], [GRIFFITHS 1988] 

 

With the aim of choosing the relevant surface parameters which enable the 

geometrical characterization of surfaces for a specific technical application, different 

approaches are reported in literature. [BIGERELLE 2003] has investigated the effect of 

machined surface morphologies on the level of brightness when the surfaces are 

irradiated by white light. During the evaluations, possible correlations between 

roughness parameters and brightness levels are investigated with a specific software 

program, which is developed to calculate the statistical index of functional 

performance. Roughness parameters are chosen according to the variance analysis 

and linear correlation analysis with Bootstrap theory [BIGERELLE 2003]. In [BIGERELLE 

2006] another roughness parameters are selected to characterize low wear 

resistance and gloss of low polymer coatings by using the Computer-Based-

Bootstrap Method (CBMM), which is based on statistical tools. A further study in 

which the statistical methods are used to select the optimum surface parameter is 

reported in [ENGELMANN 2007]. In this study the relationship between surface 

parameters and adhesion of titan coatings on silicium substrates has been 

investigated by using the methods of logistic regression and discriminate analysis. 
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In further studies like [GEIGER 1997], [STAEVES 1998] or [PFESTORF 1997] some 

additional surface parameters like open and closed void area ratio are developed. 

Since the derivation of these parameters depends on mechanical rheological model, 

the reported parameters are specific for metal forming applications. Furthermore, 

characterization of the metrological properties of the measurement system like 

resolution, is not a part of those investigations. 

Although the topography is an important factor which influences functional behavior 

of products, it should be kept in mind that there are also other system parameters 

and material conditions. An overview of other factors could be seen in figure 2.19. 

Functional Behaviour

Operating

Conditions

Geometrical

Properties

Material

Properties

Dimensions

Form
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Roughness

Micro-roughness  

Figure 2.19: Role of surface texture and other factors on functional behavior [DE CHIFFRE 2000] 

 

2.6 Deficiencies 

Based on the stated theoretical background, the following deficiencies can be 

summarized:  

Due to the lack of information about the interactions among manufacturing process, 

surface characteristics and functional behavior of products, it is not always possible 

to make diagnostics in micro- and nanotechnologies. The geometrical language of 

GPS cannot always describe the functional requirements. There is not any general 

approach to define parameters in a function-oriented way. 

In many applications the geometrical properties of technical surfaces are 

characterized, with the help of 2D profile analysis. But for many technical functions, 

e.g. sealing, lubrication or wettability of surfaces, three dimensional characteristics of 

surface structures, like volume of valleys and peaks, play an important role. In such 

cases, 2D parameters are by no means capable of providing statistically stable 

information about surfaces. 

 



State of the art  32 

The known 3D parameters can characterize the surfaces in a more stable way; 

however they are insufficient to specify structural properties. They provide overall 

descriptions of surfaces and this may not always reflect the functional requirements. 

In many applications of micro- and nanotechnologies, the effect of single structures is 

more dominant than that of overall surface characteristics. But the important issue is 

to find out, in which manner the functionality is affected by different types of 

structures. However a systematic approach to find out the relationships between 

surface properties and their functional relevance does not exist up to now. 

As stated in section 2.4, there exist some studies, in which parameters are defined to 

characterize a given functional application. But these techniques depend mostly on 

statistical methods and they do not aim at understanding the underlying principles of 

the engineering application or the functionality of surfaces. Furthermore, the effects 

of measurement system are mostly ignored or they are not considered as dominant 

factors. However it is crucial to consider the metrological properties of the 

measurement techniques. 

Since the degree of available information is restricted by the resolution of the 

measurement instrument and the function relevant features could only be obtained if 

the structures are sufficiently resolved, the characterization of resolution becomes an 

important issue. But there is no precise, specified definition of the resolution for 

surface texture measurements. Without this information, it is not possible to specify 

the minimum detectable size of the surface features. 
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3 Objectives of the research work and the applied approach 

Generally it is assumed that the designer has the whole information about the 

technical function of the product and in most cases practical experiences are enough 

to find out solutions. But not only the effect of new dimensions (e.g. high surface-to-

volume ratio), also the lack of information about the factors influencing functionality 

make it difficult to apply the known procedures without any improvements. The 

unknown interactions between workpiece and functional requirements may result in 

the choice of inappropriate parameters. Additionally, this insufficient description of 

the functional behavior is in many cases tried to be compensated with exaggerated 

tolerances, which is one of the reasons for high production costs. Because of these 

reasons the main aim of this work is to provide guidelines by which the micro- and 

nanometer resolved surfaces could be evaluated to predict the functional behaviors 

of workpieces. This guideline should help to characterize the surface properties 

under considering their functional relevance. It is not the aim, to define new 

parameters for a specific application, but rather to provide methods that help to 

understand the underlying principles of an application and to describe surface 

properties based on these observations. In other words, this guideline should show 

how to apply parameters in a function-oriented way. 

After having proposed the methodology, details of which are explained in the 

following section, its application is shown in a case study namely “characterizing the 

wettability of technical surfaces”. In this task, based on the experimental and 

numerical investigations, it is required to develop a mechanism by which the wetting 

relevant surface features are distinguished from the insignificant ones. The aim is to 

identify the significant features which enhance or reduce the wettability of surfaces. 

However it is questionable whether the standard parameters could identify those 

features, or not. Because of this reason, the informative value of the standard 

parameters should also be analyzed.  

As explained in the deficiencies, 3D parameters, like the ones defined in [ISO 25178] 

are statistically more reliable than the 2D ones, but for most cases even 3D 

parameters could only describe the surfaces in an overall way. However for the 

applications in micro- and nanotechnologies, a small region (in comparison to the 

macro regime) could play a very decisive role for the functional performance and a 

structure-oriented characterization could be better for these purposes. For the 

investigated case it could be stated that, available surface information should be 

evaluated in such a way that the specified wetting relevant structures are outlined. 

Since different geometrical properties of surfaces allow the required physical effects 

to take place, these properties should be found out. Additional to the known 

parameters, new parameters could be necessary for a complete description of the 
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surfaces. Due to the fact that, the available commercial software tools could not 

characterize the surfaces in a structure-oriented way, it is required to develop 

additional algorithms. With the help of a developed software tool, functionally relevant 

properties of the surface should be separated from the irrelevant ones.  

Another important aim is to find out a method, by which the information from surface 

data is extracted in a way similar to the occurrence of the functionality. For the 

investigated case the implemented algorithms should be able to illustrate the 

behavior of liquid on surfaces, so that the structural characteristics may be outlined. 

Only by this way surfaces could be evaluated in a stable and reliable way. One of the 

possibilities to fulfill this requirement is the application of watershed transformation. 

As described in section 2.4, watershed transformation is known from other 

engineering applications and it should be improved to be applied for surface 

metrology.  

In order to define function-oriented parameters it is also essential to consider the 

metrological properties of the measurement system. Surfaces and also the structures 

should be sufficiently resolved in vertical and lateral dimensions (see Berndt’s golden 

rule) and this fact makes the resolution of an instrument be a significant factor for 

surface characterization. Differently put, the degree of available information is 

restricted by the resolution. However most of the existing resolution specifications 

depend on totally theoretical methods, e.g. dividing field of view by the number of 

pixels and they do not represent the real resolution performance. Simple calculation 

of pixel distance on the workpiece surface is not enough to characterize lateral 

resolution, which actually depends on other factors. Examples for such factors are 

stated by [GARNAES 2003], as the quality and field of view of the objective, bandwidth 

limited by the wavelength of light due to the diffraction from the aperture and in 

general sense noise of the system.  

Furthermore, as stated in [HAYCOCKS 2005] there is no precise, specified definition of 

resolution for surface texture measurements. Without this information, it is not 

possible to specify the minimum detectable size of the surface features. Due to this 

fact, there is a great need to find out the practically relevant resolution performance 

of the instrument [WECKENMANN 2009]. Based on these restrictions, a new method is 

required to characterize different surface measurement techniques. Independent 

from manufacturers’ specifications, a tool should be developed to identify the 

minimum detectable structure size. Another challenging task is the fact that, this 

method should not be designed for a specific technique but it should be applied to a 

broad range of instruments in micro- and nanotechnologies. 
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4 Characterization of the surfaces with function-oriented parameters  

Parameters which are chosen only with geometrical considerations may not always 

fulfill the functional requirements. Representing measured data with appropriate 

parameters should help to make statements about product functionality. But in cases, 

where parameters are not appropriately chosen, lack of information about the 

functionality is tried to be compensated with sophisticated evaluation methods or with 

exaggerated tight tolerances. This deficiency can be overcome if the functional 

requirements are well understood and the parameters are defined based on these 

specifications. 

 

4.1 Understanding the requirements of technical applications 

Structural properties of technical surfaces, which are generated by machining 

processes, are in most cases decisive factors to achieve the specified tasks of 

products. Hereby it is crucial to understand how these structures affect the 

performance of products. In other words, possible relations between surface 

characteristics and their task related significance have to be found out. But without 

understanding the requirements on product functionality, it is not possible to find out 

such relations.  

In order to show the significance of identifying functional requirements, an example 

with two different surfaces is shown in figure 4.1. On surface a), there are two paths 

(valleys) which allow flow of any medium. These channels have a depth of 100 µm 

and a width of 300 µm. Different from surface a), there are 5 paths on surface b), 

each has a depth of 100 µm and a width of 120 µm. If these surfaces are designed 

for an engineering application, in which a fluid flow is required through these paths 

(like cooling, sealing, etc.), flow of medium shows completely different behaviors. The 

main difference of these two surfaces is in the amount of cross-sectional areas, on 

which fluid and material walls are in contact. Because of its higher contact area, fluid 

on surface b) looses more energy due to friction. Consequently at a constant 

pressure difference, the amount of flow through surface b) will be less than the one 

through surface a). Depending on the requirements of the application, this may be 

advantageous or in some cases disadvantageous. If it is desired to have a high 

amount of fluid flow, like cooling, then surface a) is better for that application. But if 

the aim is to reduce the amount of fluid through the surface, like sealing, then surface 

b) is more convenient. In other words, depending on the requirements of technical 

application, desired characteristics of surfaces would be completely different. As a 

consequence of this, if surfaces are characterized without consideration of functional 

requirements, the applied parameters would not provide the required information. For 
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instance in most lubrication applications, where solid and liquid are in contact, 

surfaces are tried to be characterized with parameters derived from Abbott curve. But 

as seen in figure 4.1, Abbott curves of these two artificial surfaces are completely 

same.  

 

Figure 4.1: Artificially generated two different surfaces. Depth of structures on both of the surfaces is 

100 µm. Width of structures on surface a is 300 µm and on surface b is 120 µm 

As shown in this example, some parameters, even 3D ones, give only overall 

information about topography and this is insufficient to describe the functionality of 

surfaces. Parameters should provide the necessary information in order to predict the 

behavior of products for a specific task. So it may be said that, to find out the 

optimum parameter, requirements of the investigated application have to be well 

understood and according to those requirements, parameters should be defined. 

Parameters which are defined in that way are called “function-oriented parameters”.  

 

4.2 Concept for the definition of function-oriented parameters 

As stated before, technical application should be investigated as a whole to find out 

the suitable parameters. From this point of view, a concept with six steps is proposed 

to give an overview for characterizing technical surfaces with function-oriented 

parameters. An illustration of the concept is shown in figure 4.2.  
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Figure 4.2: Concept for defining task related parameters 

A brief explanation of each step is given as follows: 

Investigation of system related parameters 

In the first step, all available information about the technical function has to be 

systematically collected. The goal of this step is gathering factors which have an 

influence on the system performance. During this step, it is crucial to perform a 

literature research to find out possible relations and explanations. Success of this 

step is determined by the found influencing factors and this depends on the skill of 

engineers. Although it is not possible to cover all relevant factors, a research in 

related scientific fields is necessary. A team of designers with different backgrounds 

would be very advantageous to evaluate the mechanisms from different aspects. 

Especially in the field of micro- and nanotechnologies, where many unknown 

interactions exist, an interdisciplinary approach is necessary. In this step, the 

interactions between system parameters may be defined in a very abstract level and 

it is not necessarily required to specify how they interact. The only important thing is 

to identify system influencing parameters.  

Application of functional tests 

The main aim of this step is to understand how the system works. Either with 

numerical or experimental methods, the behavior of the workpiece should be 

investigated under different conditions. In order to get constructive feedback, the type 

of the experiments or the investigated cases should be well designed. For instance, 
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manufacturing of surfaces with different roughness values could be reasonable for a 

functional test. However not only the type of machining but also the structural 

characteristics should be considered and analyzed in design stage. For example if it 

is possible to simulate the functional behavior of the workpiece with different 

structural properties, additional information about the effect of surface characteristics 

could be gained. But it should be noted that, the quality of this information is 

restricted by the informative value of the simulation itself. Furthermore if the whole 

system is not known in details, it is only possible to perform simulations for certain 

conditions. In other words such investigations cannot help to understand the whole 

system, but the provided information is useful for additional steps. 

Modeling of the system 

Once the system related parameters are identified, it is now possible to search for 

models, which could explain how the factors affect the functional performance of the 

system. In other words, system behavior should be modeled, under the consideration 

of specified influencing factors. The term “model” should not be necessarily 

interpreted as the mathematical expression of the interactions. Modeling is used for 

conceptual representation of some phenomena, which take place in functional 

behavior of the workpieces. The derivation of a mathematical model is not the only 

way of system modeling. Functional performance of the workpiece may also be 

evaluated with the help of theoretical considerations or new ideas. It is also possible 

to propose several explanations from different aspects.  

Evaluation of the measured data 

In this step, it is required to find out a strategy to evaluate the function related surface 

characteristics which are identified in the developed (or suggested) model. Especially 

in the field of micro- and nanotechnology, where the ratio of surface area to volume is 

greater than that of macro applications, it is very important to evaluate surfaces in a 

way that function related features are identified. The effect of single structures may 

be more dominant than the effect of whole surface. Because of this reason, 

characteristics of structures which allow the required physical effects for the functions 

to take place, should be identified and evaluated. 

Characterization of measurement system 

Depending on the measurement technique, each data is influenced by the way it is 

taken and this fact makes the characterization of a measurement system be a very 

important issue. Especially the resolution of an instrument is decisive for the quality 

of acquired data. From the sampling point of view, detection of the structures on the 

workpiece is restricted by the resolution of the applied measurement instrument. The 

resolution should be fine enough, to obtain important features required for the 
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characterization of technical application. In general, it does not make any sense to 

search for microstructures, which could not be resolved by the applied instrument. 

Because of this reason, reliable information about the resolution capacity of the 

instrument is very important for the definition of function-oriented parameters.  

Definition of function-oriented parameters 

It should be noticed that in this study the term “function-oriented parameter” is used 

for surface engineering applications and it describes parameters which establish a 

link between an engineering phenomenon (like friction, wetting or wear) and surface 

characteristics of the workpiece (like roughness or microstructures on surfaces). In 

this step, they are defined by consideration of two criteria. The significance of the 

parameters for the investigated technical function should be described by the model 

and they should be verified by using performance tests or simulations. Parameters 

which meet those conditions are the candidates by which the functionality of surfaces 

could be described. 

After having defined the steps of the proposed concept, it is applied to characterize 

the wettability of micro- and nanometer resolved technical surfaces.  
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5 Application of the concept - Wettability of technical surfaces 

The application of the concept is shown with a case study, in which the wettability of 

technical surfaces is characterized. As stated in [BRUZZONE 2008] many interesting 

properties of surfaces are controlled by surface energy and wetting, being the most 

important governing phenomenon. Wettability (and also spreading) plays an 

important role in many engineering applications like coating, painting, cleaning, 

disinfection or printing. Furthermore wettability is an important parameter to increase 

the performance of lubricating instruments, like explained in [SCHLÜCKER 2008]. 

Depending on the requirements of the wetting application, hydrophilic or hydrophobic 

properties of the surfaces are desired. The most common way to characterize the 

wettability of a surface is the measurement of contact angle   (described in the next 

section) and then to decide if the surface has hydrophilic or hydrophobic properties. 

For contact angles which are smaller than 90°, the surface is classified as hydrophilic 

and for the ones which are greater than 90° it is called to be hydrophobic surface. As 

stated in [BHUSHAN 2005] and [BHUSHAN 2007] wettability depends on several factors 

such as surface roughness, surface energy and preparation of the surface for the 

experimental investigations. In this case study only the effect of surface deviations is 

investigated and it is characterized with function-oriented parameters. Based on the 

suggested concept in chapter 4, identification of system related factors is the first 

step of the investigations. 

 

5.1 Theoretical background 

In this step of the case study, a literature research is done and the theory of wetting 

is examined in three separate parts. In the first part, its basic principles are given and 

this is followed by the description of contact angle measurement, which is the state-

of-the-art to characterize it. Since surface characteristics play an important role on 

the wettability the last part deals with the effect of surface topography. 

 

5.1.1 Approaches to understand the wetting process 

If a liquid drop is placed on a surface, mainly there are two possibilities: it may form a 

thin film as a result of spreading or it may not spread and form a drop. If it forms a 

drop-like shape, on the edge of the drop where three phases (solid, liquid and gas) 

intersect, the tangential plane to the liquid surface forms an angle with the plane of 

the solid surface which is called “contact angle,  ” [YEKTA-FARD 1992]. One of the 

first important approaches to characterize a wetting system by using the contact 

angle is done by well known Young’s equation [YOUNG 1805] as follows 
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 cos,,, gllsgs      (5.1) 

where, γs,g, γs,l and γl,g are interfacial tensions of solid-gas, solid-liquid and liquid-gas, 

respectively and the contact angle is denoted by Θ. An overview of these interactions 

is given in figure 5.1. 

 

Figure 5.1: An overview of the interfacial tensions of solid-gas, solid-liquid and liquid-gas 

This equation was developed for perfectly smooth, chemically homogeneous and 

non-reactive surfaces. But real surfaces do not always meet these restrictions. Not 

only interfacial molecular properties, but also the effects of geometrical deviations of 

the surface have to be considered. Because of this reason, Young’s equation cannot 

be directly applied to rough surfaces. In order to apply it to real surfaces, [WENZEL 

1936] related the effect of topography of a rough, but chemically homogeneous 

surface to contact angle of that of an ideally smooth surface through equation 5.2: 

 coscos rapp      (5.2) 

where, Θ
app

 is the apparent contact angle (experimentally accessible angle) and Θ is 

the Young’s contact angle (the angle related to the solid surface energy observed on 

a smooth surface). Term r  is called roughness factor and represents the ratio of the 

average area of the actually attached interface to its projected part. It should be 

noticed that, Wenzel’s approach assumed that the liquid completely goes through the 

material free regions of the surfaces. This is also shown in figure 5.2.a. 

 

Figure 5.2: Wetting of a surface a) homogeneous (Wenzel) b) heterogeneous (Cassie and Baxter) 

Penetration of liquid into the grooves makes the surface completely wetted. As stated 

in [MARMUR 2006] this type of wetting is termed as “homogeneous wetting”. In 

technical applications, in which the surface roughness is high, there exist air bubbles 

in the grooves. Because of this reason, liquid may not penetrate completely into the 
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grooves. This type of wetting is called “heterogeneous wetting” (see figure 5.2.b) and 

investigated by Cassie and Baxter in [CASSIE 1944]. According to Cassie and Baxter 

approach, there exists vapor between solid and liquid. Different from figure 5.2.a 

(Wenzel’s approach), it is not possible to consider the boundary region between 

liquid and solid (A
sl
) as a homogenous region but its components (different interfaces) 

should be taken into account. One of the components is the contact area of liquid 

and solid (A
s
) and the other is the contact area of vapor and liquid (A

l
), which can be 

shown as; 

lssl AAA       (5.3) 

like in Wenzel’s approach, the ratio of two interface areas can be formulated as. 

sl

s

A

A
f 1       (5.4) 

and 

sl

l

A

A
f 2       (5.5) 

and they can be related as; 

121  ff      (5.6) 

Based on Wenzel’s equation, Cassie and Baxter generalized the contact angle on a 

surface which is composed of N different components as: 

i

N

i

iapp f  


coscos
1

     (5.7) 

f
i
 is the fractional area of the surface on which the contact angle is Θ

i
. If the surface 

has only two components (in this case vapor and solid) equation (5.7) can be written 

as: 

              21112211 cos)1(coscoscoscos  ffffapp    (5.8) 

If the approach of Cassie and Baxter is applied to technical surfaces, due to their 

porosity or roughness, three states (air, liquid and solid) are in contact. As air is 

trapped between peaks, it can be accepted as a heterogeneous surface. Since the 

contact angle of liquid in air is 180° and air has no roughness, it can be accepted that 

Θ
2
 is equal to 180°. Under this assumption cosΘ

2
 is equal to -1 and equation (5.8) 

can be written as:  

1)1(cos)1(coscos 11111  fffapp    (5.9) 

As shown in equation (5.9), contact angle depends on f
1 

which characterizes the 

degree of surface porosity [ERBIL 2006].  
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The approach of Cassie and Baxter shows that, as the porosity of surface increases, 

the contact angle increases as well. Because of this reason, the definition of porosity 

should be expanded by considering the effect of surface characteristics on the 

wettability.  

 

5.1.2 Contact angle measurements 

The most common way to characterize a wetting process is the measurement of the 

contact angle. The illustration of an experimental setup and an example of an 

acquired image are shown in figure 5.3. As shown in figure 5.3 b, after having fitted a 

circle on the contour of a droplet, contact angle is calculated on the liquid side of the 

tangent line. 

 

Figure 5.3: a) Experimental setup for the measurement of contact angle b) Illustration of the acquired 

image and fitting a sphere to its contour 

Although the measurement of contact angle is straightforward, one of the problematic 

issues is the size of liquid drop. In his experiments [PONTER 1985] showed that, the 

contact angle for water on stainless steel increases as the diameter of the drop 

increases. In [DIN EN 828] it is suggested that, the amount of water to be used for 

contact angle measurements should be 2–6 µl. As stated in [BRANDON 2003], the size 

of the droplet has to be larger than the scale of surface roughness, in order to have 

an axis-symmetric shape. Furthermore, as stated in [YEKTA-FARD 1992] anisotropies 

of the surface strongly affect the shape of the drop. If a liquid drop is deposited on a 

surface which has grooves in a certain direction, then it will tend to spread in the 

direction of the grooves. In other words, the results of contact angle measurements 

depend on the position where the angles are measured. Additional to those issues, 

measuring conditions, like the illumination, position of liquid droplet on the acquired 

image or the distance between dosing system and the investigated surface also 

influence the measurement results.  

Another important point is the informative value of a single contact angle 

measurement. As stated before, ideal surfaces (chemically pure, non reactive and 

without any surface roughness) may have one stable contact angle and the wetting 
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behavior can be characterized with this angle. But wetting on real surfaces cannot be 

characterized by a single measurement and it is required to define a contact angle 

range. Surface structures or as reported in [FLEMMING 2006] the local variations of 

inclinations in topography are the reasons for the changes in contact angles values. 

This can be explained with the help of figure 5.4, which is inspired from 

[KRALCHEVSKY 2001]. If a certain amount of liquid is given to a surface, its volume and 

contact angle increases until a point before it starts to spread. At this critical point, 

liquid does not move and the edges remain constant. Deposition of additional liquid 

results only in the increase of droplet height. As shown in figure 5.4, this angle is 

called “advancing contact angle” (θa). Similarly when the volume is drawn off, the 

contact angle reaches its minimum value, termed as “receding contact angle” (θr). 

 

Figure 5.4: Illustration of the advancing and the receding angles on a surface, inspired from 

[KRALCHEVSKY 2001] 

These values are the highest and the lowest values of the spectrum and distance 

between them (width of the spectrum) is called hysteresis. In many reports the 

difference of these values is given as a measurement result. The method of inclined 

plane is an effective method by which advancing and receding contact angles can be 

obtained simultaneously. 

 

5.1.3 Effect of topography on wettability of surfaces  

After having seen the characterization method of wettability, the most important effect 

namely the topography, is considered in the following. The shape of a drop and the 

apparent contact angle along the contact line depend mostly on the surface 

characteristics. If the surface is isotropic, drop is expected to be spherical and the 

contact angle is almost uniform along the contact line. If it has an anisotropic 

characteristic, the apparent contact angle is no longer uniform along the contact line. 

[CHEN 2005] has simulated the shape of the drop on a surface. Based on the 

numerical and experimental investigations, it is concluded that there are multiple 

equilibrium shapes for a drop on a rough surface with parallel grooves.  
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Although the surface properties play an important role, if it is not described with 

appropriate parameters, its effects cannot be expressed sufficiently. Wetting takes 

place on the whole surface and because of this reason areal characteristics of the 

surface have to be considered. Even though this is not always possible with 2D 

parameters, there have been many studies like [XU 2008], [PONSONNET 2003] in 

which, roughness factor is defined with the help of a single profile. The most 

commonly used parameter is the arithmetical mean deviation of the assessed profile 

of the surface, Ra. It is a 2D roughness parameter specified in [DIN EN ISO 4287], 

defined with equation 5.10 and illustrated in figure 5.5: 

dxxy
L

Ra

L


0

)(
1

     (5.10) 

where: 

L: sample length 

y(x): the distance from the surface profile to the mean line at x position 

 

Figure 5.5: Definition of Ra [DIN EN ISO 4287] 

The disadvantage of Ra is that it does not differentiate between peaks and valleys. 

Therefore, for the surfaces as long as the areas between surface profiles and their 

mean lines are the same, their Ra values are also same. Due to this lack of spatial 

information, surfaces which have very different wetting behavior can have the same 

Ra values. In order to show this information lack, two profiles with the same Ra 

values are shown in figure 5.6. 

 

Figure 5.6: Profiles of two different surfaces with the same Ra values. 

In figure 5.6 a, there are some regions with deep valleys and above the mean line, 

surface has a very flat behavior. In the second figure, instead of valleys, there exist 
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peaks and the flat characteristic of the surface is seen under the mean line. Although 

they have the same Ra values, due to the totally different structural properties of the 

surfaces, they would behave completely different for wetting applications.  

Although standard parameters are not always sufficient to distinguish wetting 

relevant properties from other ones, in some studies surface deviations are tried to 

be characterized with available parameters. In [KUBIAK 2009A] and [KUBIAK 2009B] a 

model of roughness influence on apparent contact angle is developed. With the help 

of 2D surface parameters, correlations between experimentally measured and 

modeled predictions are shown. Furthermore [ROUCOULES 2002] has used wetting as 

a measure of functional performance and has classified different surfaces according 

to their homogeneity. Homogeneity of the surfaces which are treated with different 

abrasive particles is characterized with wetting process and 12 surface parameters 

are investigated to describe the surface topography.  

Additional to the attempts by which topographies are characterized with standard 

parameters, there are also other reports in which structural characteristics are in the 

spotlight. In [YOST 1997] spreading of liquid on surfaces that have grooves with 

different angles has been investigated. It is shown that, as the groove angle and the 

depth are decreased, the driving force for wetting decreases. [YOST 1997] has also 

suggested that under the conditions of rapid flow, spreading may be understood as a 

simple fluid flow process, like capillary flow in porous medium. Structural dependence 

of spreading has also been investigated in [HUH 1977]. In this study, concentric and 

radial grooves represent two possible textures for which the roughness factor (r) 

could be the same but the influence on contact angle is quite different. [HUH 1977] 

has a modified Wenzel’s equation for random surface roughness by using a 

mechanistic model. Furthermore [HAY 2008] has represented the surface roughness 

as different geometrical shapes, like a series of parallel channels. Depending on the 

flow through these structures, different models are proposed.  

Brief summary of literature research 

In order to investigate the structural effects of surfaces, a literature research is done 

as a part of the first stage of the proposed concept. It is seen that, there are many 

studies to find out a relationship between wetting behavior of technical surfaces and 

their characterizations with known parameters. But these attempts depend mostly on 

statistical methods and do not aim to understand the behavior of liquids on surfaces. 

Furthermore, in such reports surfaces are mostly described with 2D parameters or 

with 3D parameters which could only provide overall characterization. But these 

attempts would be incomplete without investigating the effect of individual structures. 

The effect of topography on the wettability cannot be understood only by 

investigating the surface roughness. Under the global term “roughness”, it is not 
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possible to consider the effect of individual structures on the surfaces, like peaks and 

valleys.  

Up to this point, wettability of technical surfaces is investigated in a 

phenomenological aspect. In order to understand how topography affects wettability 

and how they are related to each other, it is necessary to perform additional 

analyses. With this aim, experimental and numerical investigations are performed in 

the second step of the proposed concept. 

 

5.2 Experimental and numerical investigations 

Investigations on literature show that, topography can be modified to control the 

processes, in which wetting takes place. However it is required to identify the effect 

of surfaces in order to alter wetting in a desired way. With this goal, further 

investigations are performed in the following section to understand how geometrical 

properties of technical surfaces affect the wettability. 

Since the main aim is to investigate the effect of topographies, wettability of different 

surfaces are compared with controlled experiments. Various kinds of surfaces are 

manufactured and the behavior of liquid on these surfaces is investigated. These 

surfaces are differentiated from each other by their roughness values as well as by 

their structural properties. It is aimed not only to find out the relationship between 

roughness values and wettability but also to investigate the dependency of liquid 

behavior on the different structures. By this way, additional to the global term 

“roughness”, effects of individual structures are examined. 

Two different kinds of analysis are performed: experimental and numerical 

investigations. In the experimental part, first of all contact angle measurements are 

performed to characterize the wettability of surfaces. Correlations between standard 

3D parameters and the wettability of surfaces are investigated. In the second part of 

the experimental investigation, it is aimed to understand the movement of liquid when 

it gets contact with a structure of the surface. For this purpose certain amount of 

water is deposited on surfaces and the images of wetted areas are acquired with a 

camera system. The wetted areas on different surfaces are compared with each 

other.  

Additional to experimental investigations, effects of structural properties are further 

investigated by using simulations based on computational fluid dynamics (CFD). 

Main aim of these investigations is to understand the effect of directional dependency 

of structures on the movement of liquid. In this analysis behavior of liquid is 

evaluated on isotropic and anisotropic surfaces by comparing the amount of fluid flow 

in different directions.  
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During the investigations, both in experimental and numerical ones, due to its well 

known properties (e.g. physical and chemical properties at a specific temperature 

and pressure, like density) pure water is used as liquid. Environmental conditions are 

tried to be kept at constant values. Experiments are done at a temperature of 20°C ± 

1°C and with a relative humidity of about 55% ± 5%. 

 

5.2.1 Manufacturing and investigation of technical surfaces 

Experimental investigations are performed on the surfaces which are manufactured 

by two different kinds of methods: EDM (electrical discharged machined) and 

grinding. By this way, beyond the effects of different roughness values, the effects of 

different structural characteristics are investigated. On the one hand EDM surfaces 

show isotropic characteristics; on the other hand anisotropy is represented by ground 

surfaces.  

Stainless steel is chosen as the material for the mentioned surfaces. It should be 

emphasized that these surfaces are prepared under "practical" conditions, i.e. without 

rigorous chemical purification and they are under the risk of possible contamination, 

e.g. adsorption of organic substances present in air. 

The manufactured surfaces are measured with a white light interferometer (Taylor 

Hobson Talysurf CCI 1000) and the measurement results (Sa, Sq and Sdr values) 

are given in appendix 11.1. The specifications of the used WLI are shown in table 

5.1. Further studies about the capability of this WLI are reported in [WECKENMANN 

2009A], [TAN 2008A] and [TAN 2008B]. 

Table 5.1: Specifications of the white light interferometer with 10X objective 

measurement range 

(X × Y × Z) 

1800 × 1800 × 400   

(µm × µm × µm) 

number of data points 1024 × 1024 

vertical resolution 0.01 nm 

lateral resolution 1.76 µm 

working distance 7.4 mm 

numerical aperture 0.3 

As stated in table 5.1, lateral measurement region of 10X objective is 1.8 mm × 1.8 

mm. In order to be sure that the manufactured surfaces have a uniform characteristic 

and this measurement range represents the whole topography, surfaces are further 

analyzed.  
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Main idea of the following investigations is the comparison of surface characteristics 

on different regions. Based on this idea, an area which is relatively larger than the 

chosen measurement field is required. Since it is not possible to measure areas 

larger than 1.8 mm × 1.8 mm with the available WLI, data acquisition is performed by 

the focus-variation system (Alicona Infinite Focus Microscope). A region of 3.08 mm 

× 3.08 mm is taken by 20X objective of focus-variation system (with a lateral 

resolution of 0.88 µm) and divided into smaller regions, see figure 5.7. Although it is 

possible to measure areas larger than the chosen region, when the number of data 

points is more than 3500 × 3500, evaluation could not be performed. Another 

possibility is the analysis of surfaces with a lateral resolution larger than 0.88 µm, but 

this is not preferred in order to have comparably resolved surface data as WLI 

measurements.  

As it could be seen in figure 5.7, surface data is divided into six different regions. For 

the choice of these regions, it is important to have areas which are smaller as well as 

larger than the measurement region of 10X WLI objective (1.8 mm × 1.8 mm). This is 

especially important to see whether the measurement region is representative or not.  

26
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Figure 5.7: Investigated region of interests (ROI) on the surface data 

After having extracted the surface data from different region of interests (ROI), 

surface parameters Sa (arithmetic mean deviation) and Sq (root-mean-square 

deviation) are calculated for each area. Since these parameters depend on the 

average characteristics of the surfaces, they represent the general characteristics of 

the manufactured surfaces. The variation of the parameters is given in figure 5.8. 
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Figure 5.8: Variation of parameters Sa and Sq at different measurement sizes 

The differences in the values Sa and Sq for different measurement regions are 

relatively small. Those small deviations make it clear that manufactured surfaces 

have homogeneous surface characteristics, at least in terms of the applied 

roughness parameters. Furthermore, it is seen that surfaces can be investigated with 

the 10X objective of WLI, since its measurement region has almost the same sizes of 

the region B.  

As a sum up, it can be concluded that the values of surface parameters do not 

depend on the size of measurement region and the field of view of 10X objective (1.8 

mm x 1.8 mm) is representative for the surfaces. 

After having evaluated the manufacturing characteristics, wettability of surfaces are 

experimentally investigated in the following section. First part of the experiments is 

the measurement of contact angle. In this part it is aimed to analyze the informative 

value of 3D surface parameters. By using statistical methods, correlations between 

surface parameters and wettability are evaluated.  

 

5.2.2 Measurement of contact angle hysteresis 

As stated before, in many studies to investigate the wettability, surfaces are tried to 

be characterized with the help of a single profile like in [XU 2008] or [PONSONNET 

2003]. The most common applied parameter is the Ra, which has some deficiencies 

as explained in the section 5.1. As a brief summary of the deficiencies, it can be 

stated that wetting strongly depends on the whole surface properties but information 

based on a profile is insufficient to characterize the wetting. Because of this, 

throughout this section instead of 2D parameters, 3D parameters are investigated.  
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In order to examine the informative value of surface parameters, wettability of 

surfaces are characterized with the contact angle measurements. This method is the 

most common technique to characterize wettability and it is accepted as the state-of-

the-art. But the technical surfaces have local variations of inclinations in the 

topography and a single contact angle measurement is insufficient to characterize 

their wettability. A better way is the determination of the contact angle variation. As 

stated in [ROUCOULES 2002] this variation is mostly found out by the experiments 

which are carried out on an inclined plane. Since this approach provides the 

possibility of measuring the advancing and the receding contact angles at the same 

time, manufactured surfaces are characterized with this method. An overview of the 

applied experimental procedure is given in the following sections.  

Description of the experimental procedure 

In the method of inclined plane, a certain amount of water is deposited on the 

investigated region and the surface is tilted. When the surface reaches a critical 

slope, after which water starts to move, angles are measured at downside and 

upside of the droplet. These two angles are called advancing contact angle (θ
a
) and 

the receding contact angle (θ
r
), respectively (see figure 5.9).  

 

Figure 5.9: Illustration of a) the inclined plane method by which the advancing contact angle (θ
a
) and 

the receding contact angle (θ
r
) can be obtained simultaneously b) acquired image of a water droplet 

on the inclined plane 

The difference between advancing and receding angles is reported and this 

difference is considered to be a measure of hysteresis. Since by this way, the 

spectrum of the contact angle is able to be described, its informative value is much 

more than that of a single contact angle measurement. 

Before having started with the experimental investigations, experimental setup is 

further investigated in order to see the limitations. 
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Investigation of the experimental setup 

In the experiments, liquid is deposited on the surfaces by using a micro syringe. 

Since the stability of the used micro syringe is important for the experiments, 

variations in the amount of given liquid volumes are evaluated. For this purpose, 

liquid volume is not directly measured but its weight is reported. Measurements are 

performed with a balance of Sartorius TE 214S25 at a temperature of 20°C. By using 

the same micro syringe, weight of 25 single water droplets are measured and it is 

found that the standard deviation of the repeating measurements is about 2%.  

Since the measurement of angle itself is also important, the capability of this 

measurement is additionally investigated. For this purpose, by PTB (Physikalisch-

Technische Bundesanstalt) calibrated micro-contour standard is measured with the 

same experimental setup and the images of the calibrated structures are evaluated. 

An overview of the micro-contour standard, image of a structure and the comparison 

of calculated and calibrated angle values are given in figure 5.10. Small differences 

between calibrated and calculated values (in degrees) indicate that the measurement 

procedure of contact angle works properly.  
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P13 60.00 60.03 59.88 60.05 0.12 -0.02

P14 59.88 60.21 59.66 60.26 0.22 -0.05

P15 79.94 20.15 79.68 20.02 0.26 0.13
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Figure 5.10: Validation of the angle measurements: by PTB calibrated micro-contour normal, acquired 

image of the structure P13 and the comparison of calibrated and measured angle values 

As a last step, deviations of a manufactured surface is investigated by 25 single 

contact angle measurements. The average of the receding angles is found to be 

15.62° ± 1.49° and advancing angle is 54.12° ± 3.23°. As stated in [MURRAY 1990] 

and [EXTRAND 2002], these values are agreed with previously reported studies. Due 
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to the fluctuations in the properties of a solid from point to point, as stated in [GOOD 

1992] it is rare that the contact angle is constant within 1° throughout a macroscopic 

region of a solid.  

After having seen the capability of measurement procedure, experimental 

investigations are performed on the manufactured surfaces.  

Analysis of the contact angle measurements 

The applied experimental approach can be briefly summarized as follows: after 

having located the surface between the light source and the camera, 10 µl distilled 

water droplets are deposited on it with the help of a calibrated micro syringe. 

Illumination is so adjusted that the gray values in the acquired images are according 

to the suggestions in DIN EN 828. Tilting of the surfaces to an angle of about 50° 

(critical angle at which liquid starts to move) is followed by the acquisition of droplet 

images, as shown in figure 5.9. Images are evaluated with image processing tool 

“Image J” in order to calculate receding and advancing angles. On each 

manufactured surface (5 EDM and 5 ground) 10 measurements are done and the 

average values of these measurements are used for further analysis. The results of 

contact angle measurements are given in 11.3. 

The topography of the manufactured surfaces is characterized with the parameters 

Sa, Sq and Sdr (see 11.1). These parameters are chosen because of two reasons. 

As mentioned before, “roughness factor” in Wenzel’s equation is mostly interpreted 

as the parameter Ra and since its definition is based on a single profile, it has some 

shortcomings. Because of this reason its analog 3D partner Sa (also Sq) are chosen. 

Furthermore, this roughness factor is defined as the ratio of the average area of the 

actually attached interface to its projected part. And this can be represented by the 

parameter Sdr (developed area ratio), which also characterizes this ratio. 

After having performed the experiments, informative value of the parameters is 

investigated with the help of a correlation analysis. For the statistical investigations, 

open source software “RapidMiner” is used. The calculated correlation coefficients 

are given in table 5.2. Further information about the calculation of correlation 

coefficients is given in appendix 11.2.  

Table 5.2: Correlation of 3D parameters with contact angle measurements 

Investigated 3D parameters Sa Sq Sdr 

Correlation coefficients 

(parameters vrs. contact angles) 
-0.290 -0.294 -0.258 

As shown in the table, the chosen parameters do not correlate with the results of 

contact angle measurements. It is possible that, they are correlated in a non-linear 

way, but this is not intended in the Wenzel’s approach.  
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Deficiency of the standard chosen parameters 

For the investigated case, it is seen that the chosen parameters cannot describe the 

surfaces in a desired way. This can be due to the way that the parameters 

characterize surfaces. Such 3D parameters describe surfaces in an overall way and 

a structure-oriented characterization is not possible for technical surfaces. In order to 

outline this deficiency, an example is given, based on a measurement data and its 

inverted version. After having measured a surface by WLI, the z-coordinates of the 

points are multiplied with (-1). The measured data and its inverted version are 

compared with each other. The result is shown in figure 5.11.  

 

Figure 5.11: Evaluation of two different data (measured surface and its inverted version) with the 

same 3D parameters 

If the structural properties of the right and the left surfaces data are compared, it is 

obvious that the distribution of peaks and valleys show completely different 

characteristics. But if the surfaces are characterized with the parameters Sa, Sq and 

Sz it is seen that the values are identical. As shown in this example even 3D 

parameters have some deficiencies to characterize the structural properties of 

surfaces.  

Since the wetting is strongly affected by surface characteristics, it would be a better 

way to characterize topographies in a structure-oriented way. For this purpose it is 

required to gather more information about the effect of structures. So that as a next 

step, the spreading of liquids is analyzed in order to understand their behavior on 

different surfaces. The movement of liquid on different surfaces is evaluated with the 

help of wetted area images. 

 

5.2.3 Evaluation of the wetted areas 

Owing to the differences in the fabrication methods, EDM and ground surfaces have 

completely different structural properties. As stated in [TAN 2010], on the ground 
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surfaces there are channel like grooves, whereas EDM surfaces consist of mostly 

half-spherical structures. Since each structure has its own affect, behavior of liquid 

on each surface is expected to be different. In order to outline these differences, the 

movement of liquid on surfaces is investigated with the measurement of wetted areas 

by using top view images.  

In this approach, with the help of a micro syringe, controlled volume of water droplets 

are deposited on the surfaces and the wetted areas are compared with each other. 

The shape of wetted area is used as an indicator for the spreading of liquid. 

As shown in figure 5.12, with a step of 0.2 µl, water droplets are deposited on the 

surfaces. The images of these wetted areas are acquired by coordinate measuring 

machine Werth Video-check IP 250 (57mmLowMag) 

0.2 µl 0.4 µl 0.6 µl 0.8 µl 1.0 µl

1 mm

 

Figure 5.12: Improvement of the wetted areas on EDM (above) and ground (below) surfaces.  

Improvement of wetted areas show that liquid moves on EDM surface almost uniform 

in every direction, whereas spreading on ground surfaces shows directional 

dependency. The wetted areas on the ground surfaces tend to elongate in the 

grinding direction. This different behavior of liquid can be explained with the 

properties of structures on the surfaces. Ground surfaces have channel like grooves 

along the grinding direction. If the liquid penetrates into these channels, it tends to fill 

the material free regions. This may be explained with the lateral capillary forces 

which act in the direction of the liquid flow. But due to the uniform distribution of 

structures on EDM surfaces, movement of liquid does not show such directional 

dependency. Another important difference is the depth of structures on EDM and 

ground surfaces. Although the structures on ground surfaces have relatively flat 

characteristics, their effect seems to be stronger.  

In this investigation effect of different surface structures on the spreading of liquids is 

evaluated. From the images, it is seen that liquid movement is strongly affected by 

the type of the structures. Generally EDM structures have a uniform distribution 

throughout topography. It could be said that size, shape and orientation do not differ 
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from region to region. However structures of ground surfaces show differences 

according to the orientation. In order to outline this effect, dependency of liquid 

movement on the anisotropy of surfaces is investigated with numerical values.   

 

5.2.4 Numerical investigations - Effect of anisotropy 

To understand the effect of anisotropy, simulations with computational fluid dynamics 

(CFD) are performed on real surface data (based on WLI measurements). Required 

data is based on the measurement of an EDM and a ground surface with the Sa 

values of 12 µm and 17 µm, respectively. Analog to the spreading of water, a case is 

analyzed in which a liquid droplet is deposited on a surface. By changing the 

direction of flow, effects of structural properties are investigated. Based on WLI data, 

material free regions of measured surfaces are identified and flow through these 

regions is investigated. Different cases are evaluated by comparison of the amount of 

fluid flow in different directions. Although this is not a direct method to characterize 

the wettability of surfaces, it provides valuable information to understand the 

directional dependency of spreading.  

Preprocessing and setting boundary conditions  

The investigated case may be simplified as shown in figure 5.13. Fluid flow is 

investigated on a region of 1.28 mm × 1.28 mm, which is measured by WLI. In 

comparison to experimentally calculated wetted area, the size of this region is quite 

reasonable.  

In the preprocessing steps, WLI data is converted into a format which is required for 

further analysis. The reason for this conversion is the fact that, data of WLI 

measurements are in the form of point cloud (as a .txt format) and this form can only 

describe the skin of the surfaces. However for the CFD analysis, a solid body is 

required, through which liquid flows. Because of this reason, available .txt data is 

transferred into STL (Standard Triangulation Language) form. By this way, required 

volume or solid body is generated. Applied procedure is summarized as follows: as 

mentioned before measurement data consists of points with different height values. 

First of all the highest point on the surface data is located. In order to extend the skin 

of the surface to a solid body, a plane is defined at a distance of 10 µm from the 

located highest point. The region between this plane and the measured surface data 

generates the solid body through which fluid flows, see figure 5.13. Since 

investigated EDM and ground surfaces have similar roughness values, the effect of 

this distance between the surfaces (10 µm) is expected to be similar for both cases. 

Throughout the investigations, this value is kept constant for all cases.  
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After having defined the region, points on the measured data and on the defined 

surface are combined with the method of triangulation. The result of this triangulation 

is represented by using the STL format. Based on this format, open source software 

“Netgen” is used to generate the shown mesh in figure 5.13. This mesh is composed 

of tetrahedral elements which are connected to each other. As an example the 

number of generated cells in the shown solid body is about 600,000.  

 

Figure 5.13: Illustration of the investigated case, measured surface data and the generated solid body 

from the measured data 

The second step is the definition of boundary conditions for numerical investigations. 

Since the pressure difference is the driving force for fluid flow, its choice is important 

for further investigations. In order to define a reasonable value between inlet and 

outlet of solid body, experimental investigations are considered. Analog to 

experiments, a liquid volume is placed on a surface and it is assumed that, fluid flow 

is due to the pressure which is formed by the height of liquid (h in figure 5.13). Based 

on the observations during the measurement of wetted area, height of the water 

column (h) is taken as 2 mm. It should be mentioned that, this value is only an 

approximation. Since this value is kept constant for all investigated cases, its exact 

value is not expected to have a significant influence on the comparisons. Second 

important boundary condition is the definition of inlet and outlet positions of the 

region. The same solid body is investigated for two different directions by shifting the 

inlet directions by 90 degrees, see figure 5.14 a and d. And finally, similar to 

experiments, type of fluid is chosen to be water at a temperature of 20°C. 

After having generated the mesh and having defined the boundary conditions, CFD 

analyses are performed in the third step. For the numerical investigations, an open 

source CFD program OpenFOAM (Open Field Operation and Manipulation), version 

1.5, is used. In the investigations a solver for incompressible laminar Navier-Stokes 

equations, namely ICOFOAM, is used as a base. Due to the size of the investigated 

region, it is quite reasonable to expect a laminar flow. 
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Investigations 

As stated before, influence of surface anisotropy on spreading behavior of liquid is 

investigated by comparison of the mass flow rate at different directions. As shown in 

figure 5.14, certain mesh structure (solid body of EDM or ground surface data) is 

investigated in two different flow directions: 0 degree and 90 degrees. Figures 5.14 a 

and d show the solid bodies generated by EDM and ground surface data. For each 

case, flow is simulated in two different directions. In b and e pressure and velocity 

distributions are shown when the flow is in 0 degree. In c and f, distributions are 

shown when the flow is in 90 degrees. All shown distributions are based on the top 

view. 

 

Figure 5.14: Illustration of the investigated cases and the results of simulation 

Simulations are performed until the flow rates reach constant values, steady state. 

Distributions of pressure and velocity on the local positions at the steady state are 

shown by using top view of surfaces in b, c, e, and f. In the distributions, colors 

represent pressure values and the arrows represent the magnitude and the direction 

of velocity. If the distributions are compared, it is seen that on EDM surface flow 

direction does not have a significant influence. This can be easily seen if b and c are 

compared. It may be stated that, b is the 90 degrees rotated version of c, like the flow 

itself. But this is not the case for ground surface. If image e and f are compared with 

each other, it is clear that, not only the direction but also distribution is completely 
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different. In the flow of 0 degree (case e), three separate flows can be easily 

identified, like the three grooves on the surface. There are some blank regions, which 

may be seen as boundaries between flows. But when the flow is shifted by 90 

degrees, case f, such flow separations are not observed. The distribution is 

completely different. As a sum-up, distributions show that, ground surface show high 

degree of anisotropy and this has a significant effect on the spreading of liquid.  

Additional to the shown distributions, mass flow rates with respect to flow directions 

are also calculated and given in table 5.3.  

Table 5.3: Comparison of mass flow rates in different directions, description of surface anisotropy by 

the ratio of flow rates on the same surface (ratio of anisotropy) and characterization of surfaces with 

texture aspect ratio (Str) 

Surface and flow 

direction 

Mass flow 

rate, in kg/s 

Ratio of 

anisotropy 

Str 

EDM, 0 degree 3.86 E-7 

0.97 0.93 

EDM, 90 degrees 3.76 E-7 

Ground, 0 degree 2.80 E-7 

0.12 0.11 

Ground, 90 degrees 3.54 E-8 

For comparison purposes, the ratio of mass flow rates in different directions is 

defined as “ratio of anisotropy”. This ratio is calculated as a result of the division of 

the mass flow rate in 90 degrees by the mass flow rate in 0 degree. Value of this ratio 

characterizes the topography according to its directional dependency. In principle, it 

has a value between 1 and very near to 0. Larger values, close to 1, indicate that 

direction of flow does not have a significant effect and the surface has isotropic 

characteristics. Based on this definition, as shown in table 5.3, EDM surface has a 

value of 0.97 which shows its isotropic characteristics. Similarly, value of 0.12 

indicates the anisotropy of ground surface. 

Additional to the characterization of flow, anisotropy of surfaces are also specified. 

For this purpose surface data are characterized with the parameter “Str” and the 

results are shown in table 5.3. Str, “texture aspect ratio” is a surface parameter 

defined in [ISO/DIS 25178-2]. As stated in [EUR 15178 EN] calculation of this 

parameter is based on autocorrelation function of surface and its value varies 

between 0 and 1. Larger values, like Str > 0.5 indicate stronger uniform texture in 

directions, whereas smaller values Str < 0.3 indicate stronger anisotropy. Calculated 

Str values for the investigated case are given in table 5.3. If the values of Str and the 

defined “ratio of anisotropy” are compared, it is clear that Str can be able to 

distinguish different type of surfaces in a quantitative way. Especially strong 
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similarities between both parameters indicate that, anisotropy of surfaces can be 

easily characterized by Str values. 

This investigation shows that anisotropy has an important effect on the spreading of 

liquid and topographies should be classified by considering their directional 

dependency. Although the aim of this study is providing guidelines by which surfaces 

can be characterized in a function-oriented way, it does not necessarily mean that 

always new parameters need to be defined. On the contrary, it is believed that, if the 

available parameters, like the ones defined in ISO 25178, are sufficient to describe 

functional requirements, no further definitions are required. Otherwise, there would 

be many parameters, which do not provide additional information. The results of the 

investigated case show that, parameter Str can characterize the anisotropy of 

surfaces. Because of this reason, in the next sections, no additional effort has been 

done to characterize the anisotropy with additional parameters. 

As a conclusion of experimental and numerical investigations, it can be said that 

movement of the liquid on the surfaces is strongly affected by the structural 

properties. Because of this reason, it is essential to characterize surfaces with 

considering those differences. But this is not completely possible with known 3D 

parameters. Those parameters give overall information and this is not enough to 

differentiate the structural characteristics of different manufactured surfaces (like 

ground and EDM). In spite of this approach, description of structural properties would 

be more appropriate. It is required to characterize topographies in a structure-

oriented way. Since this is only possible with the information about the effects of 

structural properties on the movement of liquid, performed investigations provide 

valuable hints. Based on these analyses, behavior of liquids on technical surfaces is 

tried to be modeled in the following section. 

 

5.3 Explanation for the behavior of liquids on technical surfaces 

In general, aim of the modeling step is searching explanations which describe how 

influencing factors (e.g. surface properties) affect the functional behavior of surfaces 

(in this case wettability). Main goal is to extend the identification of the factors which 

influence functional performance of the workpiece and to find out the possible 

relationships and correlations.  

During the literature research, it is seen that, although the surface roughness is a 

very crucial factor, there exist other factors affecting the wettability of surfaces. Some 

of the important factors can be summarized as, surface heterogeneity, presence of 

contamination, pressure, temperature, drop size and also the type of liquid. In this 

case study, it is tried to keep other factors constant and only the effect of surface 
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deviations is investigated. For this purpose mentioned surfaces are manufactured, 

which differentiate from each other by roughness values. As an overview, some of 

the surfaces are shown in figure 5.15. 

Figure 5.15: Comparison of the EDM and ground surfaces 

As it is seen in the figure, as the roughness increases (from EDM1 to EDM5 and from 

Ground1 to Ground5) not only the lateral and vertical properties change, but also the 

structural differences become obvious. Shape, form, distribution and the number of 

structures change with increasing roughness. If the EDM surfaces are compared with 

each other, it is seen that depth and diameter of half-spherical structures increase 

with increasing roughness. Similarly, the dimensions of the groove like structures on 

the ground surfaces increase with increasing roughness values. It is also particularly 

noticeable that the number of structures decreases as the roughness increases. The 

number of structures in EDM1 and Ground1 are significantly more than the ones on 

EDM5 and Ground5. Because of these reasons, it would be insufficient to classify the 

surfaces only according to their overall roughness values. Effect of each structure 

should be highlighted during evaluations. 

During wetting process, before having reached the final shape, liquid moves on 

surface and this is strongly affected by the structural properties of the workpiece. 

From the micro-dimensional aspect, liquid moves from one structure to the next one 
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and it should first fill the actual void in which it remains to move to the next void. In 

other words, if liquid reaches a void structure, it tends to fill the structure before 

leaving it. This behavior of the liquid is shown in a schematic manner in figure 5.16. It 

is concluded that, void volume and distance between structures are very crucial to 

characterize the movement of liquid.  

fine structures deep structures
 

Figure 5.16: Wetting behavior of liquid on surfaces with different structures 

Additional to these wetting relevant surface properties (void volume and the distance 

between two neighboring structures) another important characteristic of the 

structures is their inclination. In order to move from one local minimum (e.g. void) to 

the next one, liquid has to overcome the structural barriers, which could be specified 

with the inclinations. It is obvious that, rising above a structure with a higher slope is 

more difficult than a one with a lower slope. [YOST 1995] has also suggested 

characterizing the surfaces with mean square slopes and showed that the magnitude 

of the surface angle is crucial for the spontaneous flow onto a grooved surface.  

Another important criterion is the depth of structures. An increase of a structure depth 

means an increase of barrier heights which would result in the decrease of wetting 

process. But the investigations like [GENNES 1985] have showed that if the structures 

become deep enough, the barriers will be weaker and wetting will increase. An 

explanation for this may be given with the help of figure 5.17. If the structures get 

deeper, it may happen that vapor bubbles remain locked in the structures and they 

are covered by the liquid [GENNES 1985]. Liquid cannot penetrate to the lowest 

regions of structures. So inclination and depth of the structures are also needed to be 

characterized with the parameters.  

 

Figure 5.17: Illustration of a wetting condition in which vapor bubbles are trapped between liquid and 

solid 
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As stated in [KUBIAK 2009A], when the distance between the two neighborhood peaks 

is small and the height of these peaks is high relative to the distance, small 

capillaries can be formed by which surface gets wetted.  

It is not possible to specify these mentioned surface properties by known parameters. 

Standard 3D parameters (like Sa, St) provide overall description of the surface and 

this is insufficient to specify each wetting relevant structure. Better way would be the 

description of wetting relevant properties of each structure by using their properties 

like inclination, wetted area, volume, depth, and its distance to the next structure.  

Based on discussions mentioned above, it is obvious that wettability is a complex 

process which is influenced by many factors. As shown in figure 5.18, additional to 

the general influencing factors like pressure or temperature, relationship between 

surface structures and wettability may be explained with the help of a model. 

Although more independent data is required to find out a general description, these 

structural properties (number-, shape-, volume-, area of structure and etc.) can be 

used to predict the wettability of surfaces. As demonstrated in the figure, such 

structural properties can be evaluated if the surface data is characterized by using 

segmentation techniques.  

Figure 5.18: Model of wettability - Theoretical description of wetting related factors 

If surface data is separated into regions, like valleys, peaks and background and the 

structural characteristics are described with those parameters (area, volume or 
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distance between regions), then the wettability of surfaces could be predicted in a 

function-oriented way. Additionally, if detection of those structures is performed in a 

way similar to the movement of liquid then the effect of structures can be highlighted. 

Due to its wetting similar nature, algorithms of watershed transformation are applied 

to detect the structures. 

 

5.4 Characterization of the measurement system 

Functional behavior of a product can only be predicted with properly characterized 

surface information and the informative value of this characterization strongly 

depends on the measurement system. In order to acquire the surface data in details, 

metrological properties, like measuring range and the resolution of the measurement 

system should be chosen properly. Because of this reason, as a next step of the 

proposed concept, measurement system is tried to be characterized based on its 

resolution capacity.   

As mentioned in chapter 2, there are different definitions for resolution but in surface 

metrology, the term “resolution” is used to describe the smallest structures which can 

be laterally or vertically distinguished. Since the degree of surface details is restricted 

by the applied magnification, vertical and lateral resolution of the measurement 

system affect the value of the calculated surface parameters. In order to outline the 

effect of magnification on parameter calculation, surfaces are investigated at various 

lateral and vertical resolutions. 

In the following section, after having described the pre-processing steps, effect of 

lateral resolution on the evaluation of surface data is investigated by WLI and focus-

variation system. This is followed by the investigations which aim to find out the effect 

of vertical resolution. Since the vertical resolution of WLI is fixed and cannot be 

varied, the experiments are performed with focus-variation system but on different 

type of surfaces. At the end of this section, effects of vertical and lateral resolutions 

are compared based on the experimental results. 

 

5.4.1 Effect of lateral resolution on the evaluation of surface data 

As explained above, effect of lateral resolution is investigated on the surface data 

acquired by WLI and focus-variation systems. Evaluation of data is performed with 

the same procedure and with the same software, namely TalyMap Gold 4.0. 

Pre-processing of data 

Throughout pre-processing procedure, non-measured points of the surface data are 

not filled out and the general slope of the surfaces is not removed. In other words 
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surface is not leveled, to avoid additional influencing factors. The reason is explained 

with the help of figure 5.19. 

 

Figure 5.19: Methods to remove the plane from surface data with a reference plane, like least square 

plane 

In general there are two methods to remove the slope of surfaces. As seen in figure 

5.19, subtraction method removes a plane from the surface point by point. In the 

rotation method, the angle between plane and horizontal axis is used to rotate 

surface data. It can be said that at small tilt angles, the subtraction method and at 

large angles, the rotation method should be applied. But as stated in [GARNAES 2003], 

there is no commonly accepted or obvious self-consistent method for leveling the 

observed profiles. Additional to this ambiguity, since both methods could change the 

spacing of data, leveling is not applied in the following investigations.  

The effect of lateral resolution is investigated on a certain part of the surface. Always 

the same field is evaluated, but with different objectives. The choice of the same 

region is ensured by extracting a small region from a large field of view. In other 

words, the measured surface which is obtained with high magnification is matched 

with the same part of data taken with low magnification. To be sure that zoomed part 

of the large surface is the same as the small one, three selected profiles (in vertical, 

horizontal and diagonal directions) are compared with each other. Additionally, 

surfaces obtained from low and high magnified objectives are subtracted from each 

other and the degree of deviations is monitored to ensure the correct matching. 

Measurements are repeated 10 times for a specified vertical and lateral resolution 

and the average of these 10 measurements is used to calculate the surface data.  

Investigations with the white light interferometer 

In order to see the dependency of parameter calculation on lateral resolution, a 

ground surface is investigated by WLI. The same part of the surface is measured 

with three different lateral resolutions. As seen in figure 5.20, a 10X objective with a 
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nominal lateral resolution of 1.76 µm, a 20X objective with a lateral resolution of 0.88 

µm and a 50X objective with a resolution of 0.35 µm are applied. 

 

Figure 5.20: Topography and the extracted profile of a ground surface which are taken by WLI with a) 

10X objective (lateral resolution 1.76 µm, NA 0.3) b) 20X Objective (lateral resolution 0.88 µm, NA 0.4) 

c) 50X Objective (lateral resolution 0.35 µm, NA 0.55) 

As seen in figure 5.20, although the vertical resolution is the same (0.01 nm), the 

height information of the extracted profiles is resolved in more details by the 

objectives with a better lateral resolution. The number of structures on the profile with 

50X objective is more than the other ones. Additional to this visual inspection, 

differently resolved surfaces are compared with each other by using parameters Sa 

(arithmetic mean deviation), Sq (root-mean-square deviation), Sz (ten point height) 

and St (height between the highest and the deepest points). They are calculated on 

the flatness component of the surface which is obtained with a gauss filter having a 

nesting index of 8 µm. With the choice of this filter, it is ensured that, possible noise 

effects or deviations due to small irregularities do not play a dominant role during 

evaluations. For comparison purposes, the highest value of each parameter is set to 

be 100 % and the other values are given with respect to it. Calculated values are the 

average values of 10 repeating measurements and together with their standard 

deviations they are shown in figure 5.21, in percentage. From the figure it is clear that 
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although the parameters are calculated with same vertical resolution (0.01 nm), 

results are different from each other.  

 

Figure 5.21: Effect of lateral res. on calc. parameters of a ground surface which is evaluated with 50X 

objective (lateral res. 0.35 µm, NA 0.55), 20X objective (lateral res. 0.88 µm, NA 0.4) and 10X 

objective (lateral res. 1.76 µm, NA 0.3) of WLI at a vertical res. of 0.01 nm 

Actually, definitions of chosen parameters depend on the vertical characteristics of 

surfaces and it is expected that at a constant vertical resolution, the lateral resolution 

does not influence the values. But results show that, values of the height parameters 

(or amplitude parameters) strongly depend on lateral resolution of the measurement 

instrument. In other words, the degree of vertical details is also restricted by the 

applied lateral resolution. It could be stated that, if the structures are not resolved 

sufficiently in lateral directions, even the resolution of structures in vertical directions 

is limited. 

Another important point is that change of values of Sz and St are larger than that of 

Sa and Sq. This can be explained by the definitions of the parameters. Sa and Sq 

depend on average properties of surfaces, whereas Sz and St are calculated with the 

maximum and minimum characteristics. It is possible that, during repeating 

measurements, if extreme points are very small structures, their recognition may vary 

from experiment to experiment. This could be the reason for larger deviations in the 

calculated values of St and Sz.  

Investigations with the focus-variation system 

In this part, investigations are performed on the same ground surface with three 

different objectives of a focus-variation system. The aim of this investigation is also to 

see the effect of lateral resolution on the parameter calculation, but at a completely 

different vertical resolution. In other words, the dependency of the parameter 

calculation on the lateral resolution is investigated at a different vertical resolution.  
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The vertical resolution is kept constant at 100 nm, which is significantly higher than 

the resolution of WLI (0.01 nm) and 10 repeating measurements are done at the 

following lateral resolutions; 1.1 µm (10X objective), 0.8 µm (20X objective) and 0.6 

µm (50X objective). Parameters are calculated by using the same type of filtering 

conditions. The change of parameters with respect to lateral resolution and their 

standard deviations are shown in figure 5.22.  

 

Figure 5.22: Effect of lateral res. on calc. parameters of a ground surface which is evaluated with 10X 

objective (lateral res. 1.1 µm, NA 0.3), 20X objective (lateral res. 0.8 µm, NA 0.4) and 50X objective 

(lateral res. 0.6 µm, NA 0.55) of focus-variation system at a vertical res. of 100 nm 

Although focus-variation system makes it possible to investigate the surface at a 

different vertical resolution, same effect is observed: change of lateral resolution has 

an influence on the calculation of parameters, even the definitions of those 

parameters are based on the vertical properties of surfaces.  

If figure 5.21 and 5.22 are compared to see the effect of vertical resolution, it is seen 

that parameters, especially Sa and Sq, change in a similar way. Although the vertical 

resolution is changed drastically (from 0.01 nm to 100 nm), change of values for both 

cases, in percentage, are comparable. Apparently the change of vertical resolution in 

this dimension does not play a dominant role. 

Like in the investigation with WLI, the highest values of average parameters (Sa and 

Sq) are also observed with 50X objective. Since Sz and St values represent the 

maximum and minimum characteristics of the surface, it is not easy to compare them 

with the ones from WLI measurements. But similar to WLI measurements, change of 

values of Sz and St are always larger than that of Sa and Sq.  

As a sum-up, in this section, the effect of lateral resolution is investigated at two 

different cases. In each case, it is seen that parameter values depend strongly on the 
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applied lateral resolution. That means the degree of details even in vertical directions 

is restricted by lateral resolution. Furthermore it is noticeable that, although the 

vertical resolutions are different from each other (WLI has 0.01 nm and focus-

variation system has 100 nm), change of parameter values is similar for both cases. 

In order to investigate the role of vertical resolution, additional investigations are 

performed, which are shown in the next section.  

 

5.4.2 Effect of vertical resolution on the evaluation of surface data 

Due to the fact that the different vertical resolutions can only be adjusted with the 

focus-variation system, following investigations are performed without WLI. But this 

time, experiments are performed on ground and EDM surfaces.  

Investigations with an EDM surface 

As a first step, the effect of vertical resolution is visualized with a 50X objective. EDM 

topographies which are taken at two different vertical resolutions are shown in figure 

5.23.a (1 µm vertical resolution) and b (0.2 µm vertical resolution).  

 

Figure 5.23: Topography of an EDM surface which is taken with a 50X objective (lateral resolution 0.6 

µm and NA 0.55) at a) 1 µm vertical resolution b) 0.2 µm vertical resolution, c) the result of subtraction 

of the surfaces a and b, d) surface b after the application of a gradient filter 

It should be mentioned that, in comparison to the previous experiments, chosen 

vertical resolutions are significantly larger than the WLI. The reason for this choice is 

to have comparable dimension with respect to the investigated lateral values (not in 

nm but in µm). Since it is not possible to figure out all differences between a and b 

only by visual inspection, two surfaces are subtracted from each other to enhance 

the differences. The result is shown in figure 5.23.c. By this way, differences are tried 
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to be outlined. If surface c (difference of a and b) is compared with original 

topography, it is clear that, amplitude differences between surfaces a and b are seen 

at the boundaries of the structures. In order to highlight this effect, gradient image of 

the surface b, which is generated with a gradient transformation, is shown in d. 

Comparison of d and c makes it clear that the effect of vertical resolution is especially 

strong at edges of the structures, where exist a high degree of surface slope. 

The difference of two topographies, figure 5.23.c, shows that detection of edges (and 

also the structures) is strongly influenced by the applied vertical resolution. If the 

structures are not sufficiently resolved at the edges, it is not possible to locate their 

boundaries. In other words, if the structures are not correctly located, calculated 

values show deviations. This effect of resolution on detection of edges is separately 

covered in the following section. To see the effect of vertical resolution, the same 

EDM surface is also investigated with different vertical resolutions.  

 

Figure 5.24: Topography and the extracted profile of an EDM surface which are taken with 50X 

objective (lateral resolution 0.6 µm, NA 0.55) of the focus-variation system at vertical resolutions of a) 

0.2 µm b) 0.1 µm c) 0.05 µm 

At a constant lateral resolution (50X objective), surface is investigated with vertical 

resolutions of 0.2 µm, 0.1 µm and 0.05 µm. The effect of different vertical resolutions 

on extracted profile can be seen in the figure 5.24. 
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As seen in figure 5.24, although the topographies obtained at different vertical 

resolutions do not seem significantly different from each other, extracted profiles 

show some differences. At figure c, more structural details can be seen in the profile, 

on the other hand, profile on figure a, has a smoother characteristic.  

Similar to the investigations with different lateral magnifications, EDM surface is also 

measured 10 times at three different vertical resolutions. Average of measurement 

results and the standard deviations are shown in figure 5.25. Each of the 

measurement is performed with the same objective and the same lateral resolution 

(50X objective, lateral resolution of 0.6 µm and NA 0.55). 

 

Figure 5.25: Effect of vertical resolution on the calculated parameters of an EDM surface which is 

evaluated with vertical resolutions of 0.05 µm, 0.1 µm and 0.2 µm at a constant lateral resolution of 0.6 

µm 

If the effect of vertical resolution on the calculated parameters (figure 5.25) is 

compared with the effect of lateral resolution (figure 5.22 and 5.21), it is clear that 

parameters are more sensitive to the changes in lateral resolution. A brief 

comparison of the effect of different resolutions will be given in the following sections.  

Investigations with a ground surface 

In order to complete the comparisons, same ground surface is also investigated at 

different vertical resolutions of focus-variation system. Together with the previous 

analysis, this investigation helps to outline the effect of resolution on surfaces with 

different structural properties.  

The result of this investigation is shown in figure 5.26 and it could be stated that the 

effect of vertical resolution on the surface data is not significant for this investigated 

case (ground surface with a lat. res. of 0.6 µm).Like in the previous investigations, 

the highest  standard deviation is investigated for the parameter of Sz.  
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Figure 5.26: Effect of vertical resolution on the calculated parameters of a ground surface which is 

evaluated with vertical resolutions of 0.05 µm, 0.1 µm and 0.2 µm at a constant lateral resolution of 0.6 

µm 

If the figures 5.25 and 5.26 are compared, effect of vertical resolution seems to be 

relatively more dominant on EDM surfaces. This may be explained if the structural 

differences are considered. On the EDM surfaces, edges of structures are steeper 

than edges on the ground surface. In other words, structures on EDM have strong 

decay on edges. Generally, if the run of a profile on an edge is considered, the 

location of start and end points of the edges are influenced by the sampling interval. 

When the resolution is insufficient, the outer points on the structure, which define the 

edge, cannot be located. Such an effect can result in deviations in structure 

detection, as shown in figure 5.23.  

During investigations on EDM and ground surfaces it is clear that, change of values 

of the parameters (in percentage) with respect to the change of vertical resolution is 

significantly smaller than the investigations with different lateral resolutions. In other 

words, chosen parameters are more sensitive to the changes in lateral resolutions 

than the changes in vertical resolutions. A brief comparison is given in the next 

section.  

 

5.4.3 Comparison of the effects of vertical and lateral resolutions  

Based on the results of presented investigations, the effects of lateral and vertical 

resolutions on the surface data are compared in this section. Effect of lateral 

resolution is represented by the experimental results on ground surface which are 

performed with different WLI objectives. Since the vertical resolution of WLI cannot 

be changed, effect of vertical resolution is shown with the measurements of ground 

surfaces which are performed by focus-variation system. For simplicity, instead of all 

investigated parameters (Sa, Sq, Sz, St), only the change of Sa (for the average 
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characteristics of the surface) and Sz (for the detection of maximum and minimum 

points on the surface) are analyzed, see figure 5.27. For comparison purposes, all 

the magnifications and the calculated parameters are normalized. 

a) b)

 

Figure 5.27 : Change of values of surface parameters a) Sz and b) Sa (in percentage) with respect to 

the change of vertical and lateral resolutions. Values of vertical resolutions are 0.05 µm, 0.1 µm, 0.2 

µm and values of lateral resolutions are 0.35 µm, 0.88 µm, 1.76 µm 

As seen in figure 5.27 a and b, the change of parameters (both Sa and Sz) are more 

sensitive to the change of lateral resolution. In other words, effect of lateral resolution 

on the surface data is more dominant than the effect of vertical resolution. It should 

also be mentioned that, this observation is valid for the investigated case, in which 

the absolute values of vertical resolution are smaller than the lateral ones. 

Furthermore if the figure 5.27 a and b compared to each other, it is seen that the 

change in Sz values are larger than the change in Sa values. That means, the 

average properties of the surface, which are represented by Sa, are more stable 

against the changes in vertical and lateral magnifications.  

For metrological purposes, structures should be resolved both in vertical and lateral 

dimensions. But in many cases of micro- and nanometrology, structures are better 

resolved in vertical dimension due to the instrumental limitations. Furthermore if a 

structure is not resolved laterally, vertical information about that structure is 

questionable. It may be concluded that both resolving capabilities of a measurement 

system affect each other. Additionally, presented results show that parameter 

calculation is sensitive to the lateral resolution and there is no precise, specified 

definition of resolution for surface texture measurements. Since this information is 

very crucial for the definitions of function-oriented parameters, a method is developed 

to evaluate lateral resolution of surface measurement instruments.  
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5.5 Calculated lateral resolutions of surface measurement techniques 

After having seen the importance of lateral resolution for the calculation of surface 

parameters, a new method is developed to characterize the measurement 

techniques. The application of this technique is not restricted to WLI. Since the 

wettability of surfaces can be investigated with any instrumental technique, all 

available surface metrology instruments are tried to be characterized with it.  

The aim of this method is a challenging task, since resolution of both optical and 

tactile methods have to be characterized with a single workpiece. From other field 

known method is modified and some workpieces which are similar to well known 

Siemens-Star are designed. In 1930s, Siemens-Star was first developed by the 

German industrialist Siemens & Halske AG to set up the focus on film cameras 

[MAYER 1939]. Nowadays it is known as “Siemens Focus Star” or “Back Focus Chart” 

in the field of camera production, as it is widely used to investigate the focus 

properties of lenses. In this study, this idea is adapted for the investigation of surface 

measurement techniques.  

 

5.5.1 3D Siemens-Stars  

The idea of the Siemens-Star has been modified and applied to the measurement 

devices in micro- and nanotechnologies. The developed structure has been named 

“3D Siemens-Star”. In this new concept, as seen in figure 5.28, dark and white colors 

of the known Siemens-Star are substituted with grooves (peaks and valleys). In other 

words, branches on the classical Siemens-Star are differentiated by their gray values 

whereas on the 3D Siemens-Star by their height values. 

 

Figure 5.28 a) schematic representation of classical Siemens-Star which is known from the field of 

camera production b) fabricated 3D Siemens-Star which is taken by Scanning Electron Microscopy 

(SEM) 
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Analyzes are performed with two different types of stars. Evaluation of WLI, focus-

variation system and AFM are done with the stars fabricated on a surface made up of 

German silver (Cu65Ni10Zn25). These stars are manufactured by the technique of 

Focused Ion Beam (FIB) which is applied having smoothed surfaces by diamond 

turning process. Each star has a diameter of 60 µm and a step height of 200 nm. A 

detailed description of the fabricated stars and their manufacturing process can be 

found in [WECKENMANN 2009], [WECKENMANN 2009B] and [FANG 2010].  

Due to the reflection problems, CWL is investigated with another type of star. This 

star is manufactured on a piece of glass by using a special technique of etching, 

namely binary optics. The manufactured star has a larger diameter up to 5 mm and it 

has 20 branches. Since this star is significantly larger than the ones on German 

silver, CWL is investigated with it.  

 

5.5.2 Method of evaluation 

The basic idea of the evaluation method depends on the detection of the ambiguous 

region which is seen in the center of measured data (figure 5.29). This area 

describes the region, up to which the structure can be resolved. Theoretically, there 

are two explanations for the appearance of this area; it may be due to the resolution 

of measurement system or due to the limitations of fabrication method.  

To give an overview of the evaluation process, a WLI data is shown in figure 5.29. 

WLI cannot identify the structures up to centre because the structure size is already 

up to the limitation of WLI resolution. As a result, the circumference of this 

ambiguous region gives the resolution performance of the instrument.  

 

Figure 5.29: Siemens-Star with magnification of the ambiguous region 

If the total number of these structures is n and the diameter of this ambiguous region 

is D, lateral resolution can be calculated as follows: 
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Lateral Resolution = 

n

D
     (5.11) 

This simple and very practice-oriented evaluation method can be applied without any 

requirement of calibration of the structure; merely the straightness of the intersecting 

beams has to be ensured. But the system has been pre-calibrated with an existing 

lateral calibration method in order to calculate the diameter of the ambiguous region 

correctly. It should be mentioned that the uncertainties of this pre-calibration method 

would directly propagate into the measurements. During the analysis, the location of 

starting point of the ambiguous region is the most important issue. This can be 

explained as follows; in the outer regions structures/branches can be easily 

identified, whereas in the middle they cannot be distinguished. The important issue is 

to find out the region, up which ambiguous region starts. In order to outline it, three 

characteristic regions of the Siemens-Star measurements which are taken by WLI 

50X objective are demonstrated in figure 5.30.  

 

Figure 5.30: Evaluation of ambiguous region by comparing profiles in the circumferential direction (at 

radius R
i
) 
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As seen in figure 5.30, in the outer regions, grooves can be distinguished clearly with 

a measured height value of about 200 nm. In the middle, although the peaks and 

valleys are clearly identified, the height value is different from the specifications. 

Experiments in these regions show also the demand for the definition of a resolution 

for areal measurement devices. For metrological purposes, resolution of the fine 

structure is not enough; the measurement results should also give correct values. 

Finally in the inner regions, neither the correct height values nor the distinguished 

structures could be seen.  

In the experiments, the most important uncertainty results from the decision of 

ambiguous region’s boundaries. Since it is not easy to decide the starting point of the 

ambiguous region and the limit of the resolution capacity of the instrument, it is tried 

to find an objective and a stable evaluation method. Changes in the number of peaks 

and valleys together with the changes in the measured height values have been set 

as the evaluation criteria. The start of ambiguous region is set at the point, where the 

total number is not 32 anymore and the height value is different from the 

specifications (e.g. 200 nm), which actually means that structures cannot be resolved 

clearly.  

 

5.5.3 Comparison of measurement systems 

Within the scope of this study, a white light interferometer (Taylor Hobson CCI 1000), 

a chromatic white light sensor (integrated into FRT MicroGlider 350), an atomic force 

microscopy (integrated into FRT MicroGlider 350) and a focus-variation system 

(Alicona IFM G4) are applied to investigate the wettability of surfaces. Although the 

surfaces are mainly investigated by WLI, lateral resolutions of other systems are also 

characterized to show their applicability for further investigations. The measurements 

are repeated for 10 times and the given values are the average of these 

measurements. 

Characterization of WLI 

Three different objectives of WLI have been used for this study. An overview of the 

objectives with nominal resolutions specified by manufacturer (dividing field of view 

by the number of pixels) can be seen in table 5.4.  

Table 5.4: Overview of objectives that have been used for the investigations 

Objectives Nominal Lateral Resolution Numerical Aperture 

10X 1.76 µm 0.30 

20X 0.88 µm 0.40 

50X 0.35 µm 0.55 
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As described in the method of evaluation, the diameter of the ambiguous region 

increases with increasing lateral resolution. This can be clearly seen in figure 5.31, 

which shows the resolution of different objectives. 

 

Figure 5.31: Measurement of ambiguous region with different WLI objectives a) 50X objective with a 

lateral resolution of 0.35 µm b) 20X objective with a lateral resolution of 0.88 µm c) 10X objective with 

a lateral resolution of 1.76 µm 

The size of the ambiguous region has been calculated according to the described 

method and the results are shown in table 5.5.  

Table 5.5: Experimentally calculated resolutions (average of 10 measurements) and their standard 

deviations 

objective 10X 20X 50X 

nominal lat. res., µm 1.76 0.88 0.35 

exp. lat. resolution, µm 1.92 1.02 0.52 

standard deviation, µm 0.07 0.04 0.01 

All the calculated results are larger than the specified values and this shows that the 

measurement method differs from the theoretical values. This is also the reason to 

find out a practice oriented method in order to get information about the resolution 

performance of different instruments. Due to the diffraction limited resolution, results 

of 50X objective show the largest differences in comparison to the values which are 

specified by the manufacturer. From these results, it is also clear that diffraction 

limited resolution plays a decisive role especially for high magnifying objectives and it 

is not enough to give the number of pixels per field of view.  

Measurements with focus-variation system 

Lateral resolution of focus-variation system could not be investigated by applying the 

concept of 3D Siemens-Star. Although the stars are fabricated on two different types 
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of materials, due to the restrictions of the system for the material characteristics, 

none of them could be measured. The main problem is the high reflectivity of the 

materials. Although the stars on German silver are detected; due to the lack of 

textures on the surface it was not possible to investigate them. In other words, 

images of stars can be acquired but the height information from this data is not 

applicable for further investigations.  

Characterization of AFM 

Experiments are performed with an AFM which is integrated on a multi-sensor 

measurement system (FRT MicroGlider 350). Measurements are done in the non-

contact mode with a measurement range of 80 µm × 80 µm and as stated in [FRT 

2009A], it has a vertical resolution of 2 nm. The cantilever which is used has a 

diameter smaller than 8 nm. As seen in figure 5.32, additional details of the 

ambiguous region are seen, which could not be resolved with other systems. After 

having calculated circumference of this region, resolution is found to be 0.46 µm and 

this calculated resolution is significantly larger than the diameter of used cantilever. 

In other words, AFM results show the limits of manufacturing process. As discussed 

before, ambiguous region is formed either due to limitation of measurement system 

or due to limitations in fabrication method. In this case, AFM results prove that, 

investigations can be done with instruments up to 0.46 µm lateral resolution. 

Additionally, measurement results of AFM show that, results of WLI measurements 

are not due to the fabrication limit, but they are due to the resolution of the 

instrument. 

 

Figure 5.32: Measurement of 3D Siemens-Star with AFM 

As mentioned before, stars are fabricated by the technique of FIB and the ability of 

this technique to fabricate structures is mainly limited by the diameter and the shape 

of the ion beam. But additional factors such as, conductivity of material, the applied 

voltage and the angle during fabrication process also affect the smallest structure 

size which can be fabricated. Another important process parameter is the dwell time 

which is mentioned in [FANG 2010]. It is the required time to remove (or to evaporate) 
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a specified amount of material from a certain region. The small structures, which are 

seen in the middle of the ambiguous region (figure 5.32), are most probably formed 

due to those limitations.  

Based on the experiments with AFM it could be concluded that, application of this 

concept is not limited to the characterization of measurement techniques but it can 

be applied to investigate the limitations of manufacturing techniques. 

Characterization of CWL 

Like AFM, CWL is also integrated on the multi-sensor measurement system (FRT 

MicroGlider 350) and as stated in [FRT 2009A] it has a lateral resolution of 1-2 µm 

which is determined by the size of the light spot. As stated before, due to reflection 

problems and the limitations of CWL to resolve structures into fine lateral details (in 

comparison to other investigated systems), another Siemens-Star is manufactured on 

a piece of glass. It is manufactured by the technique of binary optics. This star has a 

larger diameter up to 5 mm and 20 branches.. 

During the measurements, the maximum vertical measuring range is set to 300 µm, 

whereas the lateral measuring range is limited to a square of 300 µm × 300 µm. 

Since the specified lateral resolution is about 1-2 µm, the scanning step is chosen as 

1 µm in x and y directions. The measurements are repeated for 10 times. Lateral 

resolution is calculated to be 2.6 µm with a standard deviation of 0.1 µm. One of the 

topography measurements is shown in figure 5.33. 

 

Figure 5.33: Topography of 3D Siemens-Star, which is taken with CWL 

As an overview, a comparison of the experimentally calculated lateral resolution of 

different measurement systems is shown in table 5.6. All the calculated results are 

larger than the specifications of manufacturers and this shows that, beyond 

theoretical calculations, other system influencing factors should have to be 

considered during specifications. 
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Table 5.6: Comparison of the investigated lateral resolution of different measurement systems 

Measurement 

system 

Lat. res. in µm (by 

manufacturer) 

Exp. lat. res. in µm (with 3D 

Siemens-Star) 

WLI 10X Objective 1.76 1.92 

WLI 20X Objective 0.88 1.02 

WLI 50X Objective 0.35 0.52 

CWL 1-2 2.60 

AFM < 0.008 0.46 

Additional to the investigations in this case study, it is also shown that this simple 

method provides the opportunity to compare the nominal resolution of manufacturers’ 

specifications with experimental data. As stated in [WECKENMANN 2009], by means of 

multiple numbers of branches, the effect of fabrication is averaged, which provides 

more stable results than those of a single. Measurements also showed that, by two 

different methods (FIB and binary optics) fabricated stars could be applied to 

investigate a quite wide range of instruments with various resolutions. 

Another important phenomenon which is also mentioned previously, is the fact that, 

lateral and vertical resolution capabilities of surface measurement techniques affect 

each other. In order to detect and characterize the structures, they should have to be 

resolved in both lateral and vertical dimensions. If workpieces are resolved in both 

dimensions, then it is possible to distinguish surface structures in a way that 

metrology needs. Otherwise, structures may be distinguished but the available 

vertical information is false. In micro- and nanometer dimensions, measurement 

techniques have usually better vertical resolution than the lateral one. Based on this 

fact, ability of a surface measurement technique to resolve a structure is mostly 

restricted by lateral resolution. If a structure is not resolved laterally, degree of 

information in vertical dimension is restricted. In this context, the concept of 3D 

Siemens-Star may provide a solution to characterize the lateral resolution, but indeed 

provided information is also important to understand the capacity of instruments to 

resolve structures in vertical direction. 

The numerical results of the experiments are also used throughout computation of 

the function–oriented parameters. With the help of implemented algorithms, details of 

which are explained in the next section, wetting relevant regions are found out on the 

measured topography. After having localized the wetting relevant regions, they have 

to be merged in order to be defined as a structure. To decide, if different regions 

belong to the same structure, some of the requirements have to be fulfilled. One of 

the important criteria is the size of the found regions. With the help of the information 

from 3D Siemens-Star measurements, this criterion is based on the resolution 
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capacity of measurement system. Since the size of the detectable smallest structure 

is restricted by the resolution of the applied measurement instrument, it does not 

make any sense to search for microstructures, which could not be resolved by the 

applied instrument. And finally, since most of available surface measurement 

techniques are characterized with 3D Siemens-Stars, provided information can also 

be used for further investigations.  
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6 Function-oriented parameters to predict the wettability of surfaces 

In this section, based on the results of the performed experiments and the gained 

information throughout the literature research, new parameters are proposed to 

characterize the effect of topography on the wettability of surfaces.  

As a brief summary, it is seen that although wetting takes place on regions which are 

in sub-millimeter size, it is mostly affected by the microstructures of the surfaces. And 

as a usual practice, surface topography (so the microstructures) is tried to be 

characterized with 2D parameters e.g. Ra and Rz or 3D parameters e.g. Sa and Sz, 

like in [XU 2008], [PONSONNET 2003]. However as shown in the performed 

experimental investigations, these parameters are not always sufficient to describe 

the structural characteristics of surfaces. Although the numerical investigations show 

that a known 3D parameter, namely Str, can characterize directional dependency of 

surfaces, additional techniques are required to characterize other wetting relevant 

properties. Based on the proposed model, it is aimed to segment surface information 

into small regions, which are more representative for the structural properties. 

In general, as roughness changes, not only the lateral and vertical properties of 

surfaces change, but also the structural differences become obvious. Shape, form, 

distribution and the number of structures change with increasing roughness. Without 

consideration of those structural effects, classification of surfaces with their 

roughness values has some shortcomings. It will be of use to characterize 

microstructures. According to the proposed model to describe wetting process, each 

type of structure has its own effect on wettability, which necessities their individual 

characterizations. By this way not only the insignificant regions are ignored during 

evaluations but also same type of structures is handled with specific operators.  

Although the available commercial software tools (like TalyMap Gold 4.0, WSXM 4.0, 

Mark III, IFM 3.5) provide many possibilities to evaluate surface data, none of them 

make it possible to segment structures in a desired way. With the available 

commercial software tools the surfaces can be evaluated in an overall way, but 

structure-oriented characterization is not possible. Because of these reasons, a 

software tool, based on segmentation techniques, is developed to characterize 

microstructures and it is implemented in Java. A screenshot of user interface is 

shown in figure 6.1. By using this software, namely RASP (Recognition And 

Segmentation Processes), surface data can be segmented into small regions. 

Additional to segmentation, it is possible to evaluate each segment with proposed 

parameters (or with parameters defined in ISO 25178), to apply profile analysis or to 

evaluate 3D Siemens-Star data. The underlying principles of the implemented 

algorithms are shown in the next sections. 
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Figure 6.1: Screenshot of the developed software tool “RASP” 

 

6.1 Implementation of the algorithms to characterize surfaces  

The applied approach to categorize surfaces with RASP is seen in figure 6.2. As 

shown in the flow chart, the most important steps are pre-processing of 

measurement data, segmentation of structures with their classification, calculation of 

proposed parameters and the output of calculated results. 

 

Figure 6.2: Applied approach for the evaluation of measurement data 

It should be mentioned that the step of pre-processing is not performed by RASP. 

Since almost all commercial software tools provide possibilities to perform the 

required steps (e.g. leveling), this part of the evaluation is not implemented in RASP. 

During the evaluation of manufactured surfaces, the pre-processing is done with 

commercial software, TalyMap Gold 4.0.  

 



Parameters  85 

6.1.1 Pre-processing of measurement data 

Before starting with the computation, surface data which is available in (x,y,z) format, 

should be pre-processed. As stated before, this is done with the commercial software 

TalyMap Gold 4.0 and the evaluated surface data is the basis for additional steps.  

On cliffy surfaces, like the ones manufactured by EDM technique, there exist non-

measured points, which do not have a measured height value. These points are 

mostly seen on the steep edges of structures where the reflected light is scattered 

and cannot be completely detected by the instrument. Maximum permissible angle of 

the objective is the main source for such cases. During pre-processing, those non-

measured points are artificially filled out under consideration of neighborhood points. 

Polynomial interpolations are used for the filling of those points.  

After having filled non-measured points, surface data is leveled. This step is 

necessary for an accurate calculation of the surface parameters. Particularly in the 

classification of segmented structures, leveling is a pre-requisite to identify them. 

During leveling step, the measured surface is mathematically rotated with respect to 

the plane of image and this is performed by using the method of least square plane. 

In other words, surface data is virtually rotated around x- and y-axis so that the sum 

of the square of all z-coordinates is calculated to be minimal.  

If there is too much noise in data, it might be necessary to apply filtering. Otherwise 

noise and wetting relevant structures may not be separated from each other and it 

may lead to over-segmentation of the topography. But in this study, since the 

information from 3D Siemens-Star measurement are used to decide on the size of 

the smallest detectable structure, such over-segmentation problems are avoided. 

The details are given in the following sections.  

After having completed the pre-processing step, data is exported to RASP and the 

remaining steps are performed with it. 

 

6.1.2 Segmentation steps and the classification of data 

After having applied pre-processing steps and having exported surface data in 

ASCII-XYZ-format, the point cloud of the topography is ready to be segmented. The 

segmentation step is realized by the application of watershed transformation 

technique.  

As stated in [SENIN 2007] the watershed method is a common technique to segment 

surface texture and it is also described in new ISO standard ISO/DIS 25178-2 for 

areal surface texture characterization. As an extension of its implementation in image 

processing applications like [PUENTE LEON 2007] and [BLEAU 2000], in this study it is 
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improved to segment 3D surface data. As a first step of the approach, gradient of 

surface data is computed by calculating the rate of change of height values with 

respect to the changes in x- and y-directions. 

Calculation of gradient data 

Like in other edge-based segmentation techniques, measurement data should be 

transformed into a form of gradient data, by which the edges of the structures can be 

detected easily. In this study, the gradient of a point is defined as the arithmetic mean 

of its gradients in eight different directions. If one of the 3 × 3 neighborhoods of a 

point does not exist (e.g. when the neighbor is a boundary point of the surface), 

arithmetic mean is calculated without this point. By this way, boundary effects are 

compensated and evaluated region should not have to be scaled down. This specific 

definition of gradient makes it possible to consider all 3 × 3 neighborhoods and to 

ignore non measured points 

 

Figure 6.3: Illustration of the generation of gradient data: a) height data b) gradient of a point in eight 

different directions c) calculated gradient data of surface 

An overview of the applied procedure to calculate gradient information is given in the 

figure 6.3. As stated before, each height data is transformed into its gradient value by 

using eight neighborhood points, see 6.3 b. The result of the operator is shown in 

figure 6.3 c. On the regions where exist great height differences between the 

neighborhood regions, there are also sharp color differences on gradient data. If the 

structures on figure 6.3 a and c are compared with each other, this can be easily 

seen. This shows that evaluation of gradient data is a useful way to detect structures. 

After having calculated the gradient data, watershed transformation proceeds. 

Watershed transformation 

Algorithms of watershed transformation may be explained with an imaginary surface 

which has some holes at the bottom. If this surface is sank into a liquid container, 

then liquid starts to penetrate into the surface through those holes (called initial 

sources). Each initial source has its own color (or marker), which makes the liquid be 

identified from which source it comes through. As the height of liquid increases, the 
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amount of wetted surface also increases. Although each basin (or pool) is separated 

from the other ones through structural boundaries, at a certain level, liquid from 

different initial sources starts to connect with other ones. If liquid level continuously 

increases, barrages are built up at these points. When the basins are completely 

separated from each other with these barrages, then the flooding process is ended 

and these barrages represent the edges of the structures.  

A brief summary of the transformation is illustrated in figure 6.4. For simplicity 

purposes, illustration is based on the 2D image of a 3D structure.  

 

Figure 6.4: Demonstration of the flooding process 

Dark points on the 2D image represent deep regions and the elevated areas are 

represented by light regions. As shown in figure 6.4, after having calculated the 

gradient data, different regions are identified and the boundaries are represented by 

the light points. In other words, three regions (or structures) are identified, two valleys 

and a peak. As mentioned before, from the deepest points of each structure (black 

points), liquid start to penetrate. Since there are three different regions, three colors 

(blue, red and green) are used. As the liquid level increases, size of region with 

corresponding color also increases. This continues up to the boundaries of the 

structures, which are denoted by white colors. At the level, where liquid from different 

sources (different colors) is completely in contact, edges are detected and these are 

used to identify the structures.  

Detection of structures 

After having calculated the gradient image, local minimums (initial sources) are 

searched for. As described previously, due to noise, over segmentation of surfaces 

can take place. This can be avoided by using some additional steps, by which not 
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every low gradient value is set to be an initial source. In order to reduce the number 

of minimums and also the computing time, the radius of region in which initial 

sources are searched for, is decreased. This is done by fusion of many points to a 

single point, which can also be seen as the binning of points on the gradient surface. 

The developed software, RASP, gives user the opportunity to choose the number of 

fused points. During the evaluations 2 × 2 points are chosen to give a single value. 

On this binned gradient image, found minimums are set as initial sources from which 

segmentation proceeds and each of initial sources gets its individual marker. Since 

the initial sources are searched on the binned (or compressed) data, the required 

time is reduced. 

After having assigned the coordinates of initial sources in the compressed gradient 

surface, locations of those points are also marked in real gradient surface (the one 

after compression). It should be emphasized that, this procedure does not 

manipulate surface data. Fusion is performed only to locate initial sources and all 

other steps are performed on the original gradient surface. Because of this reason, 

data does not get lost. 

A brief description of the mentioned procedure is shown in figure 6.5 as a flow chart.  

 

Figure 6.5: Demonstration of the watershed transformation as a flow chart 

After having labeled each initial source with a specific marker (e.g. color), their 

gradient values are compared with their neighbor points. If the gradient of the 

neighborhood point has the same value as the initial source and if it does not have a 
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marker, it is labeled with the same marker of the initial source. In other words, region 

of the segment, with the same gradient value, is labeled with the marker of initial 

source. This flooding process is demonstrated in figure 6.4. In the following steps the 

gradient value, which is searched for, is increased and new initial source points are 

looked for. Although they are called “initial source” since they are getting larger in 

every stage with consideration of neighborhood points, they are not anymore points 

but regions. During the evaluations, the amount of increment of gradient value is set 

to be the smallest height difference of measurement data. These steps are repeated 

until all the data points are marked.  

Merging 

After having performed watershed transformation and having marked all the 

segments, next steps can be performed to find out the wetting relevant structures. 

The result of up to now applied segmentation steps is shown in figure 6.6 a. Although 

some preventative operations are applied, over segmentation is clearly seen in the 

image. Not only the existing noise but also the roughness of microstructures is the 

reason for over-segmentation. At this point, it is obvious that merging of segments is 

required, by which small regions or segments are combined to form structures. For 

this purpose, a criterion is developed to decide whether two segments can be 

combined to form a new segment or not. 

 

Figure 6.6: Results of the segmentation by implemented software a) Surface directly after watershed 

transformation b) Result surface after merging step 

Since each segment is classified according to its structural shape, it makes sense to 

use this information as a merging criterion. Put differently, segments from the same 



Parameters  90 

class (peak, valley or core region) are merged together to form a new segment. This 

criterion depends on the assumption that, two neighbor segments which are from the 

same class belong to the same microstructure.  

A further criterion to avoid over-segmentation is the decision about the size of 

segments. Basic idea depends on the fact that, if the detected segments are smaller 

than minimum detectable structure size, then they are classified as noise and no 

more considered in further steps. This detectable size depends on the lateral 

resolution of the instrument. For this purpose investigations with 3D Siemens-Star 

are used. The results of the experiments are set to be the smallest size, which could 

be a part of segment.  

After having applied the merging step, detected structures are shown in figure 6.6 b. 

The distinguished structures are relatively well identified and this is accepted as a 

validation of the assumption made above. 

Classification 

As described in the modeling section, while liquid moves from one structure to the 

next one, wettability of surface is affected by the microstructural properties. Since 

each structure has its own effect, it makes sense to develop groups by using their 

geometrical properties. Based on the investigations, it is seen that, wetting relevant 

microstructures may be classified by three main categories, namely valleys, peaks 

and plateau-like flat structures, which are called background or core region. Each 

individual structure should be characterized according to its category, which 

necessities their identifications. An overview of the classes by using the segments is 

shown in figure 6.7. It should be mentioned that, shown classes on this figure are 

detected by the developed algorithms. 

 

Figure 6.7: Classification of surface structures by using RASP 

Classification of segments is based on their average height values. Each segment, 

whose height value corresponds to the average value of the whole surface, is 

characterized as core region. In the same way, segments whose values are below or 

above the average height value of the whole surface are classified to the valleys or 

peaks.  
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6.2 Definition and calculation of the parameters 

After having separated the structures, next step is the representation of the required 

information from those structures. In other words, it is necessary to define 

parameters. Based on the performed investigations parameters may be divided into 

three main groups: amplitude parameters, area and volume parameters and the 

parameters which give information about the distance between structures. 

 

6.2.1 Amplitude parameters 

First type of parameters is specified analog to the S parameters which are defined in 

ISO 25178 (see section 2). Sa, Sq and Sz are the parameters which are 

implemented in the software. In commercial software packages, these parameters 

are used to characterize the whole surface. In RASP, additional to the overall 

characterization, it is possible to describe segmented structures in a distinguished 

way. In other words, Sa, Sq and Sz value of the whole point cloud or only some of 

the points can be calculated. Parameters of different segments are denoted by using 

indices. Sa
i
, Sq

i
 and Sz

i 
are labeled as segment parameters. The index “i” refers to 

the corresponding segment type (valley, peak or background). Since the whole 

surface is used as reference surface, it is not required to perform additional leveling 

for each segment. 

 

6.2.2 Area and volume parameters 

Calculation of area and volume of each structure is the underlying principle of the 

second parameter type. In this study, two different parameters provide areal 

information. The first one is the projected surface of the lateral plane (see figure 6.8) 

and the second one is the total surface area.  

 

Figure 6.8: Illustration of the area calculation by using vectors 
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Since the measured topography consists of equal distanced points, it is 

straightforward to calculate the projected area. It is computed by using the areas 

between neighborhood points and the missing points are ignored during the 

calculation. As seen in figure 6.8, projected area (Ap) is calculated by using cross 

product.  

Second areal parameter is the total surface area and it is defined as the sum of all 

triangular areas of the segment. Similar to the projected area, the calculation is also 

performed by vectors, but this time z-coordinates of points are also taken into 

account. Like projected area (Ap
i
), total surface area (or also known as real area) is 

labeled with A. 

Additional to the area, the volume of a segment is an important parameter to 

characterize microstructures. A brief illustration of the volume calculation is shown in 

figure 6.9.  

 

Figure 6.9: Illustration of the calculation of a valley volume 

In order to compute the volume of a structure, first of all, profiles are extracted from 

the segmented region (figure 6.9 a). This is followed by the calculation of the area 

under the profile. Extracted profile is integrated by using trapezoidal rule. The 

calculated area of a profile is given by equation 6.1. 
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A: area which is defined by a profile 

z(i): height value of a point 
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x(i): position of a point on x-axis 

At this point, it should be mentioned that, in the case of a valley, the area which is 

above the segment should be drawn off. As shown in figure 6.9 b, only the inner 

region of a valley (A
inner

) has a meaning for the volume calculation. In other words the 

outer region (A
outer

) should be removed. This calculation is done by using the 

boundary points of the segment (shown with P1 and P2 in figure 6.9 c). As shown in 

figure 6.9 c, a rectangle is defined by the line II (passes through the lowest point of 

the investigated profile) and the line through P2. As a next step, the whole area of the 

rectangle is calculated. Difference of the integration (area under the curve) and the 

area of the rectangle give the sum of A
outer

 and A
inner

. As explained above, it is aimed 

to calculate the inner region (A
inner

) and it is the region defined by the profile and line 

I. In order to do this, triangular area restricted by two boundary points P1 and P2 

(shaded areas) is calculated and this area is subtracted from the summation of A
outer

 

and A
inner

. Finally, the calculated area from the extracted profile is multiplied by the 

sampling interval of data points and addition of those areas for a specific segment 

gives its volume.  

 

6.2.3 Distance between structures 

As explained in the modeling section, specification of distance between segments is 

essential to understand the wettability of surfaces. From the aspect of fluid dynamics, 

as the distance between structures increases, energy loss due to the friction between 

liquid and surface also increases. Because of this reason, the calculation of the 

distance between structures is also implemented in RASP.  

The calculation of the shortest distance between two structures is based on the 

locations of centers of the segments. Coordinates of the centers are calculated 

according to equation 6.2.  
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S: position of the center point of a segment on x-y-plane  
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: x- and y- coordinates of any point inside the segment 

N: number of points in the segment 

Even though it is possible to calculate this parameter for all distinguished structures, 

the distance of segments to background is ignored. The reason is the fact that, since 
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in most cases valleys and peaks appear directly near to the core region, distances to 

background do not give additional information. The distance between valley to valley 

(Dvv), peak to peak (Dpp) and valley to peak (Dvp) are defined as additional 

function-oriented parameters.  

After having defined the parameters, it is necessary to mention some further points 

about the developed software tool. The underlying principle of the implemented 

algorithms is the watershed transformation and it is based on the description of the 

liquid behavior when a surface is sunk into a liquid container. In the investigated case 

of wettability, surfaces are not sunk into liquid but liquid is deposited on the surfaces. 

In both cases, the movement of liquid is strongly influenced by the structural 

characteristics of the surfaces. This similarity between the chosen evaluation method 

and the investigated case is important to describe the movement of liquid as it 

happens in the nature. Because of this reason, implemented algorithms are 

especially suitable to characterize the wettability of technical surfaces. 

Although RASP is developed to characterize the surfaces within this research work, it 

can be applied for other characterization purposes. Additional to the standard 

parameters, proposed parameters provide new opportunities to understand the role 

of topography. Especially for engineering applications in which the structural 

properties of surfaces are important, such a structure-oriented characterization can 

be utilized. In order to evaluate the limitations of the proposed approach, additional 

analyses are performed in the next chapter.  
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7 Evaluation of the algorithms and the proposed parameters 

After having defined the parameters, the algorithms and their correlations with 

contact angle measurements are further analyzed in this chapter. In the first section 

the implemented algorithms are validated. For this purpose real and artificial surface 

data are evaluated by RASP and the results are compared with the known values. In 

the second section, the results of the contact angle measurements on EDM and 

ground surfaces are investigated with the proposed parameters and the correlation 

analyses are performed. 

 

7.1 Validation of the implemented software  

Based on the measurements with real and artificial surfaces, implemented algorithms 

are evaluated. As a first step, segmentation of a real surface is investigated. This is 

followed by the comparison of parameter calculation. Moreover, the relationship 

between lateral resolution and the segmentation is also found out with different 

resolved artificial surfaces. 

 

7.1.1 Segmentation of the structures on a real surface data 

The main aim of segmentation process is the detection of structures which can only 

be realized if the segments are identified. So the ability of locating the segment 

positions is a prerequisite for the segmentation. Because of this reason, it is 

investigated whether the structures are clearly identified or not. In order to analyze 

the segmentation capacity of RASP, a real surface data is investigated as shown in 

the following figure. 

 

Figure 7.1: Segmentation of a real data a) before segmentation b) over segmentation c) identified 

structures 

Figure 7.1 b shows the segmented structures just after the application of watershed 

transformation. As explained in the section 6.1, even the over segmentation is seen 
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in the first stage, after having applied merging step (details are given in section 6.1), 

structures are clearly segmented (figure 7.1 c).  

Due to the lack of availability of software tools, which can also segment the 

structures in this way, it is not possible to compare the results of RASP with other 

ones. Because of this reason segmentation is investigated only in this qualitative 

way. In other words, detection of segmented structures is investigated by visual 

inspection. At this point it should also be mentioned that, since the identification of 

the structures is based on the availability of colors, the visual inspection has some 

deficiencies. Differently put, representation of the segments is restricted to the 

availability of colors. In the image shown by figure 7.1 there are 256 (2
8

) accessible 

values to distinguish the structures from each other. However actual algorithms are 

not based on the color values but on the height value of the measurement data. 

Since the surface data is vertically resolved with 0.01 nm, significantly more stages 

are available to separate the segmented structures. Because of this fact, although 

the segmentation of structures is clearly seen in the image, actual segmentation 

(based on the height data) works significantly better. 

Another important point is the possibility of controlling the segmented structures 

when evaluating the surfaces. Although the performance of segmentation is shown 

on a single real surface data, it does not mean that this is done only once. Since 

RASP provides the opportunity to view the segmented structures, each segmented 

data is visually inspected.  

In order to investigate algorithms in a quantitative way, further analyzes are done in 

the following sections.  

 

7.1.2 Comparison of parameter calculation on a real surface data 

In this part, the accuracy of parameter calculation is investigated on the EDM surface 

data. This investigation is based on a comparison in which the calculated parameters 

from commercial software (TalyMap Gold 4.0) are taken as reference.  

After having measured the EDM surface, acquired data is analyzed without any 

manipulation. Since in both software tools, the same surface data is used, it is 

ensured that possible differences could only be due to the way of evaluation.  

For comparison purposes, three parameters from ISO 25178, namely Sa, Sq and Sz 

are calculated. Since other proposed parameters are not available in the commercial 

software tools (like the distance between structures or the area of a single segment), 

parameter calculation is compared only with these parameters. 
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Figure 7.2: Comparison of surface parameters which are calculated by developed software RASP and 

by TalyMap Gold 4.0 

The results of the comparison are shown in figure 7.2. From the analysis, it is 

obvious that there exist negligible differences between the values of calculated 

parameters. Since the only numerical difference is seen at the calculation of average 

properties (Sa value), this may be explained by round-off errors during export of 

surface data in ASCII format. 

 

7.1.3 Investigations with artificial surface data 

Additional to parameter calculation, limitations of the segmentation process are also 

evaluated. This time, not a real surface but an artificial surface is used for the 

investigation. The reason for this choice is the well known geometry of a generated 

surface. By this way, the calculated values are compared with the set values.  

As seen in fig. 7.3, a surface with rectangular patterns is generated. On this surface 

the lateral distance between points is set to be 2 µm.  

 

Figure 7.3: Illustration of the generated surface data a) topography of the whole surface b) height data 

of an extracted profile from the generated surface 
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The generated surface has a length of 1 mm (500 x 500 points) in x- and y- directions 

and there are 5 valleys and 6 peaks on it. Each valley has a width of 100 µm and the 

width of peaks is 83.3 µm. Since the reference line is defined as the middle of vertical 

plane (in the middle of Y- axis, see fig. 7.3 b), each segment has a height of 10 µm. 

In other words, the maximum height of the peaks is 10 µm and the minimum height 

value of valleys is -10 µm. Distance between the same type of segments (centers of 

two valleys Dvv or two peaks Dpp) is set to be 183.30 µm and the distance between 

the center of a valley and a peak (Dvp) is 91.65 µm. This generated surface is 

evaluated with RASP. Calculated gradient data and segmented regions based on this 

gradient information are shown in figure 7.4.  

 

Figure 7.4: Illustration of the evaluated surface a) gradient data of the whole surface b) surface with 

segmented regions 

On the figure 7.4 a, gradient values vary between 0 µm/µm and 10 µm/µm and as 

expected structure edges have values higher than zero. Based on the gradient data, 

surface is segmented into the regions and the result is shown in figure 7.4 b. It 

should be mentioned that, in this image, colors represent only different regions and 

they do not give height information. Dark lines on the surface show the positions of 

the edges and it is clear that the developed software can detect them correctly. 

These results show that not only calculation of gradient data but also segmentation of 

structures work properly for this artificial surface data.  

As a next step, on the detected segments, some of the proposed parameters are 

calculated and they are compared with the ones which depend on analytical 

calculations or set values. The results are given in table 7.1. The chosen parameters 

(area and volume of a structure or the distance between structures) are the ones, 

which cannot be calculated with commercial tools. Provided values are the average 

values of peaks and valleys. 

If the values of edge height are considered, it is seen that calculated results are very 

close to zero. This is the value of average height between peaks (+10 µm) and 
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valleys (-10 µm), see zero line in figure 7.3. Negligible small differences reveal the 

ability of developed software to segment surfaces.  

Furthermore, the differences between numerically (with RASP) and analytically 

calculated Dvv, Dpp and Dvp parameters may also be accepted as a validation of the 

algorithms. The calculated values are almost equal to the set values, which could 

only be realized with the correct calculation of “distance”. Furthermore, since the 

values of Dvv and Dpp are the same, it can be stated that these parameters can 

describe the uniform distribution of segments (as shown in figure 7.4 b).  

Table 7.1: Comparison of the analytically and numerically calculated values of proposed parameters 

Evaluation method RASP Analytic RASP Analytic 

Segment type Valley Valley Peak Peak 

Edge height / µm 0.26 0 0.40 0 

Dvv / µm 183.59 183.30 183.59 183.30 

Dpp / µm 183.11 183.30 183.11 183.30 

Dvp / µm 91.50 91.65 91.50 91.65 

Sa / µm 9.69 10.00 10.31 10.00 

Ap / µm 97456 100000 81538.53 83300 

V / µm
3

 976538 1000000 780462 833000 

If the results of parameters volume (V) and the projected area (Ap) are compared 

with the analytical values, the differences are clearly seen in table 7.1. These 

differences between RASP and analytical values can be explained by the uncertainty 

of edge detections. Since the localization of an edge point strongly depends on the 

spacing of data, resolution is the main reason for this uncertainty of edge detection. 

In other words, due to sharp decay on the edges of structures, there exists no 

additional measurement data between the last point of the peak and the first point of 

the valley. This structural limitation makes it difficult to set the boundary of edges. 

This is extremely significant at structures with sharp edges, like the generated 

surfaces. But this limitation does not play a dominant role for the real surfaces. 

Owing to their natural characteristics of the investigated surfaces, structures do not 

have sharp edges. In most cases, slope of the structures are distributed over many 

points.  

Nevertheless this investigation shows that resolution (spacing of data) plays an 

important role for the segmentation purposes. Because of this reason, effect of 

resolution on parameter calculation is separately investigated in the next part.  
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7.2 Effect of lateral resolution on parameter calculation 

The comparison of analytical and numerical results in the previous section shows 

relatively high differences when calculating the area and the volume of structures. 

Since these differences are explained with the high spacing of surface points, in this 

part additional investigations are performed to understand this behavior. Different 

from the investigated case, a structure is required whose edge does not have a sharp 

decay, something similar to the structures on real surfaces. For this purpose an 

artificial structure (mathematically defined hemisphere) is generated, see figure 7.5 a. 

Diameter of this hemisphere is set to be 200 µm, which is not very different from real 

investigated structures.  

In order to investigate the effect of spacing on edge detection, the points on the 

hemisphere are located with two different lateral resolutions, namely 1 µm and 0.1 

µm. By using the implemented algorithms, hemispheres are segmented and the 

deviations on the edge points are compared. The results of the segmentations are 

given in figure 7.5 b and it is obvious that deviations of the edge detection are larger 

on the left one (resolution with 1 µm) than the right one (resolution with 0.1 µm). The 

left one has a “zigzag” contour, whereas the right one has a straight run. 

 

Figure 7.5: a) Mathematical defined hemisphere b) top view of detected hemisphere with two different 

lateral resolutions 

This effect of resolution on the segmentation can be explained as follows: If the 

points are spaced with a large distance (like the case with 1 µm resolution), it is not 

elementary to decide, whether the points belong to a structure or not. In other words, 

the localization of an edge point strongly depends on the applied resolution. Because 

of this reason if an edge point is not recognized as an edge point, but as an inner 

point of the structure, there would be differences between analytical and numerical 

values.  

To see the effect of lateral resolution in a more quantitative way, different 

hemispheres are generated with various spacing values (0.25 µm, 0.50 µm, 1.00 µm, 

2.00 µm, 10.00 µm). Similar to the case above, structures are segmented with the 

implemented algorithms. For each case, the real surface area and the volume of 
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hemispheres are calculated and compared with the analytical ones. The deviations 

from analytical values (in percentage) are shown in figure 7.6. The deviations in the 

total surface are shown on the left axis and the deviations in the volume are shown 

on the right axis.  
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Figure 7.6: Effect of lateral spacing of data points based on deviations of calculated results from 

analytical values 

As shown in figure 7.6 as spacing between data points is increased (from 0.25 µm to 

10 µm), deviations between real and by RASP determined values also increase. This 

behavior obviously shows the relationship between lateral resolution and the 

parameter calculation. Regardless of the applied segmentation technique, the 

resolution of the measurement instrument plays a decisive role to calculate the 

proposed parameters.  

Furthermore these results also validate that, if the structures do not have sharp 

edges (like the investigated real structures), by RASP calculated parameter values 

are in agreement with the analytically calculated ones. Although the errors increase 

at higher lateral resolutions, this is not a restriction for the performed investigations. 

Because the differences between analytical and computed values are relatively 

remarkable when data spacing get values larger than 2 µm. As seen in figure 7.6, 

this is valid for both area and volume values. Since the real surfaces are investigated 

with a lateral resolution of 1.76 µm, topography measurements are not obviously 

affected by this phenomenon. 
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Brief summary of the investigations on implemented algorithms 

In order to evaluate the implemented algorithms, different types of surfaces are 

investigated with the developed software tool. Due to the lack of availability of 

reference algorithms, the result of the segmentation step is only evaluated in a visual 

way. Although the representation of detected structures with colors has some short-

comings, it is seen that the structures are separated from each other.  

Additional to the segmentation step, parameter calculation is also investigated. For 

this purpose calculated values are compared with reference software and the results 

confirm that the computation works correctly. Furthermore, based on the set values 

of artificial surface data, segmentation and parameter calculation are analyzed 

simultaneously. Since the calculated values are very close to set values, not only the 

ability of algorithms to segment surface data but also the parameter calculation on 

the segmented structure is validated. In other words, if segmentation does not work 

properly, the calculated parameters on the artificial surface data would not be in 

agreement with the set values. Comparisons of the results of volume and area 

parameters do not only show the limitations of the segmentation process but also the 

importance of the resolution. In order to understand the reasons for the differences, 

further analyses are performed and it is seen that, resolution is an important factor to 

detect the edge points of structures. Evaluations with RASP show that when the 

lateral resolution is larger than 2 µm, segmentation is influenced by the sampling 

interval. Since the manufactured surfaces are resolved with a lateral resolution of 

1.76 µm, it could be stated that the surfaces are segmented with a proper resolution.  

The main restriction for the validation of algorithms is the lack of traceable standards. 

Because of this constraint, investigations are mainly based on the comparisons. For 

further studies, some software standards (like calibrated data) would yield 

comparable results. Especially analyzing the results of segmentation with digital 

references would provide new opportunities. Another benefit of such digital 

references is the elimination of additional effects due to the measurement methods. 

Since the standard would be based on a digital data, it would not be restricted to 

tactile or optical measurement methods.  

 

7.3 Correlation analysis of the proposed parameters 

After having investigated the implemented algorithms, additional investigations are 

performed to verify the informative value of the parameters. This is realized by 

analyzing the correlations between proposed parameters and wettability of surfaces. 

For this purpose, the wettability of the surfaces is characterized with contact angle 
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measurements. Since in chapter 5 the experimental procedures are explained in 

details, it is not further mentioned here. 

As stated before wettability depends on the isotropy of surface and the experiments 

with the wetted area showed that, behavior of liquid on EDM and ground surfaces is 

completely different. Because of these reasons, it is more convenient to investigate 

the structural properties of different surfaces separately. As a result, analyzes are 

done in two parts: In the first part, only the ground surfaces are examined and in the 

second part the EDM surfaces are investigated.  

Correlation analysis based on the ground surfaces 

Based on the experimental investigations, the results of the contact angle 

measurements are given in chapter 11.3. Different from the previous investigations, 

surfaces are not characterized with common 3D parameters, but with the ones which 

are defined in this thesis. The results of the calculated parameters are given in 11.8.  

Statistical evaluations of the parameters are based on the calculated correlations of 

the coefficients, which are explained in 11.2. This statistical evaluation is performed 

by using the software RapidMiner and the results of the correlation matrix are shown 

in section 11.7.  

At this point, it should be mentioned that, correlations can suggest possible 

connections however; statistical dependency is not enough to show the presence of 

such a relationship. This may be, but not necessary. Although a high value of 

correlation coefficient is often interpreted as implying a causal relationship between 

the two variables, it is required to have additional evidences. This can be explained 

with an example. As seen in 11.7, projected area of peak (App) and real area of peak 

(Ap) correlate with each other. This indicates that as the value of one is increased, 

the other one is also increased. But this does not necessarily mean that, there is a 

causal relationship between two quantities. However in the case of projected area 

and real area, a causal relationship is expected. Since the structural deviations are 

uniform throughout the surface, ratio of projected area to real area is almost the 

same. That means in the case of function-oriented parameters, since the definitions 

of parameters are based on the investigations and the proposed model, availability of 

a causal relationship is already available. 

If the correlations between proposed parameters and contact angle measurements 

are investigated, the highest correlations are found out for the parameters Sav, Sap, 

Dpp as -0.712, -0.757 and -0.777 respectively. Although the calculated coefficients of 

proposed parameters show better results than the common 3D parameters (-0.290 

for Sa and -0.258 for Sdr, see table 5.2), it is expected that the parameters correlate 
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strongly with EDM surfaces. This expectation is due to the isotropic characteristics of 

EDM surfaces.  

Correlation analysis of EDM surfaces 

Even though the proposed parameters characterize the surfaces in a structure-

oriented way, orientation of structures cannot be described with them. In other words 

the proposed parameters are more capable of characterizing isotropic surfaces than 

anisotropic ones and because of this fact, EDM surfaces are investigated in a more 

intensive way. In order to cover a wide spectrum of roughness values, 3 additional 

surfaces (EDM 6, 7 and 8) with increasing roughness values are examined. On each 

surface, 10 repeating contact angle measurements are performed on 10 different 

points. In other words, calculated coefficients are based on the average of 10 × 10 

measurements results on each EDM surface. Similar to the investigations on ground 

surfaces, correlation matrix is set up and the results are shown in section 11.5. 

Additional to this matrix, some of the strong correlated parameters are selected and 

shown in table 7.2.  

Table 7.2: Correlation of some of the 3D parameters with the results of contact angle measurements 

performed on EDM surfaces 

Parameters Sav Sap Dvv Dpp Av Ap App Apv Vv Vp 

Corr. coeff. 0.946 0.942 0.709 0.810 0.765 0.840 0.834 0.757 0.845 0.826 

As seen in the table, especially the coefficients of parameters which characterize the 

distance between different structure types or the amplitude of valleys and peaks give 

higher values. In comparison to the results of ground surfaces, proposed parameters 

show better correlations with the EDM surfaces. As stated above, this is due to the 

isotropic characteristics of the structures. Ground surfaces have very high degree of 

anisotropy and it would be more convenient to perform experiments at different tilting 

directions with respect to the grinding direction. But due to the restrictions of the 

available setup, experiments could be performed only in one direction.  

Even though the inclination of structures are implemented into the parameter 

calculation, experimental investigations do not show significance importance. 

Because of this reason it is not considered in the evaluation of the results. 

Although the effect of anisotropy could not be investigated in an experimental way, 

some numerical calculations are done, as shown in section 5.2. Results of CFD 

simulations provide hints to explain the differences between correlation coefficients of 

EDM and ground surfaces. Depending on the direction of grooves, spreading of liquid 

shows different behaviors on the surface and this dependency strongly influences the 

contact angle measurements. Such effect of topography is characterized by a 
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parameter which is defined in [ISO/DIS 25178-2], namely “texture aspect ratio, Str”. 

At least for the investigated case, ratio of anisotropy (relation of fluid flow rate in 

different directions) and Str values show strong similarities. As shown in table 5.3, 

ratio of anisotropy is found to be 0.97 and 0.12 for EDM and ground surfaces, 

whereas Str values are calculated as 0.93 and 0.12, respectively. This strong 

parallelism indicates that, anisotropy of surfaces can be characterized by Str values. 

Brief summary of the investigations on the wettability of surfaces 

In this thesis, an experimental approach of inclined plane is used to characterize the 

wettability of surfaces. Since this technique makes it possible to measure the 

advancing and the receding contact angles at the same time, local variations in the 

topography can be characterized with it. Before starting with the actual experiments, 

the capability of the setup is investigated. After having investigated the reliability of 

the angle measurement (with PTB standard), standard deviation is found to be 2% 

for the deposition of water drops on the surfaces. In order to analyze the 

reproducibility of the surfaces being studied, the calculated advancing and receding 

angles are also investigated with 25 repeating measurements and standard 

deviations are found to be 3.23° and 1.49°, respectively.  

After having performed the contact angle measurements, statistical analyzes are 

performed. Based on the correlation coefficients, informative value of the defined 

parameters is investigated. On EDM surfaces, it is possible to get correlation 

coefficients higher than 0.9. If 0.7 is taken as a limit for a possible correlation (for a 

confidence level of 95%) calculated coefficients show that proposed parameters 

correlated strongly with the wettability of surfaces. But in general, it can be stated 

that defined parameters correlate on isotropic surfaces better than on anisotropic 

ones. This is due to the lack of information about the orientation of structures. This 

information can be obtained with the known 3D parameters from [ISO/DIS 25178-2], 

like the Str. Nevertheless the calculated high correlations indicate that, the method of 

segmentation and the evaluation of structures according to their classes is a useful 

way of investigating the topographies. 

Although it is possible to setup a relationship between contact angle hysteresis and 

the surface parameters, such a mathematical model is avoided. For a global model it 

is required to have more measurement results which are performed under different 

conditions (like different materials, different liquid, different structures). Otherwise the 

derived mathematical model would be too deterministic.  
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8 Conclusion and outlook 

Together with the developments in micro- and nanotechnologies it becomes obvious 

that the functional behavior of products are strongly influenced by the structural 

properties of technical surfaces. Advances in surface metrology provide new 

possibilities to resolve topography information in micro- and nanometer dimensions. 

However the state-of-the art to characterize the details of structures and the way of 

representing the structural information have some deficiencies to establish 

relationships between surface information and the functionality of products. Due to 

this fact, new scientific approaches are required to identify the role of topography. 

Otherwise, effects of the surfaces are not clearly understood and considered as 

negligible, like in macroscopic applications. In this study, a new concept is proposed 

to define parameters, by which the functional requirements on surfaces can be 

characterized. With the objective of understanding technical requirements under 

consideration of metrological aspects, this new approach provides guidelines to 

describe the functional requirements with geometrical quantities. Application of the 

proposed method is shown by means of a case study, in which the wettability of 

surfaces is investigated.  

The main aim of the investigated case study is describing the effects of geometrical 

surface properties with function-oriented parameters. Not only the inclined plane 

experiments, but also the numerical investigations with computational fluid dynamics 

show that movement of liquid on the surfaces is strongly influenced by the structural 

surface properties. Furthermore, the effect of single structures is found out to be 

more dominant than that of overall surface characteristics. However the term 

“roughness” on its own cannot reflect the effect of individual structures. Because of 

this reason with the aim of identifying the wetting related factors, a model is derived 

to describe the structural properties. Characterizing the topographies by means of 

segmenting the surface data is proposed. Based on the model, parameters are 

defined for different segment types.  

As a part of the proposed concept, metrological properties of the measurement 

techniques are also investigated and it is seen that parameter calculation is affected 

by the lateral resolution. If a structure cannot be sufficiently resolved in lateral 

dimensions, obtained vertical information becomes also questionable. This fact 

makes it necessary to characterize the lateral resolution of the surface measurement 

techniques. Due to the fact that, there is no generally accepted method for the 

determination of lateral resolution, the concept of 3D Siemens-Star is developed. 

This technique makes it possible to find out the minimum detectable structure size in 

a very practice-oriented way. Since the application of star is not restricted to optical 

or tactile measurement techniques, it can be used universally. Another contribution of 
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the Siemens-Star is provided when developing the necessary segmentation 

algorithms. Since the available commercial software tools cannot provide the 

required information for the investigated case, a software tool (RASP) is developed 

by which the surface structures could be segmented and characterized. During 

merging of segmented structures, results of the experiments with 3D Siemens-Star 

make it possible to classify the segmented structures in order to avoid over 

segmentation problems. 

The basic idea of the applied segmentation method is inspired from the field of image 

processing and it is improved to detect three dimensional structures. Implementation 

is based on the watershed algorithms, which allows separating surface data into 

significant and insignificant features. Especially the similarities between the 

algorithms and the investigated case provide more confidence to describe the effect 

of structural properties on the wettability of surfaces.  

After having validated the algorithms on artificial and real surfaces, investigated 

surfaces are characterized by wetting relevant structural properties. Results of 

inclined plane experiments and statistical analysis show that, characterizing the 

wettability of surfaces with proposed function-oriented parameters is possible. 

Especially in the case of isotropic surfaces, defined parameters strongly correlate 

with contact angle measurements. 

Although RASP is developed for this study, the implemented algorithms may be used 

for many other applications, in which the structures play a dominant role. Depending 

on the requirements of application, structure classification could be extended. Even 

though the segments are classified into three classes, namely peak, valley and 

background, those classes could be divided into subclasses. By this way it may be 

possible to categorize structures in more details. Improvement of the evaluation 

method of 3D Siemens-Star could be stated as an additional outlook. Representation 

of the height data by means of a transfer function may provide additional information 

about the limitations of the measurement systems in vertical and lateral dimensions. 

The wettability of technical surfaces could be further investigated by different 

materials and different types of liquids in order to develop a general relationship.  

Moreover, the methods applied in this thesis show that modifications of concepts 

from other scientific fields may be used to solve the problems of micro- and 

nanometrology. Adaptations of the concept of Siemens-Star and the segmentation 

techniques from other fields are two successful examples for this approach.  

As a last point, it can be stated that, the proposed approach is not limited to the 

investigated case, but this method can be applied to investigate different engineering 

problems. It is thought that characterization of products in a function-oriented way 

may help to avoid exaggerated tolerances and to reduce product costs. 
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10 List of Abbreviations 

Abbreviation Meaning 

2D Two dimensional 

3D Three dimensional 

A
l 

Contact area of vapor and liquid 

A
s 

Contact area of liquid and solid 

A
sl 

Boundary region between liquid and solid 

Ab Total area of background 

AFM Atomic force microscope  

Ap Total area of peaks 

Apb Projected area of background 

App Projected area of peaks 

Apv Projected area of valleys 

Av Total area of valleys 

CCD Charge coupled device 

CFD Computational fluid dynamics 

CWL Chromatic white light sensor 

DIN Deutsches Institut für Normung 

Dpp Distance between peak to peak 

Dvp Distance between valley to peak 

Dvv Distance between valley to valley 

EDM Electrical discharged machined 

EDM 1 (E1) EDM surface with smallest roughness value 

EDM 5 (E5) EDM surface with highest roughness value 

FIB Focus ion beam 

Ground 1 (G1) Ground surface with smallest roughness value 

Ground 5 (G5) Ground surface with highest roughness value 

FRT Fries research and technology 

GUM Guide to the expression of uncertainty in measurement 

ISO International organization for standardization 

LS Plane Least square plane 

MEMS Micro electro-mechanical devices 

MP Measurement point 

NA Numerical aperture 

OpenFoam Open field operation and manipulation 

PTB Physikalisch Technische Bundesanstalt 

r Roughness factor 
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RASP Recognition and segmentation techniques 

rms Root mean square 

ROI Region of interest 

Sav Arithmetical mean height of valleys 

Sap Arithmetical mean height of peaks 

SEM Scanning electron microscopy 

Sqp Root mean square height of peaks 

Sqv Root mean square height of valleys 

STM Scanning tunneling microscope 

Vp Volume of peaks 

Vv Volume of valleys 

WLI White light interferometer 
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11 Appendices 

11.1 Sa, Sq and Sdr values of the surfaces used for the contact angle measurements 

Surface Sa in µm Sq in µm Sdr in µm 

EDM 1 5.17 6.41 15.44 

EDM 2 4.42 5.56 10.04 

EDM 3 3.30 4.17 10.03 

EDM 4 3.06 3.88 6.60 

EDM 5 2.96 3.72 10.04 

Ground 1 0.34 0.45 2.09 

Ground 2 0.36 0.46 2.10 

Ground 3 0.37 0.47 0.55 

Ground 4 0.53 0.82 0.92 

Ground 5 0.65 0.80 0.89 

 

11.2 Statistical evaluation of parameters  

For the statistical investigations, open source software “RapidMiner” is used. It is a 

Java application and provides many statistical tools to investigate large number of 

data. In this thesis the data analysis tool “Data Mining package” is used. By using this 

tool not only correlation analyses but also modeling through investigated parameters 

can be performed. Due to its modular operator concept, different operators (like 

regression analysis) may be applied for the investigated data. Combination of 

different operators can be done in a way of “drag and drop”. By using this software, 

investigation of correlation coefficients and linear regression analysis are performed. 

Coefficients are calculated according to the equation 11.1 and results are 

represented with matrices.  
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x : arithmetic mean of parameter x 

y : arithmetic mean of parameter y 

ix : i-th value of parameter x 

iy : i-th value of parameter y 

n: number of measurements 

Advantage of a correlation matrix is that, not only the correlation to contact angle but 

also the correlation of parameters with each other are seen. This information is 

instrumental in the choice of parameters for the regression function. If two 
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parameters strongly correlate with each other, then it does not make sense to use 

both of them. Otherwise, mathematical relationship may be instable.  

 

11.3 Calculated values of contact angle measurements 

Surface 
Advancing angle in 

° 

Receding angle 

in ° 

Contact angle hysteresis 

in ° 

EDM 1 56.70 28.90 29.51 

EDM 2 66.56 35.11 31.45 

EDM 3 61.67 30.04 31.63 

EDM 4 61.37 26.94 33.29 

EDM 5 66.33 33.05 34.43 

Ground 1 52.31 19.29 33.02 

Ground 2 59.13 28.27 30.72 

Ground 3 60.68 23.91 36.70 

Ground 4 62.45 31.68 30.58 

Ground 5 53.30 21.23 31.26 

 

11.4 Calculated parameters of all surfaces  

Surface Sav Sap Sqv Sqp Av Ap 

EDM 1 7.228 7.506 7.484 7.804 3466.856 4084.654 

EDM 2 7.009 7.152 7.245 7.406 2094.970 3063.950 

EDM 3 4.712 4.830 4.906 5.030 1610.102 1599.931 

EDM 4 5.342 5.388 5.544 5.601 1545.774 1361.746 

EDM 5 4.663 4.762 4.858 4.966 1276.886 1331.859 

Ground 1 0.535 0.498 0.562 0.521 3964.299 2134.033 

Ground 2 1.202 1.062 1.236 1.073 176.651 285.680 

Ground 3 0.714 0.602 0.763 0.620 1567.126 1262.744 

Ground 4 1.080 0.964 1.133 0.998 3677.573 1713.681 

Ground 5 1.064 0.881 1.118 0.907 4930.978 1601.154 

 

Surface Ab Apv App Apb Vv 

EDM 1 53740.743 3173.664 3719.096 49254.637 9123.561 

EDM 2 207600.295 1952.564 2831.954 193636.549 4337.057 

EDM 3 54323.190 1507.194 1484.721 50905.256 3129.461 

EDM 4 139128.171 1438.940 1257.301 129873.275 3093.396 

EDM 5 83058.937 1180.449 1219.728 76804.992 2197.377 

Ground 1 38939.728 3944.880 2124.329 38772.088 1790.334 

Ground 2 3291278.389 174.605 284.416 3277221.495 41.312 

Ground 3 95678.528 1555.972 1256.954 95211.343 502.096 

Ground 4 55135.775 3635.931 1700.330 54694.193 2185.666 

Ground 5 40044.051 4875.152 1591.476 39727.444 2671.771 

Surface Vp Dvv Dpp Dvp 
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EDM 1 17314.318 77.332 91.115 71.161 

EDM 2 11868.298 70.826 91.021 69.325 

EDM 3 4008.782 61.765 63.851 55.243 

EDM 4 3712.264 63.543 63.721 54.564 

EDM 5 3457.693 54.756 59.806 48.183 

Ground 1 709.672 72.928 57.287 96.609 

Ground 2 68.004 161.422 54.674 294.350 

Ground 3 435.778 60.329 47.485 65.578 

Ground 4 904.290 75.281 61.487 97.670 

Ground 5 699.260 86.362 53.876 88.712 

 

11.5 Correlation matrix of EDM surfaces (EDM 1 to 8) 

 

Sav Sap Sqv Sqp Av Ap Ab Apv 

Sav 1.000 0.993 1.000 0,992 0,827 0,919 -0,697 0.817 

Sap 0.993 1.000 0.992 1.000 0.873 0.942 -0.704 0.865 

Sqv 1.000 0.992 1.000 0.991 0.827 0.917 -0.695 0.816 

Sqp 0.992 1.000 0.991 1.000 0.879 0.943 -0.706 0.870 

Av 0.827 0.873 0.827 0.879 1.000 0.871 -0.806 1.000 

Ap 0.919 0.942 0.917 0.943 0.871 1.000 -0.720 0.869 

Ab -0.697 -0.704 -0.695 -0.706 -0.806 -0.720 1.000 -0.812 

Apv 0.817 0.865 0.816 0.870 1.000 0.869 -0.812 1.000 

App 0.914 0.935 0.912 0.935 0.859 0.999 -0.728 0.858 

Apb -0.697 -0.704 -0.695 -0.706 -0.807 -0.719 1.000 -0.813 

Vv 0.901 0.942 0.901 0.945 0.961 0.938 -0.688 0.957 

Vp 0.900 0.929 0.899 0.929 0.818 0.974 -0.556 0.812 

Dvv 0.743 0.792 0.744 0.798 0.898 0.709 -0.509 0.890 

Dpp 0.867 0.877 0.867 0.875 0.659 0.856 -0.314 0.646 

Dvp 0.080 0.157 0.079 0.161 0.169 0.157 0.410 0.164 

Hysteresis 0.946 0.942 0.944 0.940 0.765 0.840 -0.618 0.757 

 

 

App Apb Vv Vp Dvv Dpp Dvp Hysteresis 

Sav 0.914 -0.697 0.901 0.900 0.743 0.867 0.080 0.946 

Sap 0.935 -0.704 0.942 0.929 0.792 0.877 0.157 0.942 

Sqv 0.912 -0.695 0.901 0.899 0.744 0.867 0.079 0.944 

Sqp 0.935 -0.706 0.945 0.929 0.798 0.875 0.161 0.940 

Av 0.859 -0.807 0.961 0.818 0.898 0.659 0.169 0.765 

Ap 0.999 -0.719 0.938 0.974 0.709 0.856 0.157 0.840 

Ab -0.728 1.000 -0.688 -0.556 -0.509 -0.314 0.410 -0.618 

Apv 0.858 -0.813 0.957 0.812 0.890 0.646 0.164 0.757 

App 1.000 -0.727 0.926 0.969 0.684 0.845 0.131 0.834 

Apb -0.727 1.000 -0.688 -0.555 -0.511 -0.314 0.409 -0.618 

Vv 0.926 -0.688 1.000 0.932 0.895 0.829 0.316 0.845 

Vp 0.969 -0.555 0.932 1.000 0.735 0.939 0.345 0.826 

Dvv 0.684 -0.511 0.895 0.735 1.000 0.705 0.441 0.709 
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Dpp 0.845 -0.314 0.829 0.939 0.705 1.000 0.454 0.810 

Dvp 0.131 0.409 0.316 0.345 0.441 0.454 1.000 0.145 

Hysteresis 0.834 -0.618 0.845 0.826 0.709 0.810 0.145 1.000 

 

11.6 Calculated parameters of EDM surfaces 

Surface Sav Sap Sab Sqv Sqp Sqb Av 

EDM 1  7.167 7.462 3.251 7.430 7.769 3.688 2600.228 

EDM 2 6.409 6.572 2.809 6.683 6.856 3.229 2465.046 

EDM 3 5.376 5.508 2.344 5.636 5.796 2.678 2634.998 

EDM 4 5.719 5.788 2.490 6.013 6.085 2.853 2689.608 

EDM 5 5.013 5.172 2.258 5.260 5.446 2.556 2190.890 

EDM 6 8.324 9.068 3.519 8.644 9.466 4.042 3657.231 

EDM 7 6.630 6.388 2.978 6.939 6.647 3.405 1826.134 

EDM 8 3.040 2.785 1.343 3.268 2.962 1.614 862.372 

 

Surface Ap Ab Apv App Apb 

EDM 1  3440.593 208190.312 2372.506 3134.979 191732.782 

EDM 2 3703.583 147090.151 2254.970 3396.372 135864.471 

EDM 3 2400.584 252632.892 2412.773 2168.677 229314.050 

EDM 4 2483.053 211529.497 2440.258 2234.216 192447.746 

EDM 5 1925.607 435654.549 2003.592 1745.325 392724.461 

EDM 6 4404.596 366033.831 3299.212 3888.411 331125.779 

EDM 7 2240.663 667916.744 1619.873 2032.905 606975.865 

EDM 8 853.189 1751144.409 783.836 785.484 1592194.837 

 

Surface Vv Vp Dvv Dvp Dpp 

EDM 1  7417.246 9071.471 78.714 70.138 94.298 

EDM 2 6576.799 9848.671 74.401 66.156 93.950 

EDM 3 5611.420 4341.694 83.105 67.239 83.813 

EDM 4 6465.486 4810.090 80.964 67.372 83.329 

EDM 5 4386.328 3209.427 77.409 69.704 81.018 

EDM 6 11902.588 14723.689 97.692 79.073 109.827 

EDM 7 4306.812 4916.169 76.696 65.409 92.406 

EDM 8 883.262 813.422 68.237 75.173 81.583 
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11.7 Correlation matrix of ground surfaces (ground 1 to 5) 

  Sz Sav Sap Sqv Sqp Av Ap Ab Apv 

Sz 1.000 0.130 0.197 0.091 0.171 -0.583 -0.563 0.843 -0.581 

Sav 0.130 1.000 0.991 0.999 0.990 -0.223 -0.625 0.561 -0.228 

Sap 0.197 0.991 1.000 0.987 0.999 -0.255 -0.623 0.601 -0.260 

Sqv 0.091 0.999 0.987 1.000 0.987 -0.205 -0.610 0.532 -0.210 

Sqp 0.171 0.990 0.999 0.987 1.000 -0.227 -0.597 0.575 -0.232 

Av -0.583 -0.223 -0.255 -0.205 -0.227 1.000 0.861 -0.784 1.000 

Ap -0.563 -0.625 -0.623 -0.610 -0.597 0.861 1.000 -0.900 0.863 

Ab 0.843 0.561 0.601 0.532 0.575 -0.784 -0.900 1.000 -0.785 

Apv -0.581 -0.228 -0.260 -0.210 -0.232 1.000 0.863 -0.785 1.000 

App -0.561 -0.628 -0.625 -0.612 -0.599 0.860 1.000 -0.900 0.863 

Apb 0.843 0.561 0.601 0.532 0.575 -0.784 -0.900 1.000 -0.785 

Vv -0.589 -0.032 -0.059 -0.013 -0.029 0.978 0.777 -0.706 0.977 

Vp -0.722 -0.264 -0.262 -0.241 -0.228 0.884 0.901 -0.863 0.884 

Dvv 0.821 0.661 0.695 0.633 0.673 -0.613 -0.832 0.970 -0.615 

Dpp 0.071 0.252 0.342 0.244 0.363 0.405 0.342 -0.042 0.404 

Dvp 0.866 0.583 0.634 0.553 0.611 -0.698 -0.834 0.988 -0.699 

Hysteresis -0.289 -0.712 -0.757 -0.699 -0.766 -0.212 0.131 -0.366 -0.210 

 

  App Apb Vv Vp Dvv Dpp Dvp Hysterese 

Sz -0.561 0.843 -0.589 -0.722 0.821 0.071 0.866 -0.289 

Sav -0.628 0.561 -0.032 -0.264 0.661 0.252 0.583 -0.712 

Sap -0.625 0.601 -0.059 -0.262 0.695 0.342 0.634 -0.757 

Sqv -0.612 0.532 -0.013 -0.241 0.633 0.244 0.553 -0.699 

Sqp -0.599 0.575 -0.029 -0.228 0.673 0.363 0.611 -0.766 

Av 0.860 -0.784 0.978 0.884 -0.613 0.405 -0.698 -0.212 

Ap 1.000 -0.900 0.777 0.901 -0.832 0.342 -0.834 0.131 

Ab -0.900 1.000 -0.706 -0.863 0.970 -0.042 0.988 -0.366 

Apv 0.863 -0.785 0.977 0.884 -0.615 0.404 -0.699 -0.210 

App 1.000 -0.900 0.775 0.900 -0.832 0.340 -0.834 0.133 

Apb -0.900 1.000 -0.706 -0.863 0.970 -0.042 0.988 -0.366 

Vv 0.775 -0.706 1.000 0.887 -0.517 0.511 -0.610 -0.368 

Vp 0.900 -0.863 0.887 1.000 -0.760 0.530 -0.783 -0.121 

Dvv -0.832 0.970 -0.517 -0.760 1.000 0.084 0.985 -0.551 

Dpp 0.340 -0.042 0.511 0.530 0.084 1.000 0.099 -0.777 

Dvp -0.834 0.988 -0.610 -0.783 0.985 0.099 1.000 -0.487 

Hysteresis 0.133 -0.366 -0.368 -0.121 -0.551 -0.777 -0.487 1.000 
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11.8 Calculated parameters of ground surfaces 

Surface Sav Sap Sqv Sqp Av Ap Dvv Dpp Dvp 

Ground 1 0.535 0.498 0.562 0.521 3964.299 2134.033 72.928 57.287 96.609 

Ground 2 1.202 1.062 1.236 1.073 176.651 285.680 161.422 54.674 294.350 

Ground 3 0.714 0.602 0.763 0.620 1567.126 1262.744 60.329 47.485 65.578 

Ground 4 1.080 0.964 1.133 0.998 3677.573 1713.681 75.281 61.487 97.670 

Ground 5 1.064 0.881 1.118 0.907 4930.978 1601.154 86.362 53.876 88.712 

       

Surface Ab Apv App Apb Vv Vp 

Ground 1 38939.728 3944.880 2124.329 38772.088 1790.334 709.672 

Ground 2 3291278.389 174.605 284.416 3277221.495 41.312 68.004 

Ground 3 95678.528 1555.972 1256.954 95211.343 502.096 435.778 

Ground 4 55135.775 3635.931 1700.330 54694.193 2185.666 904.290 

Ground 5 40044.051 4875.152 1591.476 39727.444 2671.771 699.260 
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