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Abstract  

 

The complexity of surface morphology can significantly influence the wettability, lubrication, and, 

in consequence, wear of materials in tribological contact. Therefore, wettability can be an 

important factor in contact lubrication. This research aims to find a correlation between a fractal, 

i.e., geometric, complexity of isotropic surfaces and the wettability at different observation scales. 

Surface wettability can be characterized under static and dynamic conditions by determining the 

dynamic contact angle hysteresis. Multiscale geometric correlations of topographic complexity 

and advancing, receding contact angle interactions are used to discover the best observation scales 

for strong correlation with dynamic surface lubrication. The analytical results confirmed that there 

is a certain range of scales in which the correlation coefficients between topographic complexity 

and dynamic wettability are strong (r > 0.9). This paper describes a novel characterization of 

surface-functionality interactions by dynamic lubrication of isotropic surfaces in a multiscale 

aspect.  

 

 

 

Keywords 

 

Lubrication 

Wettability 

Multiscale geometric analysis 

Fractal theory 

Surface complexity 

Dynamic contact angle hysteresis 

 

https://doi.org/10.1016/j.triboint.2025.111145


Preprint version of a paper published by Elsevier in Tribology International Volume 214, February 2026, 111145 

https://doi.org/10.1016/j.triboint.2025.111145 

 

 

1. Introduction 

 

1.1. Objectives   

 

This paper explains the lubrication of isotropic complex surfaces according to the assumptions of 

scale-sensitive fractal analyses (aka multiscale geometric analyses) [1]. Texturing techniques, 

including electro-discharge, can create complex geometric surface features. The identification of 

these microgeometries depends on the scale of consideration. The scale, or size, of topographic 

features affects their correlations with surface functionalities [2]. This assumption indicates that 

the same surface presented at different scales can correlate differently with the contact angle, a 

measure of wettability and lubrication.  

 

This paper applies a novel approach to surface-functionality interactions by considering dynamic 

lubrication of isotropic surfaces in a multiscale context. Previous papers describe the application 

of multiscale geometric analyses to static surface wetting using sessile droplet technique on a 

stationary, non-rotatable surface [3–5]. This paper extends previous research to better represent 

the behavior of fluids on moving hydrophilic and hydrophobic surfaces, more common in the real 

world. Therefore, it is important to test the correlation strengths between the geometric complexity 

and wettability determined not only by static, but also by advancing and receding contact angles 

on tilted surfaces, at different scales of observation. Identification of the best scales for observing 

dynamic wetting is a novel application of scale-sensitive fractal, analyses. 

 

1.2. Definitions  

 

The definition of scale in surface metrology has two meanings. Firstly, it describes the relationship 

between the dimensions of a real object and its graphical representation. Secondly, it specifies a 

certain narrow band of wavelengths or spatial frequencies, whose narrowness is comparable to the 

measurement sensitivity [6]. Here, the scale is considered in this second context. Scale is essential 

in the observation of surface topography and surface-related phenomena. The visibility of the 

detail of surface topographic features and their functional characteristics depends on the scale of 

observation. Thus, there is a range of scales at which wetting [7], lubrication [8], and wear [9] 

phenomena are best observed to show the strongest correlations. 

 

Correlations between surface topographic characterization parameters [10] and topographically 

related behaviors [11] at various observation scales are part of scale-sensitive fractal analyses [1]. 

These analyses describe surface topography using fractal shapes characterized by self-similarity at 

different scales and scale invariance. Therefore, fractal shapes look the same regardless of 

magnification. The self-similarity of fractals makes it possible to divide them into copies of 

themselves, but of different sizes. Geometrically, fractals are irregular, and their circumferential 

lengths and areas change with the scale of observation. These assumptions of fractal analyses were 

first described by Mandelbrot [12]. The application of Mandelbrot's conclusions was developed 

by Brown et al. [1] in scale-sensitive analyses of fractal surfaces. 

 

Multiscale geometric analyses describe surfaces with four basic parameters: relative area, area-

scale fractal complexity, relative length, and length-scale fractal complexity. Relative area is 

defined by the ratio of the calculated surface area at a certain scale and the nominal surface area. 
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Area-scale fractal complexity (Asfc) is equal to -1000 times the slope of the logarithmic plot of 

relative area versus scale. Analogous calculations are performed for relative length and length-

scale fractal complexity, taking into account length dimensions instead of area dimensions. For 

surfaces with irregular topography, relative areas and lengths increase with decreasing scale [1,13]. 

The fractal dimension is used in descriptions of fractal geometry and is calculated as the difference 

of two and two times the slope [14]. Log-log plots of relative area or length to scale include the 

calculation of coefficients of determination R2 to assess the consistency of the surface complexity 

at specific scales [15]. 

 

Most engineering surfaces, as well as those occurring in nature, can be described multifractally at 

various scales [16]. The topography of these surfaces can be characterized by irregularity and 

complexity [17]. These surfaces are particularly distinguishable at finer scales of observation, and 

their characterization by fractal shapes can be applied [18]. Therefore, surface topographies can 

present differently at different scales physically and functionally, while topographic measurements 

ranging from sampling distance to measurement size [19].  Reliable descriptions of surfaces with 

fractal shapes begin below the smooth-rough crossover (SRC). A smooth surface described with 

Euclidean geometries at coarser scales can become rough at finer scales, and more suitably for 

substitution using fractal shapes and dimensions (Fig. 1) [20]. 

 

 
Fig. 1. Example log-log plot of relative area versus scale. Note: Relative areas greater than one 

define the smooth-rough crossover (SRC) and scales that discriminate smooth surfaces from rough 

ones. 

 

Multiscale geometric analyses can complement the description of topographically derived 

phenomena such as wetting and lubrication [3–5,7,8]. These phenomena underlie the interactions 

of atoms, ions and molecules, as well as forces at the interfaces of the liquid (liquid drop), solid 

(surface) and gas (air) phases [21]. The liquid on the surface is subject to three forces, called 

gravity, cohesion and capillary [22]. The description of wettability is based on Young's 

assumptions relating to the dependence of the contact angle and the energy state of the phase 

boundaries [23]. In practice, the contact angle is considered in a three-phase system and is 
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determined geometrically by the angle between the tangents of the liquid drop and the solid 

surface. Young presented a simplified and basic model of wetting ideally smooth surfaces. Wenzel 

extended the wettability model with the r coefficient relating to the surface roughness [24], while 

Cassie-Baxter included surface fractions of different roughness [25].  

 

Surface wettability can be considered in static and dynamic terms. The first one describes the 

contact angles of a sessile droplet on a surface under stable, non-moving three-phase boundaries 

[26]. The second one is associated with the movement of a droplet deposited on the surface. Here, 

wetting advancing angle and the de-wetting receding angle are recognized [27]. A valuable 

perspective on surface wettability is contact angle hysteresis, which involves subjecting a three-

phase contact line to an external force [28]. A common method for measuring dynamic contact 

angle hysteresis is to observe the advancing and receding contact angles on a tilted solid surface 

[29], in contrast to static contact angle hysteresis, which is associated with the spreading of a liquid 

on a non-rotatable solid surface [30].  

 

The interactions at the three-phase liquid-solid-vapor interface are governed by the wetting models 

described by the Young, Wenzel, and Cassie-Baxter equations [31]. Although these models strictly 

refer to static contact angles, certain assumptions can also be applied to dynamic contact angles of 

drops on tilted surfaces (Fig. 2) [32]. Young's ideal theory assumes smooth surfaces, and liquids 

not subject to external forces. The contact angle θ is the resultant of the equilibrium of surface 

tensions between the phases: solid-vapor (γSV), solid-liquid (γSL), and liquid-vapor (γLV) [33]. 

However, the modification of Young's equation for the contact angle hysteresis purposes is a 

mathematically simple procedure introducing the advancing θA and receding θR contact angles, as 

described theoretically by Tadmor [34] and practically verified by Chibowski et al. [35]. In reality, 

surfaces are rough in the nano, micro or macro range. Therefore the roughness coefficient is 

important in wetting studies. In the Wenzel model [24], the r coefficient is related to the surface 

topographic parameter Sdr [10], and the liquid droplet is in topographic valleys, typically for 

hydrophilic surfaces [36]. In the Cassie-Baxter model [25], the fractions of the surface area in 

contact with the liquid are considered, and the droplet is embedded on topographic peaks, 

characteristically of hydrophobic surfaces [37]. The way the drop is deposited on the surface 

causes the contact angle hysteresis to be higher in the Wenzel model and lower in the Cassie-

Baxter model [38]. McHale et al. [39] colloquially described liquid-surface interactions as “sticky” 

in the Wenzel model and “slippy” in the Cassie-Baxter model. The particular structure of the 

surface microgeometry and the properties of the liquid can cause the occurrence of metastable 

states. A drop deposited on topographic peaks described by the Cassie-Baxter model can, under 

the influence of external forces and time, fill topographic valleys in accordance with the Wenzel 

model [40,41].  

 

 
Fig. 2. Typical graphical interpretations of wetting of tilted surfaces related to: a) Young's model, 

b) Wenzel's model, c) Cassie-Baxter's model.  
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1.3. Rationale 

 

Most surfaces found in nature can be described by self-similar fractal shapes [1]. The detail of the 

surface presentation depends on the size of the tiles constituting the surface. This is important for 

facilitating the description of rough surfaces with irregular geometric features. Surfaces are usually 

too irregular for classical geometric description [42]. Therefore, fractal description addresses these 

difficulties and simplifies correlations with surface-derived properties, such as wettability and 

lubrication, at various scales of observation [43]. Surface representation with fractal shapes can be 

useful in understanding the dynamic behavior of liquids on surfaces. Scale-sensitive fractal 

analyses calculate the correlation coefficient between the surface fractal complexity and the 

dynamic contact angles at different scales. This allows identification of the best range of scales for 

the interaction between surface microgeometries and wettability. Multiscale correlations of 

complex fractal surfaces and wettability are important in the design and improvement of processes 

and products, as well as quality control. Analysis of surface-derived phenomena can require 

different representations of the same surface and knowledge of the interaction scales. Therefore, 

scales are essential to understanding phenomena occurring on surfaces. 

 

1.4. State-of-the-art 

 

In recent years, there has been a significant development in the use of scale-sensitive fractal 

analyses in relation to surface functionalities. Important contribution in area-scale and length-scale 

correlations and discriminations of functional surfaces were carried out by Brown [1,44], 

continuing Mandelbrot's work on the description of surfaces using fractal dimensions [12]. Brown 

et al. applied scale sensitive fractal analyses to determine: 1) adhesion strengths of surfaces created 

by abrasive blasting and thermal spray coating [15], 2) discrimination of rough surfaces obtained 

by turning at different feeds per revolution [45], 3) the interaction of surface roughness and 

tribological phenomena [46], mainly regarding 4) friction studies [3,47]. Stemp et al. adopted 

scale-sensitive fractal analyses to discriminate archaeological surfaces with and without 

microwear [48–50]. Calandra et al. correlated tooth microtextures with the proportion and type of 

food consumed [51]. An unconventional application of scale-sensitive fractal analyzes was 

described by Cantor et al. [52], who examined cracked chocolate surfaces as a result of three-point 

bending at various temperatures.  

 

Scale-sensitive fractal analyses can also discriminate the wettability and lubrication of textured 

surfaces. Peta et al. analyzed wettability of surfaces after electro-discharge machining [4,7,8]. The 

studies indicate the range of scales in which the correlations of wetting and surface fractal 

complexity are the highest. These authors' works have so far focused on the static contact angle. 

Bartkowiak et al. analyzed the wettability of surfaces created by three additive manufacturing 

methods and then correlated the built-up angle with the static contact angle at different scales [5]. 

Brown presented static contact angle results on a ground ski base [3]. These studies apply the 

scale-sensitive fractal analyses in sport surfaces. 

 

Wettability and lubricity of surfaces are mostly described by the static contact angle as a basic 

measure. However, the dynamics of liquids on surfaces are also valuable, especially in 

understanding the behavior of liquids on moving surfaces, which often occurs in nature [53–55]. 
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Wu et al. modeled contact angle hysteresis based on the fractal structure of contact line [56]. This 

study focused on determining the equilibrium contact angle for static contact angle hysteresis 

measurements. Although, Mortazavi et al. concluded that the fractal dimension is not sufficient to 

infer the strong correlation with the contact angle hysteresis and more thorough fractal analyses of 

surfaces are required [57].  

 

1.5. Approach  

 

Scale-sensitive fractal analyses for contact angle hysteresis have not yet appeared in the literature. 

Fractal shapes representing the surface can correlate with dynamic wettability, similarly to the 

static wettability described by the authors in previous works [4,7,8]. Therefore, the novelty of this 

study focuses on the multiscale correlations of surface complexity and advancing/receding contact 

angles, related to the dynamic contact angle hysteresis. So far, the published literature describes 

scale-sensitive fractal analyses only for static contact angles on rough surfaces. This paper aims to 

identify the best ranges of scales for observing dynamic wetting phenomena on isotropic surfaces, 

which commonly occur in engineering applications. Schematic representation of the research 

approach is provided in Fig. 3. 

 

 
Fig. 3. Scheme of the research approach. 

 

2. Material and methods  

 

The surface microtextures of the grade 5 titanium alloy were obtained by electrical discharge 

machining and measured with a Bruker Alicona InfiniteFocus G5 focus variation 3D microscope. 

Topographic measurements were performed at 20x magnification, vertical resolution 0.05 μm, 

lateral resolution 1.32 μm and lateral sampling distance 0.44 μm. MountainsMap 9 software from 

DigitalSurf was used to preprocess the topographic measurement data set, as least squares surface 

leveling, material ratio-based thresholding, outlier removal, and filling in non-measured points. 

Then, conventional (ISO 25718-2) [10] and multiscale geometric (ASME B46.1 appendix K) [13] 

surface characterization parameters were calculated. Conventional roughness parameters were 

calculated for the primary extracted surfaces after cutting off the shortest wavelengths, mostly 

related to measurement noise, with an S-filter. Gaussian filtering with a nesting index of 0.25 mm 

was used. 

 

The surface wettability was determined from the dynamic contact angle hysteresis, measured on 

an optical goniometer with table tilt adjustable from 0o to 90o. The camera recorded the contact 

angles between the wetted surface and the tangent to the drop at a speed of 1 frame per 0.2 s. The 
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recording of droplet images started from the 0o surface position, then the tilt was changed by 15o 

every 2 seconds, up to 90o. Measurements of the dynamic contact angle hysteresis allowed the 

determination of the static, advancing and receding contact angles by using droplet shape fitting 

according to the Young-Laplace equation. Wettability was tested with deionized water with a drop 

volume of 7 μl. The procedure for measuring the dynamic contact angle hysteresis at several table 

tilts is shown in Fig. 4. 

 

 
Fig. 4. Schematic view of the dynamic contact angle hysteresis measurements. 

 

Surface topographies and wettability were measured in 5 random positions for each surface of 

different complexity. The results are the arithmetic means of these measurements. First, surfaces 

were ultrasonically cleaned for 3 minutes in distilled water, rinsed with isopropyl alcohol and then 

acetone. For all measurements, stable and comparable ambient conditions were ensured, including 

temperature of 23o C and relative humidity of 45%. 

 

Scale-sensitive fractal analyses were used to correlate the topographic complexity with static, 

advancing, receding contact angles and contact angle hysteresis over a range of observation scales 

(from 0.58 µm2 to 1,318,420 µm2). Area-scale calculations are adequate for isotropic surfaces. 

Accordingly, area-scale fractal complexities (Asfc) and relative areas (RelA) were analyzed. The 

strength of relationships between Asfc and drop behavior related to dynamic contact angle 

hysteresis were determined by the coefficients of correlation, r, at all the scales. The correlations 

between these dependencies were determined by the Pearson correlation coefficient (r), indicating 

the relations of standard deviations from the means of both variables. In multiscale geometric 

analyses, the scales of occurrence of the strongest linear correlations of both variables were 

identified, both positive and negative, adequately therefore close to +1 and - 1. Accordingly, 

increasing topographic complexity can lead to a trend of increasing wettability (r > 0) or decreasing 

wettability (r < 0). A correlation coefficient equal to 0 indicated no linear correlation between 

variables. 

 

3. Results 

 

Typical 3D images of textured isotropic surfaces are shown in Fig. 5. Focus variation microscopy 

adjusts the sharpness of the image at different focal positions in the z-axis of the optical system. 

This microscopy method is reliable for measurements of the rough and cratered surfaces 

considered in these studies [58]. Each surface can be characterized by conventional height and 

hybrid topographic parameters (Sa, Sq, Ssk, Sku, Sp, Sv, Sz, Sdq, Sdr) and their fractal dimensions 

(Das). 
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Fig. 5. Typical 3D images of textured surfaces along with conventional height and hybrid 

topographic parameters and fractal dimensions. 

 

Significant, additional information about textured surfaces is provided by multiscale geometric 

parameters. Relative area (Fig. 6a) and area-scale complexity (Fig. 6b) characterize and 

discriminate surfaces at different observation scales. Relative areas were calculated by the 

patchwork method, in which the surfaces were fit multiple times with different sized triangular 

tiles whose areas area define the scale. Therefore, at each scale the relative area refers to the ratio 

of the calculated area to the nominal area. Area-scale complexity is a finite scale-based derivative 

of relative areas, which relates to the slopes on logarithmic plots of relative areas versus scales.  
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Fig. 6. Multiscale parameters describing textured surfaces: a) relative area, b) area-scale 

complexity. Note: Surfaces S1 to S8 are presented according to increasing roughness Sa, 

respectively. 

 

Dynamic contact angle hysteresis describes both static and dynamic surface wetting (Fig. 7). The 

first points of the curve are determined by the static contact angle. The subsequent course of the 

curve is characterized by dynamic contact angle forced by tilting the surface with the deposited 

liquid drop. The dynamic contact angle hysteresis is defined by the difference between the 

advancing and receding contact angles, and depends on the topographic characterization 

parameters (Fig. 8). Visualizations of typical droplet shapes on tilted surfaces with different 

textures are shown in Fig. 9. 

 

 
Fig. 7. Dynamic contact angle hysteresis for tilted surfaces S1-S8.  
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Fig. 8. Correlation coefficients between topographic characterization parameters and dynamic 

contact angle hysteresis.  

 

 
Fig. 9. Typical drop shapes on inclined surfaces S1-S8 with advancing and receding contact angles. 
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Multiscale geometric analyses identify relationships between surface complexities and functional 

phenomena over a wide range of observation scales. Here, the assumptions of multiscale fractal 

theory are applied to characterize contact lubrication of complex isotropic surfaces. The strength 

of the relationships between surface complexity and dynamic wettability is assessed using the 

coefficients of correlation (r) over a range of scales from 0.58 µm2 to 1,318,420 µm2. These 

relationships are visualized in 3D plots of the relationship between the coefficient of correlation, 

r, of the contact angle and the surface complexity (z-axis) versus the scale of observation (y-axis) 

as a function of time related to the dynamic wettability procedure and the surface inclination angle 

(x-axis). Additional 2D plots show the correlation coefficient (r) of topographic complexity (Asfc) 

and contact angles versus scale, at different surface inclinations. In these relationships, three 

important types of contact angles in dynamic wetting were considered: advancing contact angle, 

CAadv, (Fig. 10a), receding contact angle, CArec, (Fig. 10b), dynamic contact angle hysteresis, 

CAH, (Fig. 10c). 
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Fig. 10. Coefficients of correlation (r) at various observation scales, between surface complexity 

(Asfc) and: a) advancing contact angle (CAadv), b) receding contact angle (CArec), c) dynamic 

contact angle hysteresis (CAH).  

 

The dynamic surface wetting experiment indicates the starting point of droplet motion on the 

surface. This motion is associated with specific contact angles and surface inclinations that can 

correlate strongly with the surface complexities. Fig. 11a shows the sliding angle, advancing 

contact angle, receding contact angle and contact angle hysteresis causing the motion of the droplet 

on the surface. Fig. 11b presents the coefficients of correlation (r) of surface complexity and sliding 

/ advancing / receding / hysteresis contact angles at the time of droplet motion with respect to 

different observation scales. 

 

 
 

Fig. 11. Dynamic wettability parameters starting the droplet movement on the tilted surface: a) 

sliding, advancing, receding contact angles, and dynamic contact angle hysteresis, b) coefficient 

of correlation, r, between dynamic wettability parameters and surface complexity (Asfc) versus 

observation scale.  
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4. Discussion 

 

Dynamic contact angle hysteresis reflects the behavior of liquids on tilted surfaces, common in 

real-world conditions. This can be significant in boundary lubrication by influencing the friction 

coefficient, and consequently, the wear rate of materials in tribological contact. Lubricants on 

inclined surfaces flow easily on smoother topographies and with low contact angle hysteresis, 

while lubricant retention in surface valleys occurs at higher contact angle hysteresis. Dynamic 

contact angle hysteresis can be determined by surface texturing. Here, isotropic textures are 

characterized by similar lubricant flow in all topographic directions. The size of the surface craters 

formed affects lubricant retention during surface inclination.  

 

Droplet behavior on tilted surfaces is related to wetting models. Hydrophobic and 

superhydrophobic surfaces are most often described by the Cassie-Baxter wetting model with 

possible Wenzel metastable states, while the droplet on the tilted surface rolls or slides with low 

contact angle hysteresis. Here, the surfaces were textured into hydrophilic and nearly hydrophobic 

characterized by the Wenzel model. A friction-slip movement of the droplets was observed with 

significant contact angle hysteresis depending on the surface complexity, limiting the smooth 

sliding of the fluid. In this model, the contact line of the droplet edge and the tilted surface is 

important. Initially, surface complexities pin the droplet. However, external forces of gravity and 

adhesion cause the building of an advancing angle, which, at a critical stage, causes the droplet 

and the contact line to shift. The movement of the droplet is uneven, with stops and crossings of 

barriers on surface irregularities.  

 

In the hydrophilic range, increasing roughness causes greater droplet pinning to the surface and 

greater contact angle hysteresis associated with droplet motion. In previous works, the authors 

analyzed factors influencing surface wettability. Texture has been identified as the most important 

determinant of fluid behavior on surfaces. Although, apart from topographic aspects, wettability 

is related to surface energy. Fluids spread more easily on a surface with higher surface free energy 

[8]. Moreover, for the functional dependencies of surface wetting, the characteristics directly 

related to the liquid drop are important. The viscosity of the liquid can significantly change the 

observed surface wetting [4]. Higher liquid viscosity results in lower hysteresis of the dynamic 

contact angle. Contact angles of droplet sizes that are too small or too large can be influenced 

differently by gravitational or capillary forces, confusing the surface influences [7]. In addition, 

the experiments are sensitive to vibrations, air flow, temperature and humidity changes [58]. 

Therefore, the comparability of the research results is most reliable when the same wetting liquid 

and conditions were applied.  

 

Dynamic contact angle hysteresis provides knowledge about the behavior of fluid on surfaces. 

Firstly, about the static contact angle of the droplet after deposition on the surface, secondly, about 

the advancing and receding contact angles during surface inclination, thirdly, about the sliding 

angle, and fourthly, about the dynamics of the droplet motion. Here, with the increase of surface 

topographic complexity, the advancing contact angle increases and the receding contact angle 

decreases, which consequently increases the contact angle hysteresis. The increase of surface 

inclination enhances the contact angle hysteresis. High contact angle hysteresis is synonymous 

with droplet pinning to topographic irregularities and intermittent droplet movement down the 
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inclination. In contrast, low contact angle hysteresis is associated with smoother textures and 

greater droplet mobility. 

 

Static and dynamic wettability are dependent on the surface texture. Here, isotropic textures were 

discriminated by topographic characterization parameters [10], also called roughness parameters. 

Almost all parameters from the height and hybrid groups (Sa, Sq, Sp, Sv, Sz, Sdq, Sdr), related to 

the topographic heights but also steepness and texture complexity, showed a clear relationship with 

contact angle hysteresis (r > 0.9). In Wenzel's model, higher values of these roughness parameters 

reduce wettability and constitute the surface towards hydrophobicity. A similarly strong 

correlation with the dynamic contact angle hysteresis is noted for the surface fractal dimension. 

This indicates the fractal nature of the studied surfaces and the ability for their multiscale geometric 

characterizations. Significantly worse correlation coefficients (-0.8 > r > 0.8) were noted for Ssk 

and Sku. Therefore, surfaces S1-S8 are not clearly distinguished by the predominance of valleys 

or peaks, nor by the distribution of sharp peaks. Accordingly, the skewness and kurtosis are not 

unequivocal to functional relationships. The only topographic parameter with negative correlation 

with the dynamic contact angle hysteresis is Ssk. Therefore, with increasing skewness, the 

dynamic contact angle hysteresis decreases. With the increase of all other topographic parameters 

(Sa, Sq, Sp, Sv, Sz, Sdq, Sdr, Sku), the dynamic contact angle hysteresis also shows an increasing 

trend. The correlation of the surface topographic characterization parameters, fractal dimension, 

with the dynamic contact angle hysteresis is stable on the target surface inclinations. Coefficients 

of correlation, r, close to 0 were obtained for two stages of the dynamic contact angle hysteresis, 

the initial start of the surface tilt and for the final surface tilt from 90o to 0o. The initiation of an 

external force on the droplet caused it to tilt and take a relatively large jump in the surface tilt at 

90° resulted in temporarily unstable contact angles. In all other stages of dynamic wettability, the 

correlation coefficients are at a comparable level, indicating a strong relationship between most of 

the surface topographic characterization parameters and the dynamic contact angle hysteresis. 

 

Surface texturing can change wettability. Here, textures are characterized by a static contact angle 

of 79.9o to 91.5o, which corresponds to the hydrophilic and para-hydrophobic characteristics. 

Tilting the surface changes the shape of the droplets relative to the texture. On smoother surfaces, 

the drops are characterized by a more flattened shape. Greater topographic barriers cause a greater 

increase in the advancing contact angle needed for droplet movement, for S8 surface up to 120o. 

In addition, the liquid droplet is more strongly attached to larger surface irregularities and moves 

with more difficulty. Droplets forced to move under the surface tilt, after returning to position 0o, 

are characterized by a divergence in the left and right contact angles, which results from the partial 

spreading of the droplet on the surface. 

 

Multiscale geometric analyses are considered better than classical correlations of topographic 

characterization parameters and phenomena occurring on the surfaces. This results not only 

correlate topographic complexities with surface functional properties, but they also can indicate 

the best scales of observation in a wide range of considerations, from sampling distance to field of 

view. Multiscale analyses were used in this study for the first time to correlate topographic 

complexity with advancing contact angle, receding contact angle and dynamic contact angle 

hysteresis changing with time and with respect to surface inclination.  
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Surface topographic characterization parameters (Sa, Sq, Sp, Sv, Sz, Ssk, Sku, Sdq, Sdr) all 

showed a good correlation with dynamic wettability. However, multiscale geometric analyses 

additionally indicate the scales at which these correlations are strongest, and scales at which the 

occurrence of these correlations cannot be clearly indicated. In multiscale geometric analyses, 

surfaces are characterized by the area-scale fractal complexity (Asfc), correlated with surface 

functional parameters, in this case dynamic wetting. 

 

Three scale ranges show strong coefficients of correlation r > 0.8 or r < -0.8 between the dynamic 

wetting parameters and topographic complexity in all surface inclinations (15o-90o). The given 

scale ranges are universal for all dynamic wetting parameters (advancing contact angle, receding 

contact angle, contact angle hysteresis): 0.58 µm2 - 1.43 µm2, 309 µm2 - 756 µm2, 163,107 µm2 - 

219,851 µm2. In the range of the smallest and largest scales, small surface inclinations up to 30o 

and the largest from 75o correlate about 10% worse. Advancing contact angles correlate weaker 

with surface complexity at higher surface inclinations. This is due to the motion of the droplet, 

which slightly changes shape and contact angle during flow. Receding contact angle overcomes 

topographic barriers to a lesser extent and changes values more smoothly when increasing the 

surface inclination. Dynamic contact angle hysteresis is the result of trends from both contact 

angles, advancing and receding ones. Therefore, at higher surface inclinations, a slight decrease in 

the correlation of topographic complexity and dynamic contact angle hysteresis is noted. 

 

The critical point of the dynamic contact angle hysteresis is the start of the droplet movement on 

the surface along the contact line. This point is characterized by the maximum advancing contact 

angle built on the topographic barrier just before flow, as well as the sliding angle identifying the 

surface inclination angle causing the droplet movement. The topographic complexity of the surface 

is directly proportional to the sliding angle, advancing angle and dynamic contact angle hysteresis, 

and inversely proportional to the receding contact angle. The initiation of droplet motion is best 

observed on the scales 309 µm2 -756 µm2, for which the surface complexity and dynamic wetting 

parameters correlate with the coefficient of correlation r > 0.9 for advancing contact angle, contact 

angle hysteresis, sliding angle, and r < -0.9 for receding contact angle. 

 

Multiscale geometric analysis enhances the characterization of surface topography and surface 

phenomena. Tiling the surface with different sizes of triangles, within the sampling distance and 

field of view of the measuring instrument, presents a surface with different levels of topographic 

complexity. Analysis of the dynamic behavior of liquids on such tiled surfaces is important in 

modeling and understanding the dynamic aspects of wettability and lubrication. Thus, at the finest 

scales, it is assessed how the finest microgeometric features, surface microroughness, affect the 

dynamic contact angle hysteresis and the contact line shift of the liquid droplet and the solid 

surface. At coarser scales, it is indicated how larger topographic features, e.g. craters, affect 

dynamic wettability. Multiscale geometric analysis, including both fine and coarse scales, 

identifies which surface topographic complexity most strongly correlates with wetting and 

lubrication. 

 

5. Conclusions  

 

Surface textures of different topographic complexity correlate strongly with dynamic wettability 

and lubrication. These studies consider which surface topographic complexities correlate most 
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strongly with dynamic contact angle hysteresis. The novelty of this study is the application of 

multiscale geometric characterizations identifying the best range of scales for observing dynamic 

phenomena coexisting with contact angle hysteresis during surface tilting with a deposited liquid 

droplet. Dynamic wettability more reliably reflects the real conditions of most engineering 

surfaces.  

 

The most important conclusions from this study are that: 

1. Static and dynamic wettability depends on the surface texture, i.e., topography. 

2. Conventional (Sa, Sq, Sp, Sv, Sz, Sdq, Sdr) and multiscale (area-scale complexity) 

topographic characterization parameters correlate strongly with dynamic contact angle 

hysteresis (r > 0.9). 

3. Multiscale geometric analyzes identify the observation scales (from 309 µm2 to 756 µm2) 

at which dynamic contact angle hysteresis best correlates with topographic complexity. 

4. The topographic complexity of the surface, if it increases, reduces wettability. 

5. Hydrophilic textured surfaces are consistent with the Wenzel model, in which droplets on 

rough, inclined surfaces perform friction-slip movement. 

6. For high contact angle hysteresis, pinning of the drop to topographic irregularities and its 

partial movement in the direction of the surface inclination are observed. 

7. The significant point of the dynamic contact angle hysteresis is the start of the droplet 

movement on the surface along the contact line. 

8. Dynamic wettability can be an important factor in contact lubrication. 
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