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Abstract

:

Surface science, which includes the preparation, development and analysis of surfaces and coatings, is essential in both fundamental and applied as well as in engineering and industrial research. Contact angle measurements using sessile drop techniques are commonly used to characterize coated surfaces or surface modifications. Well-defined surfaces structures at both nanoscopic and microscopic level can be achieved but the reliable characterization by means of contact angle measurements and their interpretation often remains an open question. Thus, we focused our research effort on one main problem of surface science community, which is the determination of correct and valid definitions and measurements of contact angles. In this regard, we developed the high-precision drop shape analysis (HPDSA), which involves a complex transformation of images from sessile drop experiments to Cartesian coordinates and opens up the possibility of a physically meaningful contact angle calculation. To fulfill the dire need for a reproducible contact angle determination/definition, we developed three easily adaptable statistical analyses procedures. In the following, the basic principles of HPDSA will be explained and applications of HPDSA will be illustrated. Thereby, the unique potential of this analysis approach will be illustrated by means of selected examples.
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1. Introduction and Brief Summary of Basic Wetting Theories


Investigating and analyzing the wetting behavior of solid surfaces has a long and controversially discussed history. Nowadays, drop shape analysis by contact angle determination of sessile drops is the preferred method to characterize solid surfaces in terms of wetting behavior [1,2,3,4], adhesion [5,6,7], surface topography and composition [8,9,10], superhydrophobicity [11,12,13], superolephobicity [14,15], wetting transitions [16,17], etc. Therefore, excellent summaries dealing with theoretical and practical aspects of contact angle determination and interpretation can be found in literature [18,19,20,21,22,23,24]. At the beginning of the 19th century, Thomas Young and Pierre Simon Laplace published their famous works “An essay on the Cohesion of Fluids [25]” and “Méchanique céleste [26]”, respectively, which resulted in two of the most famous equations in surface science, the Young equation and the Young–Laplace equation,


    γ  s , v   Y o u n g   =  γ  s , l   +  γ  l , v   × cos  θ Y    



(1)






   Δ  p  L a p l a c e   =   Δ F  A  =  γ  α , β    (   1   R 1    +  1   R 2     )    



(2)







The Young Equation (1) correlates the three interfacial tensions solid–vapor (s, v) solid–liquid (s, l) liquid–vapor (l, v) with the equilibrium contact angle     θ Y     in mechanical and thermodynamically equilibrium and the Young–Laplace Equation (2) depict the relationship between the difference in pressures between two phases α and β, which is given by the interfacial tension between the phases     γ  α , β      and the curvature of the meniscus in terms of principal radii of curvature Ri. Both equations are strictly speaking only valid under mechanical and thermodynamically equilibrium conditions. Especially for droplets with small volumes and surfaces with low mechanic moduli such as polymer surfaces, additional parameters have to be considered, which were firstly introduced by Gibbs in his famous work “On the equilibrium of heterogeneous substances [27,28,29]” leading to the generalized Young and generalized Young–Laplace equation,


    γ  s , v   g Y o u n g   =  γ  s , v   Y o u n g   +  (     κ  s , l , v      R 0    +     d κ   s , l , v     d  R 0     )   |  cos  φ s   |    



(3)






   Δ  p  g L   = Δ  p  L a p l a c e   −    c 1     R 1 2    −    c 2     R 2 2    +  Γ D  × g × cos ϕ   



(4)






    λ i j  =  μ i j  + z × g ×  M j    



(5)







Equations (3)–(5) together form a dependent system of equations, which describe the mechanical and thermodynamically equilibrium of a three phase system at the three phase interphase (≡ triple line) (Equation (3)) with values of line tension     κ  s , l , v      (≡ three phase interfacial tension) and the angle between the substrate surface and the local principal plane of the three phase contact line     φ s    , the shape of the two phase interphase (Equation (4)) with curvature constants ci, absolute adsorption     Γ D    , gravity acceleration g and the angle relative to the gravitational field   ϕ   and the influence on the chemical potential     μ i j     depending on the elevation in the gravitational field z (Equation (5)). Especially the influence of the gravitational potential on the shape of the two phase interphase and on the magnitude of the equilibrium contact angle is critically discussed in surface science community [30,31,32,33,34,35,36]. However, in every case, a contact angle is needed to get inside the thermodynamic theories. Due to the fact that wetting experiments by sessile drop techniques generally cannot be performed under mechanical and thermodynamically equilibrium conditions, the equilibrium contact angle cannot be measured directly. Indeed, the measured or apparent contact angles (APCA) differ considerably from each other, which is denoted as Contact Angle Hysteresis (CAH) [37,38,39,40,41] in surface science community. The contact angle hysteresis can be calculated by the experimental available advancing θa (wetting new surface) and receding θr (formerly wetted surface), which together determine the CAH,


   Δ θ =  θ a  −  θ r  ≥ 0   



(6)







For real solid surfaces, the CAH given by Equation (6) is always larger than zero. Furthermore, the Young and generalized Young equation are only valid for “ideal” surfaces, which means isotropic, atomically flat, chemically non-reactive, rigid and non-deformable. However, real solid surfaces are generally rough and heterogeneous. First attempts to consider the real surface structure in terms of physical roughness and heterogeneity were introduced by Wenzel [42] and Cassie and Baxter [43] resulting in the Wenzel (Equation (7)) and Cassie–Baxter equations (Equation (8)),


   cos  θ W  =  r W  × cos  θ Y  ;    r W  =    A  r e a l      A  g e o m     ≥ 1 ;    A  g e o m   = b × l   



(7)






   cos  θ  C B   =  r f  × f × cos  θ Y  + f − 1   



(8)







Both equations are not easy to handle and a lot of experimental effort has to be spend to determine the roughness ratio of the surface rw or rf and the fraction of the solid surface wetted by the liquid f. The Wenzel equation refers to a homogeneous wetting state that means the liquid on the surface enters grooves and totally covers the wetted surface. This state is also denoted as “Wenzel wetting state” [44,45] and connects the measured contact angle θW with the equilibrium contact angle by defining a roughness factor rW. The Cassie–Baxter equation refers to a heterogeneous wetting state that means the liquid not totally wets the surface because air trapped grooves between the surface and liquid are present. This state is also denoted as “Cassie wetting state” [44,45]. Obviously, no distinction between wetting and dewetting of the surface is taken into account in both Equations (7) and (8), because the well-known experimentally observed advancing and receding contact angles were not considered. Therefore, the question to be answered is the connection between the experimental available advancing and receding contact angles and the equilibrium contact angle. Many efforts were spend to answer this question. For example, Tadmor [46] proposed Equation (9), which connects the equilibrium contact angel with the advancing and receding contact angles on a real smooth (finitely rigid surface) surface,


    θ Y  = arccos  (     r A  × cos  (   θ A   )  +  r R  × cos  (   θ R   )     r A  +  r R     )  ;    r  A , R   =    (      sin  3   θ  A , R     2 − 3 × cos  θ  A , R   +   cos  3   θ  A , R      )    1 / 3       



(9)




where     θ A     represents the advancing and     θ R     represents the receding contact angle. Kamusewitz and Possart [47] proposed an empirical model to determine the equilibrium contact by measuring advancing and receding contact angles on different rough low-energy surfaces. They proposed a linear relationship between surface roughness and contact angle hysteresis resulting in Equations (10) and (11),


    θ a  =  θ Y  +  A a  × Δ θ   



(10)






    θ r  =  θ Y  +  A r  × Δ θ   



(11)







By plotting the experimental data of θa, θr against ∆θ and linear extrapolation using Equations (10) and (11) to ∆θ = 0 (≡ corresponds to the y axis intercept), this “hysteresis-free” contact angle value is considered as thermodynamic equilibrium contact angle. In a more theoretical approach, Kamusewitz and Possart [48] derived a relationship between CAH and Wenzel’s contact angle by introducing the Wenzel equation into the Young equation, leading to Equation (12),


   cos  θ W  = 0.5 ×  (  cos  θ a  + cos  θ r   )    



(12)







By determine the roughness factor by, e.g., scanning force microscopy, the equilibrium contact angle can then be calculated by using the Wenzel Equations (1)–(7). At this point one critical fact has to be stressed that is the chemical heterogeneity of a real surface, which is also highlighted in the cited contributions. A real surface cannot generally be considered as homogeneous on the micro- or nanoscale. Surface defects, coating defects, different crystal structures, impurities, adsorption, different compounds, etc. generally lead to a surface with varying solid–vapor interfacial tension γs,v. According to Equations (1) and (3), a varying solid–vapor interfacial tension affects the force balance at the three phase interface and therefore the magnitude of the equilibrium contact angle. That means that generally more than one equilibrium contact angle exists on every real surfaces and the experimenter of contact angle measurements should therefore be very carefully before claiming that the measured or calculated contact angle by the above described approaches represents the equilibrium contact angle of the surface. The question of determination of a reproducible, representative CA (often referred as equilibrium, thermodynamic CA) is since today one of the most critically discussed and most interesting topics in surface science. Since today, the presence of local inhomogeneities and their influence on the contact angles or the motion behavior of the triple line are considerably less well understood. Some scientists spend a lot of effort and theoretically discussed the topic. For example, Joanny and de Gennes [49] proposed a theoretical model that related the contact angle hysteresis to local energy defects (patches with different surface energies) on a smooth surface. Shanahan [50] theoretically discussed the behavior of the triple line on a heterogeneous surface with randomly distributed circular flaws of high surface energy. Marmur [51] illustrated in great detail that the wide range of apparent contact angles on heterogeneous surfaces is caused by multiple local and global energy minima of the Gibbs energy curve for a liquid drop on such a surface and discussed theoretically the possibility to use the contact angle hysteresis to detect chemical nano-heterogeneities of the order of magnitude of 10 nm [52]. Generally, the influence of surface roughness and surface heterogeneity/varying interfacial tension on the measured contact angles cannot be separated. Another influencing factor, which is obviously often ignored, especially by people using contact angles as measuring tool, is “the way the contact angles were measured”. The procedure to determine, e.g., advancing and receding angles strongly depends on the used equipment and on several subjective criteria of the operator like frame rate of the video recording, resolution of the CCD-camera, drop volume, temperature, humidity, used specific contact angle definition (after or before the movement of the triple line), etc., which unfortunately are often not named in detail. Beside these critical parameters, the results and interpretation of contact angle measurements depend even on the measuring technique its selves (e.g., horizontal setup vs. inclined setup [53,54,55]). Especially the retention force, which is required to slide a drop on a surface and therefore contact angle variation, also depends on the resting time before the droplet starts to slide [56] and on the drop size [57]. Other critical points are the used image analysis fitting procedures to determine apparent contact angles. Beside the Young–Laplace or Bashford–Adams fitting, common software fit one circle/ellipse or polynomial functions (tangential) onto the macroscopic drop shape. These approaches work quite well for static and axisymmetric droplets, e.g., by axisymmetric drop shape analysis ADSA [58,59,60] in its various versions but fail if strongly non-axisymmetric droplets during contact angle measurements are evaluated. In addition, pixel resolutions and the generally performed discretization of the images affect the ADSA procedure [61]. Other more advanced approaches use direct image processing methods or are based on local edge interpolation or fitting [62]. As a result, it is not an easy task to determine the magnitude of the contact angle hysteresis for a solid surface in a reproducible manner. Thus, there exist many misleading concepts presented in the scientific literature concerning some aspects of contact angle topic, even in the highly cited papers. This fact was recently highlighted by Volpe et al. [63]. In this regard, we developed a special calculation and evaluation strategy for contact angle measurements and wetting experiments, which is named high-precision drop shape analysis (HPDSA) [64]. An intention of the complete procedure (the combination of HDPSA and CA analyses) was allowing the user to determine valid and reproducible contact angles, which are free of any subjectivity of the operator. A broad diversity of biological, physical, and chemical effects involve wetting events so that this question is most important for the small community itself but especially for all the multiple “users” of sessile drop experiments/of the optical observation of contact angles. The HPDSA was developed to be especially suitable for highly asymmetric drop shapes because no “physically sound” and really satisfactory technique for contact angle measurements in case of non-axisymmetric drops was at present available. Beside the high-precision contact angle calculation independent on drop symmetry, the complex transformation of drop shape images in Cartesian coordinates (non- or less discretization than edge determinations) makes using every known mathematical approach to calculate contact angles (even ADSA) possible. To analyze the set of measured contact angle data, we developed different statistical analyses strategies for contact angle measurements, which lead to characteristic wetting parameters and detailed information about the surface, instead of “just measuring an angle”. This information can be used, e.g., to enhance coating processes and qualities, to design surface applications, etc. Basic principles of the HPDSA procedure will be summarized in the following sections. The reader should note that the presented strategies for the contact angle analyses are not restricted to the HPDSA approach and of course can also be performed with commercial contact angle analysis software. Furthermore, the HPDSA technique can also be applied to asymmetric drops that are in a centrifugal adhesion balance [65,66,67,68,69], which is a very interesting and useful technique to measure, e.g., the lateral adhesion force at the solid–liquid interface. In the experimental section, selected examples for different applications of HPDSA will be presented. Thereby, drop shape extraction, static, dynamic and statistical contact angle analyzes will be presented by examples of real smooth surfaces, contact angle hysteresis, dynamics of wetting, wetting on rough and chemically heterogeneous surfaces, superhydrophobic and rose petal-surfaces, nonstick droplets and sticking droplets (ionic liquids).




2. Basic Principles of HPDSA


The basic information about the HPDSA procedure can be found in publication [64]. To avoid confusion, a summary of all used symbols, variables and parameters within this contribution can be found in the Abbreviations Section. The used OCA20 contact angle measuring system leads to one avi video file per measurement, which is converted in loss-free bmp images using the freeware program VirtualDub v1.9.11 1998–2010 (vitualdub.org) by Avery Lee or a LabVIEW routine but every commercial software can be used to create an image sequence. The bmp image sequence is the starting point of the HPDSA software (M. Schmitt, Völklingen, Germany), in which the HPDSA procedure is implemented.



2.1. Image Transformation and Drop Shape Extraction


The bmp format/color code contains three hexadecimal numbers between “00” (≡ black) and “FF” (≡ white), which represent the color of a pixel. In a first step, the hexadecimal code is translated in x- and y- direction in the RGB color code, which ranges from please check “0 0 0” (≡ black) to “255 255 255” (≡ white). Afterwards, the sum of color values col is determined, which ranges from “0” (≡ black) to “765” (≡ white). Due to the fact that the used bmp image sequence contains only greyscale images, every greyscale has its defined sum of color value and different greyscales can never have the same sum of color value. This fact is the basis for the color/drop shape detection with HPDSA. The next step is a dynamic linear regression in x- and y- direction of three and of five neighboring points n = 3, P ε {0, 1, 2} and n = 5, P ε {0, 1, 2, 3, 4} to determine the rates of color p for every pixel using Equation (13),


     d   c o l   d   P   =    ∑ ​   (  c o  l i  ×  P i   )  × n −  ∑ ​  c o  l i  ×  ∑ ​   P i    n ×  ∑ ​   P i 2  −    (   ∑ ​   P i   )   2    =  p  x , y     



(13)







At this point, one grey-scale image is dynamically transferred in 440832 six-dimensional points. To detect the drop shape, only points with rate values that significantly differ from 0 in both regressions are considered. The detection limit (≡ resolution) of the procedure is manually definable by the user by setting a limit value lv (≡ minimal rate of color value). An example for different color transitions and corresponding color rate values is given in Table 1.



As illustrated by Table 1, the three-point regression is more specific to the position (Numbers 2–3, Numbers 12–13 ≡ white to black transitions) but is also more affected by noise (Numbers 7–9). The five-point regression is less specific to the position but is less affected by noise so that it is used for noise correction during the procedure. However, even in an ideal case (≡ white to black transition, Numbers 2–3 and Numbers 12–13), the procedure will result in at least two points for one step in color (Table 1, Numbers 4–5). Therefore, a weighting procedure depending on the color rates px and py in both directions is performed by applying Equation (14),


   E  ( x )  =    ∑ ​   (   x i  ×  p   x i     )     ∑ ​   p   x i        ;   E  ( y )  =    ∑ ​   (   y i  ×  p   y i     )     ∑ ​   p   y i        



(14)




resulting in color rate weighted expectation values E(x) and E(y). Furthermore, standard deviations are calculated using Equation (15),


   σ  ( x )  =      p   x i       ∑ ​   p   x i      ×    (   x i  − E  ( x )   )   2      ;   σ  ( y )  =      p   y i       ∑ ​   p   y i      ×    (   y i  − E  ( y )   )   2      



(15)




resulting in a converted drop shape, which is transferred by multiplying with the scale factor of the image in Cartesian coordinates with sub-pixel resolution (μm coordinates).




2.2. Baseline Detection and Triple “Point” Determination


The baseline (correctly speaking the projection of the triple line, see below) of a sessile drop is an important parameter for the contact angle calculation, triple point determination, etc. Hence, the accuracy of the baseline determination is a crucial step during the procedure. During the HPDSA process, the baseline is detected by fitting two linear functions per side of the droplet, one for the real drop shape and one for the mirrored drop shape/reflection from the surface, with a distance between 1 and 10 pixels (<200 μm) from a given initial baseline. The intersection points of both functions determine the baseline so that the baseline can be calculated for every drop image of the measurement. This dynamic control of the baseline is especially suitable, if, e.g., the drop shape is slightly shifted/tilted during the measurement (non-horizontal baseline). Alternatively, average values for the baseline from approximately 40% of the drop images can be calculated, which results in an average baseline. This is especially suitable if the measurement is strongly affected by image fluctuations like noisy signal processing. The determined points for the baseline can generally be used for the triple point detection (note that the notion “triple point” refers to the position of the 3D triple line in the 2D projection of the drop image). However, these coordinates can be slightly shifted in x-direction from the real triple points depending on the contact angle (curvature of the meniscus) and the resolution of the mirrored drop shape. Therefore, the coordinates of the triple points XTP and YTP are computed as intersection point of the extracted drop shape with the baseline, Equations (16)–(19),


    T 1  =    R 2  −    (  b −  Y  M P    )   2  −  X  M P  2    1 +  m 2      



(16)






    T 2  =   b × m −  Y  M P   × m −  X  M P     1 +  m 2      



(17)






    X  T P   = ±      (   T 1  −  T 2   )   2    −  T 2    



(18)






    Y  T P   = m ×  X  T P   + b   



(19)




where m and b are the slope and the axis intercept of the baseline, respectively, and XMP,YMP define the mean radius R and the center of a fitting semi-circle (compare to Section 2.4). The physically practical signs in Equation (18) depend on the considered side of the droplet (+ ≡ right side of the droplet; − ≡ left side of the droplet).




2.3. Noise Elimination


To be able to extract drop contours and to calculate contact angles with high-precision, the noise elimination, e.g., due to illumination effects, reflections, etc., is an important point. The inner reflection due to the illumination of the droplet is removed by a dynamic elliptical area using Equation (20),


    Y  1 / 2   =  Y  E C   ±  R y    1 −    (    x −  X  E C      R x     )   2      



(20)




with XEC;YEC being the center points of the ellipse and Rx;Ry being the radii of the ellipse, which can be defined by the user. More critical are noise and reflection effects, which occur distant from the center of the ellipse, e.g., at the drop contour. To remove noise near the drop contour, the HPDSA program contains an algorithm, which is based on the weighting procedure described in Section 2.1. Firstly, the maxima and minima of the color rate values pxi ≡ dp are identified Then, for every affected coordinate x, the ratio of distances from the minimum and the value of both maxima are taken into account. The influence of the second point W2 on the first point W1 = 1 − W2 before the minimum can be approximated applying Equations (21) and (23),


   a  ( x )  =    P 2  m a x   −  P 1  m i n      P 2  m i n   − x     



(21)






   b =   d  p 2  m a x     d  p 1  m a x   + d  p 2  m a x       



(22)






    W 2   ( x )  =   a  ( x )  × b   a  ( x )  × b +  (  1 − a  ( x )   )  ×  (  1 − b  )      



(23)







By modifying the rate values pxi with the corresponding influencing factor Wi(x) and performing the weighting procedure explained in Section 2.1, this approach is able to separate adjacent points, as schematically illustrated in Figure 1.



Of course, hardware-restricted influences on the image quality cannot be fully compensated. Therefore, optical hardware with highest precision is mandatory for high-precision analyses but the procedure also can lead to better results for faster devices with lower precision. Currently, a complex image correction using an internal standard and a more sophisticated regression procedure (2D area regression) taking both directions simultaneously into consideration are tested, which might further enhance the noise elimination.




2.4. Fitting Procedure and Contact Angle Calculation


The theoretical drop shape is given by Laplace and generalized Laplace, Equations (1) and (4), respectively, which contain a circular function. According to Equations (2) and (4), the curvature of every single point of the drop is of interest. In this regard, a semi-circle function is used in HPDSA to adapt the radius R for one radius of curvature of the 2D projection using Equation (12),


    y  1 / 2   =  y  c c   ±    R 2  −    (  x −  x  c c    )   2      



(24)




where xcc, ycc determine the center of a fitting-circle. To be able to calculate contact angles larger than 90°, exchanging of the x- and y-axes of the Cartesian coordinate system takes place (rotation by 90°). Otherwise, contact angles of 90° would result in rates tending towards ± infinity. During this procedure, the drop shape is split in two parts (right and left) at the highest point of the drop shape (xmax:ymax). The advantage is that both sides of the drop shape can be fitted individually, allowing the analysis of even highly non-asymmetric drop shapes of sticking droplets, e.g., during inclining-plate measurements. The least-squares fitting procedure takes place using a non-linear least-squares algorithm, which is, e.g., implemented in gnuplot software v.4.6 (www.gnuplot.info) 1986–2012. Because all parameters in Equation (24) are correlated, the convergence of the fitting procedure is a critical point and has to be carefully controlled. Therefore, the HPDSA use the variation of the minimal length of the calculation arc     d  arc     , which is given by Equation (25),


    d  a r c   =      (   Y  B 1   −  Y  B 2    )   2  +    (   X  B 1   −  X  B 2    )   2      



(25)




which is definable by the user (≡ fitting range). The program calculates the boundary points XB1:YB1 and XB2:YB2 of the fitting procedure starting with the triple points XTP:YTP which leads to the real length of the calculation arc of every circle barc, Equation (26),


    b  a r c   = 2 × π × R ×    β  a r c     360 °     



(26)







The angle     β  a r c      is the angle between the vectors      d →   B 1 : C C      and      d →   B 2 : C C      (≡ vector from boundary points to the center of the circle) and can be calculated using the cosine theorem, Equation (27),


    d  a r c  2  =  d  B 1 : C C  2  +  d  B 2 : C C  2  − 2  d  B 1 : C C  2  ×  d  B 2 : C C  2  × cos  β  arc     



(27)




with the lengths of the vectors equal to R. An additional benefit of the adaption of the primary radius of curvature R is the possibility for a tangent-free calculation of contact angles. Therefore, the sine theorem can be used in a right-angled triangle, Equation (28),


    θ m  = 90 ° + arcsin  (    Δ y  R   )  ±  α  B L     



(28)




where     α  B L      is the inclination angle of the baseline (to correct non-horizontal baselines) and    Δ y    is the difference in height coordinates between the triple points and the center of the fitting circle. A schematical visualization of the fitting procedure and the contact angle calculation is illustrated in Figure 2.



To be able to calculate the whole range of practical contact angles (   0 ° <  θ m  < 180 °   ), the newest version of HPDSA contains a “Fast-Circle-Fit” subroutine. Due to the nature of the circle function, Equation (29),


    R 2  =    (  x −  x  c c    )   2  +    (  y −  y  c c    )   2    



(29)




where three representative points are sufficient to calculate good starting values for the radius of the fitting circle to keep the time exposure of the main routine as low as possible. The computed points are the result of least squares multipoint polynomial (2nd order) regression of data points at the start, middle and end of the fitting range. The FCF-routine do not have the same accuracy as the main fitting routine in the “normal” contact angle range between ≈ 20° <     θ m     < 120° but is especially suitable for small contact angles (    θ m  ≤ 20 °   ) and to analyze changes in curvature direction (convex to concave).





3. Materials and Methods


Detailed information about the experimental procedures and analyses can be found in the corresponding publications concerning contact angle measurements [64,71,72,73,74,75,76,77,78], the surface preparation by straight-forward gas phase silanization [71,73,74,75,76,78], AFM analyses [71,73,74,75,76,78], FTIR analyses [78] and spectroscopic ellipsometry analyses [75]. In the following, only the general procedure of contact angle measurements will be described.



Contact Angle Measurement


The general measurements of contact angles was performed as follows: Contact angle determination took place on horizontal surfaces by changing the drop volume (by adding and/or reducing) or continuously inclining the sample surfaces with and angular speed of φ = 0.59°/s (inclining-plate technique), using an OCA20 measuring system (Dataphysics, Filderstadt, Germany). The system is mounted on vibration-free desk to reduce the noise from natural building vibrations. Thereby, a sufficient volume of ultra-pure test-liquids (between 0.03 mL and 0.05 mL) under saturated vapor atmosphere of the test liquid (closed measuring chamber with definable measuring positions) was video recorded with a frame rate of 25 frames per second. To enlarge the population for statistical analysis and to ensure reproducibility, the measurements were repeated on ten defined measuring positions for each surface and with each liquid. To distinguish between horizontal and inclined measuring setup’s, the advancing angles     θ a     on an inclined plate are denoted as downhill angles     θ d     (measured at the right edge of the droplets) and the receding angles     θ r     are denoted as uphill angles     θ u     (measured at the left edge of the droplets).





4. Applications of HPDSA


In the following section, the application of HPDSA to different topics concerning contact angle analyses and data generation will be illustrated by using selected examples of our research activity during the last years. The scope of this section is to motivate the reader to perform contact angle measurements in a controlled and reproducible manner and to illustrate the potential of contact angle measurements in combination with a meaningful analysis strategy to extract additional information on the surface/coating, which can be used, e.g., to enhance coating processes and qualities, to design and enhance surface applications instead of just measuring “some contact angles”.



4.1. Drop Shape Extraction and Contact Angle Calculation


The reproducible extraction of the experimental drop shape is the basic but crucial factor for a meaningful contact angle calculation. Whereas generally axisymmetric drop shapes are uncomplicated, the reproducible characterization of non-axisymmetric drop shapes is much more complicated. The famous ADSA technique [58,59,60] and its various versions is the method of choice for axisymmetric drop shapes (e.g., pendant drop) but is due to its nature not applicable to non-axisymmetric drop shapes. Unfortunately, every real surface tents to lead to non-axisymmetric drops even without inclining the sample. Most coating applications involve extreme wetting situations such as extreme low contact angles near spreading (θm < 20°), non-sticking droplets on superhydrophobic surfaces with θm > 150° or sticking droplets on rose petal surfaces with extreme large contact angle hysteresis and therefore high asymmetry. Most of commercial contact angle analyzing procedures/software’s are not able to evaluate these quantities in a reproducible manner because the whole drop shape is considered for the analyses. Due to high-resolution coordinate’s transformation, drop splitting and definition of the fitting range near the triple line, HPDSA is able to extract drop shapes and to calculate contact angles over the entire practical contact angle range between 0° < θm < 180°. A few examples for different wetting situations are illustrated and compared to the commercial SCA20 analysis software in Figure 3. The images were recorded with the same magnification, whereas approximately 59 Pixels corresponds to a distance of 1 mm.



As illustrated in Figure 3, the SCA20 software results in a large error by calculating the contact angles, especially for the “extreme” wetting situations (Figure 3a,c,d) because the whole drop shape is considered to fit one ellipse function on the highly asymmetric drop contours. However, also in the more practical contact angle range (Figure 3b,     θ d  ≈ 115 ° ,    θ u  ≈ 85 °   ), the SCA20 results in a small but optical visible error of about ±4°. Due to the fact that one ellipse function is fitted onto the drop shape, the contact angle determination on the right side strongly depends on the one on the left side. Therefore, highly asymmetric drop shapes, such as in Figure 3a,d, cannot be evaluated with the SCA20. This problem is solved in HPDSA by splitting the drop shape in two parts, which results in the possibility to individually fit the left-hand and right-hand side of the drop shape independent of each other. The corresponding contact angle calculations with HPDSA for the measurements in Figure 3 are illustrated in Figure 4.




4.2. Static Contact Angle Analyses


A clear indication of the used notion of contact angles is important to avoid confusion. Due to the unknown local position of the triple line, all measured and calculated contact angles during contact angle analyses by drop shape detection are generally apparent contact angles (APCA). In this contribution, the notion “static” refers to the wetting situation without a moving contact line and should not be mixed up with the “as-placed” contact angle θAP [79]. The notion “dynamic” in Section 4.3 and Section 4.4 also includes contact angles during the motion of the contact line. A common approach to characterize, e.g., pinning effects, coating quality, etc., is the determination of the contact angle hysteresis CAH by measuring the experimental available advancing     θ a     and receding     θ r     contact angles, which are essential static wetting characteristics. In literature, different procedures and definitions are used to obtain these angles. Generally, the identification of advancing and receding angles is performed by optical observation with the human eye and defining these angles depending on the triple line motion. The main problem of this procedure is that it depends of several criteria of the equipment (e.g., frame rate of video recording) and on the subjectivity of the operator. Different definitions for these angle are often used, e.g., “contact angle before, after or during the first observed triple line motion” from the same or different images. Unfortunately, these critical experimental conditions are rarely reported in literature resulting in poor comparability and reproducibility, especially for large CAH surfaces or surfaces with slip-stick behavior. To free this procedure from the subjectivity of the operator/optical observation and to enhance the comparability and reproducibility, the analysis procedures based on the data from HPDSA uses the coordinates of the triple points to identify advancing and receding angles. Due to the transformation in Cartesian coordinates and triple point detection (≡ chronologically first boundary points XB10), the shift of the boundary points ΔXB10 can be estimated, which corresponds to the covered distance of the triple line. The procedure is illustrated in Figure 5.



As illustrated in Figure 5, HPDSA leads to a subjective-free determination of static advancing and receding angles depending on the change of the triple point coordinates ΔXB10. This fact is especially interesting if more complicated surfaces are under investigation, e.g., such as slip-stick surfaces where multiple advancing     θ  d , e  i     and receding angles/motions     θ  u , e  i     depending on surface structure are observable (Figure 5c,d). The reproducible analysis of the motion behavior on such surfaces is quite a challenging task. However, due to the high sensitivity of the contact angle to the surface structure (a difference of few nm in roughness already changes the contact angle), this approach opens up the possibility to correlate the course of contact angles with local properties of the surface (roughness and/or heterogeneity) and to analyses the kinetics of the contact line dynamics, which was the main intention to develop the statistical contact angle analyses presented in Section 4.4.




4.3. Dynamic Contact Angle Analyses: Individual and Overall Gompertzian Fitting Approach


The first step of the Gompertzian fitting approach is the fitting of a modified individual Gompertzian function onto the course of contact angles relative to a dependent parameter such as inclination angle   φ   (inclining-plate measurements) [71] or changing drop volume ΔV [72], respectively time t (horizontal-plate measurements) on an individual measuring position. The used Gompertzian functions are given by Equations (30)–(32),


   f  ( φ )  =  θ m  c a l c    ( φ )  =  θ  s h i f t   + A × exp  [  − exp  (  − k  (  φ −  φ  s h i f t    )   )   ]    



(30)






   f  (  Δ V  )  =  θ m  c a l c    (  Δ V  )  =  θ  s h i f t   + A × exp  [  − exp  (  − k  (  Δ V − Δ  V  s h i f t    )   )   ]    



(31)






   f  ( t )  =  θ m  c a l c    ( t )  =  θ  s h i f t   + A × exp  [  − exp  (  − k  (  t −  t  s h i f t    )   )   ]    



(32)




whereby     θ  s h i f t     , A, k and     φ  s h i f t      and ΔVshift or tshift, represent the fitting parameters and     θ m  c a l c      is the contact angle calculated with the Gompertzian function in dependence on the inclination angle   φ  , change in drop volume ΔV or time t. Examples for Gompertzian fittings for inclining-plate and horizontal-plate measurements are illustrated in Figure 6.



The Gompertzian functions thereby simulate an “idealized” steady course of contact angles relative to the dependent parameter without any unsteady behavior due to non-uniform pinning (e.g., slip-stick behavior, non-uniform slip behavior). The fitting limits for the downhill Ld and uphill Lu, respectively advancing La and receding Lr motion are manually definable and are generally defined at the point, when the motion transition from the slow-moving (triple line velocity    ≤ 200   μ m / s   ), which corresponds to a quasi-static wetting situation, to the high-velocity range (≡ macroscopic motion) is observed. In this range it can be assumed that the contact angles are almost independent of further parameters such as fluid dynamics and friction, resulting in significant differences from the idealized course of contact angles. To obtain more specific information about the wettability of a surface, the so-called Residual contact angles can be calculated by subtracting the individual Gompertzian function from the corresponding measured course of contact angles using Equations (33)–(35),


   Δ  θ  d , u    ( φ )  =  θ  d , u    ( φ )  − f  ( φ )  =  θ  d , u    ( φ )  −  θ  d , u   c a l c    ( φ )    



(33)






   Δ  θ  a , r    (  Δ V  )  =  θ  a , r    (  Δ V  )  − f  (  Δ V  )  =  θ  a , r    (  Δ V  )  −  θ  a , r   c a l c    (  Δ V  )    



(34)






   Δ  θ  a , r    ( t )  =  θ  a , r    ( t )  − f  ( t )  =  θ  a , r    ( t )  −  θ  a , r   c a l c    ( t )    



(35)




whereas Equation (33) refers to the situation on an inclined-plate and Equations (34) and (35) refer to the situation on a horizontal plate depending on the chosen parameter ΔV of t. The corresponding Residual contact angles for the examples presented in Figure 6 are illustrated in Figure 7.



In the next step, the individual data are averaged, leading to averaged overall Gompertzian data, which can also be represented by an average Gompertzian function. This approach is effective to describe the evolution of dynamic contact angles with only one equation and a reduced set of parameters from a huge amount of contact angle data (between ≈ 10,000 and 35,000 considered contact angles per measurement series, resulting in four average parameters). Examples for averaged Gompertzian functions are illustrated in Figure 8.



The averaged data in Figure 8 describe the average behavior of liquid droplets on different positions on the surfaces during inclining-plate measurements, which strongly reduce the effect of the displacement of the droplets (the evaluation of horizontal measurements is also possible). It can be assumed that in an ideal case, an intersection point of all individual Gompertzian functions for all measuring positions should exist. On real surfaces, additional parameters such as surface roughness, heterogeneity, drop displacement, etc. lead to deviations from the “idealized behavior”. Therefore, to identify contact angles/ranges     θ  d / u      with smallest standard deviations is reasonable to characterize the overall wettability of a surface.



Beside the identification of contact angle with lowest standard deviation, the overall curve shape analysis by Gompertzian fitting can be used to analyze the pinning and drain-off behavior of liquids on solid surfaces. In contrast to static contact angle analyses, the Gompertzian analyses also consider the quasi-static and dynamic movement of droplets during contact angle measurements. In particular, the fitting parameters A (amplitude of the contact angles ≡ difference between the theoretical smallest and largest contact angle) and k (rate constant of the data points) determine the course of the averaged Gompertzian function [80]. That means that weak pinning results in small amplitudes A and large slopes k, whereas strong pinning results in large amplitudes and small slopes of the data points. An example is illustrated in Figure 9. Note that the maximal slope/gradient of the Gompertzian function is proportional to k × A, which is reached if the exponential functions are one and 1/e, respectively. Hence, individual analyses of both parameters seem to be more reasonable but future investigations are in schedule.



The presented examples illustrate the plot of the k- and A-values against number of carbon atoms in the side chain of anionic fluorinated ionic liquids (black), cationic fluorinates ionic liquids (red) and non-fluorinated alkyl ionic liquids (blue), which were used as contact angle test liquids on different modified silicon surfaces [73,74]. Within the cited study, the pinning behavior of these liquids depending on the molecular structures was analyzed. Thereby, it was illustrated that the Gompertzian fitting approach is very effective to characterize these quantities and to classify solid–liquid combinations in terms of their A- and k-values, which are important parameters when, e.g., liquids or solid–liquid interface are involved in processes. In a recent study [75], this approach was used to investigate and analyze the wetting behavior on flat coated silicon wafers with different chemical surface textures. Thereby, it was illustrated that this approach might be useful to detect nano-heterogeneities (coating defects) and opens up to use contact angle measurements as a sensitive probe for surface characterization.




4.4. Statistical Contact Angle Analyses: Independent and Dependent Analyses


The statistical contact angle analyses [76,77,78] are based on the velocity determination of the triple line movement. The velocity or its change is normally used to define specific contact angles. Commonly performed analyses do not evaluate the whole range of the measurement but only determine one advancing and one receding angle as described in Section 4.2. Thus, we ask ourselves three questions: (1) “How is the reproducibility of determine just one advancing and one receding angle per measurement?” (2) “Why losing all the information about the surface, which is hidden in the triple line motion (acceleration/deceleration)?” (3) “Can the triple line motion be correlated with the microscopic surface structure?” On real surfaces (rough and/or heterogeneous), more than one triple line motion (acceleration/deceleration) can be observed due to the high sensitivity of the contact angle to the surface structure. In this regard, the first step of the analysis strategy is the determination of the triple line velocity using Equations (36)–(38),


      (    d x   d φ    )    No .   =    ∑  N o . − 1   N o . + 1    (   x i   φ i   )  × 3 −  ∑  N o . − 1   N o . + 1    (   φ i   )     ∑  N o . − 1   N o . + 1    (   φ i 2   )  × 3 −    (   ∑  N o . − 1   N o . + 1    (   φ i   )   )   2      



(36)






      (    d y   d φ    )    No .   =    ∑  N o . − 1   N o . + 1    (   y i   φ i   )  × 3 −  ∑  N o . − 1   N o . + 1    (   φ i   )     ∑  N o . − 1   N o . + 1    (   φ i 2   )  × 3 −    (   ∑  N o . − 1   N o . + 1    (   φ i   )   )   2      



(37)




where       (  d x , d y / d φ  )    No .      are the rates of the x- and y-coordinates (No. = image number) obtained by three point linear regression of neighboring points. The total velocity of the triple points is the given as,


   v e l    ( φ )    No .   = f ×      (    d x   d φ    )    No .  2  +    (    d y   d φ    )    No .  2    ×  φ ˙    



(38)




where     φ ˙     is the inclination rate of the sample desk (   ° / s   ) and f is +1 for downhill movement and −1 for uphill movement. To define the spectrum of contact angles that will be considered, the contact angles are classified by two conditions: contact angles during a constant velocity (zero or limited) and contact angles during an acceleration/deceleration event. In the second case, the angles are defined before, during and after the acceleration/deceleration, which corresponds to common definitions for specific contact angles. Thereby, the contact angle data for every measuring position are considered as independent random experiments. To identify the contact angle events, the change of the triple line velocity between two neighboring images is calculated by Equation (39),


   Δ v e  l  No . / No . ± 1   = ±  [  v e l   ( φ )   No . ± 1   − v e l   ( φ )   No .    ]    



(39)




which has to be larger than a definable limit value lv. This procedure is integrated in an automatic processing routine, which uses the conditions in Table 2 for the automatic read-out.



The core of the statistical analyses is a counting and calculation algorithm of the obtained contact angle events. The four investigated parameters p for every event are the inclination angle   φ  , the contact angle   θ  , the velocity of the triple point vel and the covered distance of the triple point relative to the chronological first triple point dis. As a practical tip, it is recommended to restrict the upper-limit to the slow-moving range (quasi-static wetting situation), which is less affected by flow dynamics, see Figure 10.



During the Independent statistical analysis, independent expectation values and standard deviations of the former obtained contact angle events were calculated using Equations (40) and (41),


   E  ( p )  =    ∑  n = 1  i   p i   n    



(40)






   σ  ( p )  =    ∑  n = 1  i   [     (  n − 1  )    − 1   ×    (   p i  − E  ( p )   )   2   ]      



(41)




with n the number of considered events leading to the so-called “global values” for every investigated parameter. An example for the independent statistical contact angle analysis on a flat hydrophobic modified silicon wafer is illustrated in Table 3 [78].



In the cited study [78], the wetting behavior on a flat hydrophobic modified and on a defined rough (    R a  ≈ 20   nm ;    R q  ≈ 26   nm   ) silicon wafer were investigated and compared. Thereby, ten inclining-plate measurements per surface were performed resulting in overall ≈ more than 18,000 considered contact angels for the statistical analyses. As illustrated in Table 3, the automatic read-out resulted in a large number for every considered contact angle events. This example illustrates that the determination of only one specific contact angle pair is insufficient and neither reliable nor reproducible. Because the determination of just one advancing and receding contact angle strongly depends on factors such as frame rate of the video recording, resolution in time and space, etc. In contrast, the independent contact angle analysis illustrates that there exists a relative large range of advancing and receding angles (  σ  (advancing) ≈ 3.5°;   σ  (receding) ≈ 7.5°) even on a “simple” surface (flat, hydrophobic modified) so that the commonly performed procedures do identify advancing and receding angles does not lead to a sufficient statistical accuracy. If the correlation between the different parameters p is taken into account, the investigation of contact angle distributions in more detail is possible. This approach is called “dependent statistical contact angle analysis”. In a first step, the former obtained contact angle events were allocated into classes relative to the standard deviation of the independent analysis. The class size can be manually defined but was in general between σ(p) × 0.125 and σ(p) × 0.5. The counting of every value within the classes leads to density distributions relative independent parameter, which can be presented in histograms as illustrated in Figure 11. Overall, this approach is able to investigate 96 distributions for every event, Table 2.



As explained within the cited study [78] and illustrated in Figure 11, this approach has a fine local resolution and is especially reasonable to analyze the different wetting behavior with regard to different microscopic surface topographies. The physical and chemical heterogeneity of a surface is the main reason for the pinning of the triple line which induces the acceleration/deceleration motions during a dynamic measurement. To analyze these motions and their dependencies in detail, expectation values and standard deviations for the inclination angle φ, the contact angle θ, the triple line velocity vel and the covered distance relative to the first intersection point dis can be calculated. Depending on the parameter that is investigated, this approach results in density distributions which are specific for the investigated surface. As demonstrated, within the cited study [78] the density distributions on the patterned surface are monomodal and symmetric with smaller velocities and covered distances of the acceleration events in comparison to the monomodal asymmetric distributions with larger velocities and covered distances of the flat coated silicon surface coated with the same siloxane. Hence, it is possible to analyze surface properties with high resolution and to correlate the motion behavior of liquid drops with the local properties of the surface.





5. Summary


Static and dynamic wetting behaviors of liquid droplets on solid surfaces are strongly influenced by the physical and chemical properties resulting in a range of possible apparent and equilibrium contact angles. Thus, the meaningful analysis and interpretation of contact angle measurements still remain a challenging task and is less simple than it had appeared to be. Beside some experimental influence quantities such as drop displacement, drop volume, horizontal or inclined set-up, etc., contact angle determination also depends on the image analysis and the used fitting procedure to extract the contact angle from the experimental drop shape. Due to the generally non-axisymmetric drop profiles on real surfaces, commercial analyses strategies such as ellipse-fitting, circle-fitting or tangent-fitting approaches, which mostly consider the whole drop shape, result in large inaccuracies, especially for extreme wetting situations such as low contact angle surfaces, superhydrophobic and rose petal surfaces, which might lead in the worst case even in misinterpretations and misleading concepts presented in the scientific literature. The developed high-precision drop shape analysis (HPDSA) procedure (HPDSA and statistical analyses) is a concept to enhance the reproducibility of contact angle analysis and to free the procedure from several subjective criteria of the operator. Therefore, drop images are transformed to Cartesian coordinates, which opens up to use every meaningful physical and mathematical approach. According to the Laplace equation, a circular function for the left-hand and right-hand side of the drop shape is used for the fitting algorithm, where only the region near the three phase interphase (≡ often called triple point) is considered resulting in a high-precision contact angle calculation. Furthermore, the triple points can be detected and the baseline can be dynamically monitored so that moving baselines are analyzable. In this regard, static wetting properties (advancing and receding angles) can be identified on a mathematical base instead of optical observation with human eye. Simple, static analysis without discretization was demonstrated but because contact angles are very sensitive to surface properties and “starting conditions”, three analysis strategies, which are the individual and overall Gompertzian fitting, the independent statistical contact angle analysis and the dependent statistical contact angle analysis, were developed to analyze contact angle measurements more in detail. The Gompertzian fitting approaches are based on the fitting of a modified sigmoid function onto the course of contact angles relative to a dependent parameter such as inclination angle, drop volume or time. This function is very effective to describe the progression of contact angles and can be used for Residual/Individual analysis by subtraction of the fit function from the measured course of contact angles. Then, the surface wettability can be analyzed with a fine local resolution. Averaging of the individual Gompertzian functions lead to the overall Gompertzian function, which is able to describe the overall wettability from a huge amount of contact angle data (≈10,000 to 35,000 considered contact angles per measurement) with only four fitting parameters. By calculating standard deviations, contact angles and contact angle ranges with lowest standard deviation can be identified, which are statistical robust and characteristic quantities for the overall wettability of the surface. Furthermore, the fitting parameters k and A, which determine the course of the Gompertzian function, can be used to characterize the “uniform” pinning (or hysteresis) behavior of a liquid droplet onto a surface. The independent and dependent statistical contact angle analyses are based on the determination of the change of triple line velocity and the automatic read out of contact angle events depending on the velocity change. Due to aspects like local heterogeneities on real surfaces, more than one advancing and receding contact angle can be observed during the slip-stick motion of the triple line depending on the degree of roughness and heterogeneity. On the one hand, the statistical approaches lead to the “global-values”, which are statistically reproducible expectation values. On the other hand, the contact angle behavior can be correlated with local surface properties on the few-nanometer scale because the hysteresis is a sensitive tool for detecting heterogeneities of surface. Hence, contact angle measurements using droplets with base diameters more than 5 mm can even be used as a sensitive probe like for detecting differences in the structure of 20 nm in height [78]. At this point it should be noted that the presented analyses strategies are not restricted to the high-precision drop shape analysis calculation. In addition, contact angle data obtained from commercial analysis equipment can be used but generally with reduced sensitivity. Using these approaches lead, in our opinion, to contact angle data with enhanced reproducibility and help to avoid misinterpretations of wetting experiments. In this regard, we want to encourage not just the small community of specialists but especially the multiple users of sessile drop experiments to perform meaningful contact angle measurements and analyses instead of just measuring some angles in-between the advancing and receding angle. Especially, naming and storing of the experimental conditions such as drop volume, inclination rate, vapor atmosphere, contact angle definition, frame rate, etc., as illustrated in our investigations [53,54,64,71,72,73,74,75,76,77,78], are mandatory to ensure reproducibility and comparability of sessile drop experiments.
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The following abbreviations are used in this manuscript:





	    α  B L     
	Inclination angle of the baseline



	    Γ D    
	Absolute adsorption



	    γ  l , v     
	Interfacial tension between the liquid and vapor interfaces



	    γ  s , l     
	Interfacial tension between the solid and liquid interfaces



	    γ  s , v   g Y o u n g     
	Interfacial tension between the solid and liquid interface according to the generalized Young equation



	    γ  s , v   Y o u n g     
	Interfacial tension between the solid and liquid interface according to the Young equation



	   Δ θ   
	Contact angle hysteresis



	     Δ θ  a   ( φ )    
	Residual advancing angle depending on the inclination angle



	     Δ θ  a   ( t )    
	Residual advancing angle depending on the time



	     Δ θ  a   (  Δ V  )    
	Residual advancing angle depending on the change of drop volume



	     Δ θ  d   ( φ )    
	Residual downhill angle depending on the inclination angle



	     Δ θ  d   ( t )    
	Residual downhill angle depending on the time



	     Δ θ  d   (  Δ V  )    
	Residual downhill angle depending on the change of drop volume



	     Δ θ  r   ( φ )    
	Residual receding angle depending on the inclination angle



	     Δ θ  r   ( t )    
	Residual receding angle depending on the time



	     Δ θ  r   (  Δ V  )    
	Residual receding angle depending on the change of drop volume



	     Δ θ  u   ( φ )    
	Residual uphill angle depending on the inclination angle



	     Δ θ  u   ( t )    
	Residual uphill angle depending on the time



	     Δ θ  u   (  Δ V  )    
	Residual uphill angle depending on the change of drop volume



	   Δ F   
	Difference in forces



	   Δ  p  g L     
	Difference in pressure between the convex and concave side of an interface according to the generalized Young–Laplace equation



	   Δ  p  L a p l a c e     
	Difference in pressure between the convex and concave side of an interface according to the Young–Laplace equation



	   Δ V   
	Change of drop volume during contact angle measurements



	   Δ  V  s h i f t     
	Fitting parameter of the Gompertzian function



	   Δ v e  l  No . / No . ± 1     
	Change of triple line velocity between two neighboring images



	   Δ  X  B 10     
	Shift of the boundary/triple points



	   Δ y   
	Difference in height coordinates between the triple points and center of the fitting circle



	    θ a    
	Advancing contact angle



	    θ  A P     
	As-placed contact angle



	    θ  C B     
	Cassie–Baxter contact angle



	    θ d    
	Downhill contact angle during inclining-plate experiments



	    θ  d , e     
	Static downhill angle



	    θ  d / u     
	Downhill and uphill angles with lowest standard deviation



	    θ m    
	Measured/apparent contact angle



	    θ m  c a l c .    ( φ )    
	Contact angle calculated with a Gompertzian function depending on the inclination angle



	    θ m  c a l c .    ( t )    
	Contact angle calculated with a Gompertzian function depending on the time



	    θ m  c a l c .    (  Δ V  )    
	Contact angle calculated with a Gompertzian function depending on the change of drop volume



	    θ r    
	Receding contact angle



	    θ  s h i f t     
	Fitting parameter of the Gompertzian function



	    θ u    
	Uphill angle during inclining-plate experiments



	    θ  u , e     
	Static uphill angle



	    θ W    
	Wenzel contact angle



	    θ Y    
	Equilibrium/Young contact angle



	    κ  s , l , v     
	Three phase interfacial tension/line tension



	    λ i j    
	Gravitational corrected chemical potential of component i in the phase j



	    μ i j    
	Chemical potential of component i in the phase j



	   σ  ( p )    
	Standard deviation of the chosen parameter p



	   σ  ( x )    
	Standard deviation of color rate weighted expectation value in x-direction



	   σ  ( y )    
	Standard deviation of color rate weighted expectation value in y-direction



	  φ  
	Inclination angle of the sample desk during inclining-plate measurements



	    φ ˙    
	Inclination rate of the sample desk



	    φ s    
	Angle between the substrate surface and the local principal plane of the three phase contact line



	    φ  s h i f t     
	Fitting parameter of the Gompertzian function



	  ϕ  
	Angle relative to the gravitational field



	  A  
	Area



	  A  
	Fitting parameter of the Gompertzian function



	    A a    
	Slope of the linear regression for the advancing angle



	    A  g e o     
	Geometrically modeled surface area



	    A r    
	Slope of the linear regression for the receding angle



	    A  r e a l     
	Real surface area



	ADSA
	Axisymmetric drop shape analysis



	APCA
	Apparent contact angle



	APS
	Mono-aminopropylsiloxane



	    b  a r c     
	Real length of an calculation arc



	    c i    
	Curvature constants



	CAH
	Contact angle hysteresis



	   c o l   
	Sum of color values for one pixel



	    d  a r c     
	Minimal length of an calculation arc



	   d i s   
	Covered distance of the triple point



	   E  ( p )    
	Expectation value of the chosen parameter p



	   E  ( x )    
	Color rate weighted expectation value in x-direction



	   E  ( y )    
	Color rate weighted expectation value in y-direction



	FCF
	Fast circle fit



	  f  
	Fraction of the solid surface wetted by the liquid



	  g  
	Gravity acceleration



	HPDSA
	High-precision drop shape analysis



	  k  
	Fitting parameter of the Gompertzian function



	    L a    
	Fitting limit of the Gompertzian function for the advancing motion



	    L d    
	Fitting limit of the Gompertzian function for the advancing/downhill motion



	    L u    
	Fitting limit of the Gompertzian function for the receding/uphill motion



	    L r    
	Fitting limit of the Gompertzian function for the receding motion



	   l v   
	Limit value



	    M i    
	Molar mass of the component i



	  p  
	Rate of color value for every pixel



	    p   x i      
	Rate of color value in x-direction



	    p   y i      
	Rate of color value in y-direction



	    R i    
	Principle radii of curvature



	    R x    
	Radius of an ellipse in x-direction



	    R y    
	Radius of an ellipse in y-direction



	    r A    
	Specific factor in the Tadmor equation for the advancing angle



	    r R    
	Specific factor in the Tadmor equation for the receding angle



	    r f    
	Roughness ration in the Cassie–Baxter equation



	    r w    
	Roughness ratio in the Wenzel equation



	    t  s h i f t     
	Fitting parameter of the Gompertzian function



	   v e l    ( φ )    No .     
	Velocity of the triple line



	    w i   ( x )    
	Influencing factors for noise correction



	    x  B i     
	x-Coordinate of the boundary/triple points



	    x  C C     
	x-Coordinate of the center of a fitting circle



	    x  E C     
	x-Coordinate of the center point of an ellipse



	    x  M P     
	x-Coordinate of the center of a fitting circle



	    x  T P     
	x-Coordinate of the triple point



	    y  B i     
	y-Coordinate of the boundary/triple points



	    y  C C     
	y-Coordinate of the center of a fitting circle



	    y  E C     
	y-Coordinate of the center point of an ellipse



	    y  M P     
	y-Coordinate of the center of a fitting circle



	    y  T P     
	y-Coordinate of the triple point



	  z  
	Elevation in the gravitational field
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Figure 1. Example for a possible progression of the color rate values in one dimension. The obtained points by noise elimination are marked with arrows. For identification, calculations of the absolute values are considered. Note that events like the first two are often a result of an overlapping reflection, which is identified by different color changes [70]. 
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Figure 2. Schematically illustration of the fitting procedure and the contact angle calculation using HPDSA, where, for the sake of visualization, only every 20th data point is marked: (a) water droplet on silicon wafer     θ m  = 61.2 °   , fitting range 0.75 mm; (b) water droplet on hydrophobic modified silicon wafer     θ m  = 102.9 °   , fitting range 1.50 mm; (c) ionic liquid droplet on silicon wafer     θ m  = 16.2 °   , fitting range 0.50 mm; and (d) water droplet on superhydrophobic surface     θ m  = 161.9 °   , fitting range 0.50 mm. 
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Figure 3. Examples for different wetting situations on real surfaces during inclining-plate measurements. Illustration of the experimental drop shape and contact angle calculation with SCA20 (top) and examples for drop shape extraction with HPDSA for different inclination angles (bottom) for: (a) ionic liquid on low contact angle surface; (b) water droplet on hydrophobic modified silicon wafer; (c) water droplet on superhydrophobic surface; and (d) water droplet on rose petal surface. 
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Figure 4. Contact angle calculation with HPDSA for: (a) ionic liquid on low contact angle surface; (b) water droplet on hydrophobic modified silicon wafer; (c) water droplet on superhydrophobic surface; and (d) water droplet on rose petal surface. The reader should not be confused about the apparent inaccuracy of the contact angle determination in Figure 4c. This is due to motor vibrations of the sample desk during the measurement that result in smeared drop shapes/images and vibrating drop shapes/images, which is a known problem for superhydrophobic surfaces. 
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Figure 5. Example for the determination of the static downhill θd,e (a,c) and static uphill θu,e angle (b,d) in dependence on the shift of the triple point coordinates ΔXB10 with the high-precision drop shape analysis on: a non-sticking surface ((a,b) mono-aminopropylsiloxane (APS) coated silicon surface); and on a slip-stick surface ((c,d) line structured hydrophobic modified silicon surface). 
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Figure 6. Examples for the fitting of modified Gompertzian functions onto the course of contact angles for: (a) inclining-plate measurement on a non-sticking surface; (b) inclining-plate measurements on a sticking surface; (c) advancing angle; and (d) receding angle during a horizontal-plate measurement. 
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Figure 7. Corresponding Residual contact angles for the examples in Figure 6: (a) inclining-plate measurement on a non-sticking surface; (b) inclining-plate measurements on a sticking surface; (c) advancing angle; and (d) receding angle during a horizontal-plate measurement. 
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Figure 8. Examples for different averaged Gompertzian functions with standard deviations for: (a) inclining-plate measurements with water as test liquid on an aged silicon wafer; (b) inclining-plate measurements with water as test liquid on a hydrophobic modified silicon wafer; (c) inclining-plate measurements with water as test liquid on a modified silicon wafer with varying solid–vapor surface tension [75]; and (d) inclining-plate measurements with ionic liquid as test liquid on a hydrophobic modified silicon wafer [73]. 
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Figure 9. Plot of the k-values (a) and plot of the A-values (b) from the averaged Gompertzian functions against the number of carbon atoms in the side chain of the anionic fluorinated ionic liquids (black, [74]), cationic fluorinated ionic liquids (red, [73]) and the non-fluorinated alkyl ionic liquids (blue, [73]) as contact angle test liquids on hydrophobic modified silicon surfaces. The C number = 0 refers to the contact angle measurements with water as test liquid. 
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Figure 10. Plot of the downhill angle     θ d   ( φ )     and the triple line velocity relative to the inclination angle φ (a). Plot of the coordinates of the triple points XB10 and the triple line velocity relative to the inclination angle φ (b). The slow-moving range (vel ≤ 200 μm/°) is visualized in both figures. 
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Figure 11. Example for a density distributions with inclination angle φ as independent parameter and contact angle θ as dependent paramter for contact angle measurements on (a) a flat hydrophobic modified silicon wafer, and (b) defined rough and hydrophobic modified silicon wafer. Example for a density distribution with inclination angle φ as independent parameter and triple line velocity vel as dependent parameter for contact angle measurements on (c) a flat hydrophobic modified silicon wafer, and (d) defined rough and hydrophobic modified silicon wafer [78]. 
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Table 1. Example for possible color rate value p. The three-point regression is more sensitive to the position (Numbers 2–3 and Numbers 12–13) but more affected by noise (Numbers 7–9). The five-point regression is less sensitive to the position but less affected by noise.
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Pixel Number

	
Sum of Color Value

	
Rate of Five-Point Regression

	
Rate of Three-Point Regression






	
1

	
765

	
−153.0

	
0.0




	
2

	
765

	
−229.5

	
−382.5




	
3

	
0

	
−229.5

	
−382.5




	
4

	
0

	
−153.0

	
0.0




	
5

	
0

	
0

	
0.0




	
6

	
0

	
20.0

	
0.0




	
7

	
0

	
10.0

	
−50.0




	
8

	
100

	
0.0

	
0.0




	
9

	
0

	
−10.0

	
−50.0




	
10

	
0

	
20.0

	
0.0




	
11

	
0

	
153.0

	
0.0




	
12

	
0

	
229.5

	
382.5




	
13

	
765

	
229.5

	
382.5




	
14

	
765

	
153.0

	
0.0
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Table 2. Conditions for the automatic read-out of specific contact angle events in dependence on the limit value lv for the triple line velocity.
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Contact Angle Event

	
Conditions

	
Note






	
before acceleration

	
   Δ v e  l  No . / No . + 1   > l v   

	
sensitive to acceleration




	
    |  Δ v e  l  No . / No . − 1    |  < l v   

	




	
during acceleration

	
    |  Δ v e  l  No . / No . − 1    |  > l v   

	
sensitive to deceleration and acceleration




	
after acceleration

	
    |  Δ v e  l  No . / No . + 1    |  < l v   

	




	
    |  Δ v e  l  No . / No . + 2    |  < l v   

	
deceleration followed by constant velocity




	
   Δ v e  l  No . / No . − 1   < − l v   

	




	
constant velocity

	
    |  Δ v e  l  No . / No . − 2    |  < l v   

	




	
    |  Δ v e  l  No . / No . − 1    |  < l v   

	




	
    |  Δ v e  l  No . / No . + 1    |  < l v   

	




	
    |  Δ v e  l  No . / No . + 2    |  < l v   
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Table 3. Summary of global values from the independent statistical contact angle analysis on a flat hydrophobic modified silicon wafer [78].







Table 3. Summary of global values from the independent statistical contact angle analysis on a flat hydrophobic modified silicon wafer [78].







	
Contact Angle Event (Downhill)

	
    E  ( φ )     ( ° )     

	
    σ  ( φ )     ( ° )     

	
Count Number




	
    E  ( θ )     ( ° )     

	
    σ  ( θ )     ( ° )     




	
    E  (  v e l  )     (  μ m / °  )     

	
    σ  (  v e l  )     (  μ m / °  )     




	
    E  (  d i s  )     (  μ m  )     

	
    σ  (  d i s  )     (  μ m  )     




	
before acceleration

	
16.00

	
6.89

	
1156




	
114.67

	
3.26

	
1156




	
96.86

	
288.88

	
1156




	
461.29

	
467.16

	
1156




	
during acceleration

	
16.33

	
7.59

	
3612




	
114.41

	
3.50

	
3612




	
206.65

	
648.48

	
3612




	
550.82

	
599.00

	
3612




	
after acceleration

	
14.88

	
6.07

	
744




	
114.41

	
3.19

	
744




	
38.22

	
75.97

	
744




	
336.06

	
268.48

	
744




	
constant velocity

	
8.44

	
6.06

	
4170




	
112.29

	
3.62

	
4170




	
16.81

	
43.66

	
4170




	
120.18

	
195.53

	
4170




	
Contact Angle Event (Receding)

	
    E  ( φ )     ( ° )     

	
    σ  ( φ )     ( ° )     

	
Count Number




	
    E  ( θ )     ( ° )     

	
    σ  ( θ )     ( ° )     




	
    E  (  v e l  )    ( μ m / ° )    

	
    σ  (  v e l  )    ( μ m / ° )    




	
    E  (  d i s  )    ( μ m    )

	
    σ  (  d i s  )     (  μ m  )     




	
before acceleration

	
16.82

	
7.74

	
791




	
90.20

	
7.78

	
791




	
119.13

	
331.75

	
791




	
292.97

	
412.47

	
791




	
during acceleration

	
16.99

	
8.16

	
2996




	
90.16

	
8.07

	
2996




	
217.27

	
617.47

	
2996




	
369.22

	
504.90

	
2996




	
after acceleration

	
14.86

	
7.22

	
408




	
92.20

	
7.55

	
408




	
31.66

	
85.84

	
408




	
148.52

	
166.84

	
408




	
constant velocity

	
10.44

	
6.12

	
6126




	
96.95

	
7.02

	
6126




	
8.57

	
47.27

	
6126




	
65.95

	
81.93

	
6126










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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