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Abstract 

This work addresses the development and validation of a non-intrusive method to characterize 

the wettability of complex surfaces using 3D laser scanning confocal fluorescence microscopy 

- 3D LSCFM. 

The three-dimensional reconstruction of droplets is possible by stacking two-

dimensional optical sections of images collected at different depths. A calibration to the 

parameters affecting the fluorescence intensity is performed, resulting in images with adequate 

intensity and contrast. The image post-processing method is firstly validated by comparing the 

equilibrium contact angles measured with an optical tensiometer with those obtained by the 3D 

LSCFM technique, for millimetric sessile droplets deposited on smooth glass surfaces. The 

results show that the differences found are not significant, despite the different spatial 

resolution obtained for both techniques. However, the 3D LSCFM technique allows a detailed 

characterization of the contact line and its much higher resolution allows measuring the contact 

angles with high spatial accuracy, particularly in complex micro-structured surfaces. The results 

show that the contact line is distorted on theses surfaces, by the presence of the micro-

structures, leading to differences in terms of diameter and contact angle in different regions of 

the droplet. Furthermore, there is a clear dependence between the equilibrium contact angle 

and the contact area diameter, for droplets in which capillary effects dominate over gravitational 

ones. A study was also performed to infer on the mechanisms of evaporation of droplets by 

mass diffusion. The results clearly show that evaporation effects lead to a significant rate of 

change of the equilibrium contact angle in experimental conditions typically used to 

characterize the wettability. 

 

Keywords: wettability, contact angles, complex surfaces, fluorescence imaging, confocal 

laser scanning fluorescence microscopy, evaporation. 

 

1 Context and motivation 

The wettability is a key parameter governing 

heat, mass and momentum transport at liquid-

solid-vapour interfaces, which affects 

numerous applications. For instance, in the 

coating industry, the development of anti-fog 

and self-cleaning coatings, coupled with low 

reflectivity and high transmissivity can greatly 

improve the efficiency of systems such as solar 

collectors or photovoltaic panels (Li et al. 2009; 

Nakata et al. 2011; Chevallier et al. 2011). 

Additionally, the wettability of a surface can be 

modified by changes in the surface structure. 

Complex surfaces with variable wetting 

regimes are known to strongly affect nucleation 

and bubble dynamics, with consequent 

increase of the heat transfer coefficients (Betz 

et al. 2013; Moita et al. 2015; Valente et al. 

2015). 

However, wettability is usually 

characterized by macroscopic quantities, 

which are often limited by spatial resolution and 

cannot be accurately related to the multiscale 

phenomena occurring at the interfaces. Hence, 

wettability is usually quantified by the apparent 

contact angle, which is obtained at the 

equilibrium between the interfacial tensions 

acting as a droplet is gently deposited over the 

surface. This balance is given by the well-

known Young equation (Young 1805): 
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𝛾𝐿𝐺𝑐𝑜𝑠𝜃 + 𝛾𝑆𝐿 = 𝛾𝑆𝑉, where 𝛾 stands for the 

interfacial tension between liquid (L), solid (S) 

and vapor (V) phases that meet at the three-

phase contact line.  

Based on this angle, it is widely accepted 

that a surface is lyophilic (i.e. promotes the 

liquid spread) for 0< 𝜃 <90º and lyophobic 

(i.e. repels the liquid) for 𝜃 >90º. The terms 

hydrophilic/hydrophobic, derive from the 

specific attraction/repellency of water. Young 

apparent contact angle does not account for 

chemical or geometrical heterogeneities of the 

surface. To cope with this, the classical 

theories of Wenzel (1936) and of Cassie and 

Baxter (1944) propose corrections to the 

apparent Young angle, to account for these 

effects. Additional complexity arrives when 

analyzing sub-millimetric droplets, as in this 

case the effect of line tension of the three-

phase contact line becomes large when 

compared to the effect of surface tension thus 

affecting the contact angles. These issues 

highlight the need for diagnostic techniques 

with higher spatial and temporal resolution. 

The main methods to measure the contact 

angles are based on visualization and post-

processing of images taken to sessile droplets, 

using optical tensiometers and goniometers, 

which, despite considering observations 

through a microscope, are limited to millimetric 

droplets. The angles are taken from algorithms 

to adjust the profile of the droplet to the Young-

Laplace equation, being almost impossible to 

obtain a good description of the liquid-solid 

interface region.  

In this context, an alternative solution, 

which overcome this difficulty, is the 3D 

confocal laser scanning microscopy technique 

applied to fluorescent droplets (Farinha 1999; 

Sundberg et al. 2007; Salim et al. 2008; Wu et 

al. 2011; Papadopoulos et al. 2012) to 

characterize both quantitatively and 

qualitatively the wettability of surfaces, 

reaching sub-millimeter scales. Moreover, this 

technique applied to the study of surfaces with 

complex structures is still scarcely found in the 

literature, exception made for two authors (Wu 

et al. 2011; Papadopoulos et al. 2012; Periklis 

Papadopoulos 2013). 

 

2 Experimental set-up 

2.1 Optical Tensiometry 

Equilibrium angles𝜃𝑒𝑞 are measured with an 

optical tensiometer (Attention Theta from Biolin 

Scientific). Consistent measures are taken for 

each test surface, using the sessile drop 

method. Images of the deposited droplet are 

taken using a monochrome video-camera 

coupled with a microscope. The images size is 

640×480 pixels and the spatial resolution of the 

system for the current optical configuration is 

15.6m/pixel. The images are post-processed 

by a drop detection algorithm based on Young-

Laplace equation (One Attention software).  

 

2.2 LSCFM  

Measurements of the equilibrium contact 

angles are also performed with a Laser 

Scanning Confocal Microscope (Leica TCS 

SP8), equipped with two lasers of continuous 

wave length. The maximum light power in the 

laser output is 350 mW and the excitation wave 

lengths available are 488 nm and 552 nm. 

Also, two objective lenses were used in this 

work, whose characteristics are presented in 

table 1. 

Table 1. Objective Lenses characteristics. 

Objective type 

Numerical 

aperture 

(NA) 

Spacial 

resolution 

(r) [𝜇𝑚] 

HI PLAN 4x 0.10 3.58 

PLAN APO 10x 0.40 0.90 

 

3 Experimental procedure 

Water droplets with diameters (of the contact 

area) ranging between tens of microns to 

around 1mm are deposited on glass and silicon 

surfaces. The millimetric droplets are 

generated from the tip of a needle fed by a 

syringe pump with a flow rate of around 

5l/min.  

The tests are all performed inside of a 

chamber previously saturated with water, to 

minimize evaporative effects by mass diffusion.  

Micrometric droplets result from a 

polydisperse spray applied to the surfaces. The 

experiments are performed at room 

temperature (20±2ºC).  
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3.1 Preparation and characterization of the 

solution 

Rhodamine B (rhB) from Sigma Aldrich is 

used as the fluorescent dye, which was chosen 

considering its excitation and emission 

wavelengths, to be compatible with the 

wavelengths available in the laser scanning 

confocal microscope. 

Besides, the fluorescence intensity (emitted 

per unit of volume) is known to be dependent 

on the light incident flux, quantum yield, 

absorption coefficient and dye concentration. 

The analysis was performed for 100l of each 

solution and the final spectra are averaged 

from three assays. By comparison with the 

other solutions tested, solution with the 

concentration 𝑐 = 3.968×10−6 𝑔/𝑚𝑙 showed 

higher intensity in both the peaks of excitation 

and emission. Therefore, the experiments in 

this work were all performed for that 

solution.The thermophysical properties of the 

water-dye solutions are very close to those of 

water (Vieira et al. 2016) – table 2. 

Table 2. Thermophysical properties of the water-

dye solutions. 

Concentration [𝑔/𝑚𝑙] 3.968×10−6 

Surface tension [𝑁/𝑚] 70.55 ± 0.44 

Dynamic viscosity  [𝑃𝑎. 𝑠] 8.90×10−4 

Density [𝑘𝑔/𝑚3] 998 

3.2 Preparation and characterization of the 

surfaces 

Glass (microscope glass slides from 

Marienfeld) and silicon surfaces are used as 

test substrates. Prior to the measurements, 

substrates are subjected to a cleaning process 

to eliminate residues of rhB and other 

impurities: the surface is rinsed with ethanol 

(96%), followed by acetone (100%), then 

placed in an acetone bath at 40ºC on a 

Branson 1200 ultrasound for 30 minutes, then 

rinsed with distilled water and another 30 

minutes on ultrasound, but in distilled water 

bath at 40ºC, and finally air dried. 

The homogeneity of surface topography 

and morphology is first checked by Laser 

Scanning Confocal Microscopy (Leica SP8) 

using the reflection mode. Then, the stochastic 

roughness profiles are measured using a 

Dektak 3 profile meter (Veeco) with a vertical 

resolution of 20nm. The data obtained from the 

profilometer are further processed to determine 

the mean roughness Ra (according to standard 

BS1134) and the mean peak-to-valley 

roughness Rz (following standard DIN4768). 

Average representative values of Ra and Rz 

are taken from 10 measurements distributed 

along the entire surface. For the glass and the 

silicon (without micro-structures) surfaces 

Ra=Rz=0m, within the vertical resolution of 

the profilometer. Therefore, these surfaces can 

be considered smooth from a macroscopic 

point of view.  

Seven test surfaces were studied, four are 

smooth glass surfaces, and three are silicon 

surfaces. Regarding the silicon surfaces, one 

is smooth and the other two are micro-

patterned with regular arrays of square pillars, 

with characteristic dimensions a, length of the 

square size, hP, height of the pillar and S – 

pitch, i.e. distance between consecutive pillars. 

These quantities, which were also measured 

with the Dektak 3 profilometer, are summarized 

in table 3.  

Table 3. Characteristic dimensions of the micro-

structured silicon surfaces. 

 P1 P2 

𝑎 [𝜇𝑚] 171.84 ± 5.01 271.04 ± 11.02 

𝑆 [𝜇𝑚] 463.93 ± 24.05 386.77 ± 8.02 

ℎ𝑃 [𝜇𝑚] 24.61 ± 0.28 24.30 ± 0.34 

3.3 Measurement of equilibrium contact 

angles 

Optical tensiometer 

In these tests drops of varying diameter, 

between 1 mm and 2 mm are deposited on 

each surface. Then, 120 images of each 

droplet are recorded at intervals of 80 ms, 

individually analyzed by the image processing 

algorithm of the One Attention software, which 

adjusts the droplet profile to the Young-Laplace 

equation. In addition, thirty-one tests are 

performed for each test surface with the droplet 

deposited in aleatory regions of the surfaces. 

3D LSCFM 

At the laser scanning confocal microscope, all 

the measurements proceeded with the OPSL 

552 with the laser power at 10.50 mW (3.00% 

of the its maximum power) and gain of the 

photomultiplier (PMT) of 550V. In addition, the 

emission wavelengths range to be read is set 

between 575 nm and 600 nm (range including 

the emission peak for the solution used. The 

images are recorded in the format 1024x1024, 

and the scanning frequency is 400 Hz. In 

addition, the z-step was fixed in 1μm for all the 
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measurements. Regarding the initial and final 

vertical position (z-position) of the scanning, 

these two parameters are different in each test, 

since the start of the scan must coincide with 

the three-phases contact line of the droplet. 

Thereby, at the beginning of each test the two 

lasers are turned on simultaneously, OPSL 552 

which excites the rh B present in the drop and 

OPSL 488 that reflects on the test surface. In 

the presence of the surface a higher intensity 

is detected in the channel referring to the laser 

OPSL 488, indicating the base of the drop (the 

three-phase contact line). This difference is 

very difficult, if not impossible, to detect on the 

OPSL 552 channel alone, which is why this 

procedure was adopted. Therefore, it is at this 

point (of higher intensity) that the beginning of 

the scan is fixed. Figure 1 represents an 

example of surface location for a glass surface. 

 

𝑧 = 4 𝜇𝑚 

 

𝑧 = −2 𝜇𝑚 

 

𝑧 = 0 𝜇𝑚

  

𝑧 = +2 𝜇𝑚 

 

𝑧 = +4 𝜇𝑚 

 

Figure 1. Example of the location of the surface. 

It is possible to detect the presence of the test 

surfaces with an accuracy of approximately ± 2 

μm and ± 5 μm, for the glass and silicon 

surfaces, respectively. For the silicon surfaces 

the location is less accurate due to the high 

reflectance of the surface.  

4 Calibration and post-processing of data 

4.1 Calibration of the laser power and PMT 

gain 

The laser power and gain of the photomultiplier 

detector are part of the imaging conditions of 

the confocal microscope. To understand which 

combination of these parameters shows the 

best results, a sensitivity analysis was 

developed. Each measurement was performed 

with a different value of laser power and PMT 

gain. Specifically, the measurements started 

with the laser at 2.75% of its maximum power, 

up to 4.00%, with increments of 0.25%, for 

gains of 500V, 550V, 600V and 650V. In the 

tests a report of pixel intensity is generated and 

then the signal-to-noise ratio is calculated, the 

results can be analyzed in the figure 2. From 

figure 2 it is noticed that the SNR is higher for 

the gain of 500V, decreasing with the increase 

of the power of the laser. 

 
Figure 2. Variation of signal-to-noise ratio with laser 

power and PMT gain. The horizontal axis is 

categorized in terms of PMT gain, with increasing 

laser power in each category. 

Qualitatively, for both 500V and 550V it is 

possible to obtain images capable of 

reproducing the profile of the droplet. However, 

in the case of 2.75% and 500V, images can be 

obtained with the presence of fluorescence-

deficient sites. In addition, for laser power 

above 3.50%, there is excess of background 

noise. The major difference between using 

2.75% or 4.00% is found in the contrast and 

pixel intensity of the resulting image: 2.75% 

shows little contrast and low intensity, contrary 

to what happens for 4.00%. By this analysis, it 

is indicated to use the power of the laser in a 

range of 3.00% to 3.50%, and the gain of the 

PMT between 500V and 550V. 
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4.2 Image post-processing algorithm 

Considering the post-processing of the images 

from the confocal microscope and the 

calculation of the quantities such as the 

diameter, height and equilibrium contact angle 

of the droplet, an algorithm was developed in 

Matlab environment. The input is an image of a 

droplet profile, being the output an .xlsx file 

which includes a table with the calculated 

values such as droplet diameter and height, 

contact angle and image resolution. This 

algorithm is fully automatic and can process 

several images at once. A brief description 

bellow explains the main steps of the algorithm. 
The predefined functions of Matlab are 

enclosed in parentheses, always accompanied 

by information on the specifications required to 

use them:   

1. Creates .xls file; 

2. Reads the image (imread); 

3. RGB to gray-image conversion 

(rgb2gray); 

4. Reads image scale by 2D cross-

correlation - auxiliary home-made 

function; 

5. Performs edge detection (this can be 

threshold, Prewitt, Sobel or Canny 

operator at user's choice); 

6. Eliminates isolated pixels (bwmorph – 

‘clean’) –; 

7. Performs morphological closing 

(imclose – S.E. ‘disk’ r=3); 

8. Fills droplet area (imfill); 

9. Eliminates components outside the 

boundary of the droplet (bwareaopen). 

10. Traces the boundary of the droplet; 

11. Calculates diameter; 

12. Calculates height; 

13. Calculates contact angle; 

14. Write data in the .xls file; 

The algorithm counts in a straight line, in the 

horizontal and vertical direction, the pixels in 

the base and in the central position, to 

calculate the droplet diameter and height, 

respectively. This step results only from 

algebraic manipulations. Regarding the 

contact angle, since it is defined as the angle 

between the tangent to the liquid-gas interface 

and the base of the droplet, a first-order 

polynomial approximation is made to the first 

points of the vector that handle the boundary 

points. Then the contact angle is calculated as 

the angle of the slope of the resultant line. This 

operation is consequence of the predefined 

polyfit function in Matlab. 

Finally, for each image processed, the 

algorithm presents another image with the 

results of the operations performed, as well as 

the boundary drawn – figure 3. 

 
Figure 3.Example of image post-processing 

algorithm result. 

4.3 Uncertainties quantification 

Tables 4 and 5 address the errors and 

uncertainties associated to the measurements 

performed with the optical tensiometer and with 

the LSCFM techniques, being the uncertainties 

of the latter mostly related to the image post-

processing algorithm. 

Table 4.  Error in the optical tensiometer 

measurements. 

Parameter Absolute error 

Surface tension γ [N/m] ± 0.01 

Contact angle θeq [º] ± 0.1 

Table 5. Uncertainties in the LSCFM 

measurements. 

Parameter uncertainty 

diameter [µm] 42 

Contact angle [º] 10 

5 Results 

5.1 Millimetric droplets 

It is relevant to consider that from the optical 

tensiometer two equilibrium contact angles 

result for a droplet analysis (right and left 

equilibrium contact angles) and no conclusion 

can be inferred about its structure from another 

perspective - figure 4a. However, using the 3D 

technique of confocal microscopy it is possible 

to collect information about the morphology of 

the droplet, from any perspective. In the case 

of the present work, for the same droplet the 

equilibrium contact angles for both the XZ and 

YZ perspective are evaluated- figure 4b. 

Even though 4 contact angles are possible 

to analyze from the 3D reconstruction of the 

droplet, for reasons of simplicity and text 

length, the average values between the left and 

right contact angles are calculated. Then a 
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single contact angle for each perspective are 

obtained. 

  

 

 

 

 

 

 

 

 

 

 

 

Validation  

For the validation of the method, the 

equilibrium contact angles obtained by the 

optical tensiometer are compared with those 

measured using the LSCFM technique. for 

droplets of the order of millimeters, deposited 

on smooth glass surfaces (surfaces L1, L2, L3, 

and L4), to infer about disparities, if any, 

between them. The NA=0.1 (4x magnification) 

objective lens was used. It was observed that 

the equilibrium contact angles obtained by 

tensiometry tend to be less dispersed than 

those obtained by LSCFM for all edge 

detection methods. There are outliers for some 

surfaces, both in the measurements on the 

optical tensiometer and in the confocal 

microscope. These are justified since the 

wettability is a property extremely sensitive to 

changes in surface topography, so that the 

droplets referring to this trials may have been 

deposited on regions with some irregularity 

(not detected at the macroscopic level), 

increasing or decreasing the measured contact 

angle relative to others on the same surface. In 

addition, threshold, sobel, prewitt and canny 

operator for edge detection were compared to 

infer in their role on the calculation of the 

contact angles, and no significant differences 

were found. Despite that each edge detection 

method returned different results, these 

differences are not significant when compared 

to the uncertainty associated with the image 

post-processing data (10º). Thus, in the results 

presented below, the analysis is performed 

using the canny operator since this is the 

method that, as reported by some authors 

(Shrivakshan and Chandrasekar 2012; Maini 

and Aggarwal 2009), diminishes effects related 

to noise, leading to better results. The results 

obtained with the LSCFM technique and post-

processed by the algorithm are consistent with 

those obtained by tensiometry. Despite the 

dispersion observed, the same orders of 

magnitude are obtained and therefore show 

the validity of the LSCFM method. 

Evaluation of the equilibrium contact 

angles by LSCFM 

A similar analysis was performed for the same 

glass surfaces and for the three silicon 

surfaces. Here, the assays were performed 

with the 10x magnification lens (NA = 0.4). 

Figure 5, summarizes the dispersion analysis 

of the data. The horizontal axis is grouped by 

technique, where T stands for tensiometer, C 

XZ and C YZ stands for the algorithm 

calculation for perspective XZ and YZ of the 

droplet profile (from the 3D LSCFM).  

The increase in resolution decreases the 

dispersion of the obtained results. In addition, 

it is further noted that the dispersion in 

measurements made with the LSCFM 

 
a) 

 
b) 

Figure 4. Perspectives used for the 

equilibrium contact angle for a) 
optical tensiometer and b) Confocal 
fluorescence microscopy. The 
images are not to scale. 

 

 
a)  

 
b) 

Figure 5. Dispersion analysis of the static 

contact angles obtained by the two techniques 

used. a) glass surfaces; b) silicon surfaces. 
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technique is the same order as that for the 

tensiometry tests for both glass surfaces and 

silicon surfaces, except for the surface L4. 

Also, an analysis to the difference between 

perspectives XZ and YZ in equilibrium contact 

angles, Δ𝜃 and diameter Δ𝐷 was performed for 

each droplet tested. These differences are 

much higher for the silicon surfaces (both 

smooth and micro-structured) than for glass 

surfaces – table 6, which further confirms the 

contact line irregularity that, in turn, is allied to 

localized variations of wettability (in 

accordance with Wu et al. (2011)). 

Table 6. Difference between perspectives for 𝛥𝜃 

and 𝛥𝐷 (average values) 

 Δ𝐷 [mm] Δ𝜃̅̅̅̅  [º] 

Glass 0.027 ± 0.020 2.28 ± 1.74 

S
ili

c
o

n
 P0 0.108 ± 0.075 3.44 ± 2.39 

P1 0.082 ± 0.071 4.12 ± 2.58 

P2 0.069 ± 0.056 4.51 ± 2.78 

 Four representative examples are 

presented in figure 6. 

Moreover, the LSCFM technique allows the 

visualization of specific phenomena, such as: 

visualization of a non-molecular precursor film 

– detail in figure 6a, and pinning of the triple 

contact line in localized defects on the surface, 

figure 6b, c and d. The precursor film is formed 

during the spreading of the drop until it finds its 

equilibrium position. This film propagates 

ahead of the nominal contact line. In particular, 

the precursor film acts as a lubricant, since it 

relaxes the non-slip condition between the 

liquid and the surface (de Gennes 1985).  

However, this dynamic structure, of 

submicron thickness and length, can be 

distinguished even in equilibrium (Bonn et al. 

2009). This was observed in most of the drops 

deposited in glass - figure 6a, and is identified 

in the smooth silicon surfaces - figure 6b, but 

only in a minority of the acquired images, that 

can be related to the precision of detection of 

the surfaces of silicon that is ± 5 μm. However, 

the precursor film observed in the present tests 

is much longer that discussed in the literature 

(Kavehpour et al 2003, de Gennes 1985, De 

Gennes et al 2003, Bonn et al., 2009). For the 

droplets at which the film can be distinguished, 

it has a length of 0.3% ± 0.2% of the average 

droplet diameter, equivalent to 3μm ± 1μm. 

This value is an order of magnitude greater 

than the highest precursor film length 

calculated by Kavehpour et al. (2003), for oil 

droplets spreading on silicon surfaces. Effects 

of condensation on the surface, especially near 

the contact line may be influencing the growth 

of this film. In terms of thickness it is not 

possible to give an estimate, considering that 

this film is never visualized in the XZ and YZ 

views, limited by the optical resolution in depth 

in the tests.  

Regarding the pinning of the contact line, 

this occurs due to chemical or geometric 

defects located on the surface that can modify 

the contact angle of equilibrium and the 

morphology of the contact line, with localized 

alteration of the wettability (Bormashenko 

2013). Although it is possible to observe 

contact line pinning in certain regions of the 

silicon smooth surface - figure 6b, it is more 

prominent on the micro-structured surfaces, 

that is on surfaces P1 and P2, figure 6c and d. 

This distortion of the contact line for the micro-

structured surfaces is confirmed to be similar to 

that reported by (Periklis Papadopoulos 2013). 

However, in the silicon smooth surface the 

pinning and consequent irregularity of the 

contact line are related to surface defects 

which may be due to poor surface conditioning 

or impurities deposited therein. In addition, all 

the droplets studied are in the Wenzel regime, 

mainly because the droplets have an order of 

magnitude close to that of the micro-structures. 

 

 
a) Glass 

 
b) P0 

 
c) P1 

 
d) P2 

Figure 6. XY perspectives of droplets deposited 
on different surfaces. 
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 5.2 Submillimetric droplets  

Looking now for a wider range of droplet sizes, 

there is a clear dependence of the contact 

angle with the droplet radius, for droplets 

smaller than 40 μm, as depicted in Figure 7, for  

the measurements obtained with the LSCFM 

technique. The results are qualitatively in good 

agreement with those reported by Sundberg et 

al. (2007) for water droplets on silanized glass 

with trimethylchlorosilane (TMCS), using a 

similar technique. Dispersion of data is 

associated to the uncertainty of the post-

processing methods, which require further 

optimization. The rate of change found in the 

range of 10 μm to 40 μm for both perspectives 

is different than that obtained by Sundberg et 

al. (2007), which is associated to the impact of 

the droplets in the surface which implies forced 

spreading effects, promoting the increase of 

the diameter and consequent reduction of the 

contact angle of equilibrium, resulting in 

flattened drops. 

5.3 Evaporative effects  

Considering that the tests typically performed 

to measure contact angle present high 

characteristic times (hundreds to thousands of 

seconds), in which the mass diffusion 

evaporation can affect the measurements and 

that, in the LSCFM technique, 3D 

reconstruction of the droplets is in the order of 

5 to 15 minutes, evaporation by mass diffusion 

was evaluated for different environmental 

conditions.  

Tests were carried out at ambient 

temperature (20°C ± 2°C), for two conditions of 

relative humidity HR: 99.90% and 88.50% ± 

0.1%, according to measurements made with 

the DHT22 sensor. In both assays the droplet 

is inside a chamber (300 cm3).   

In a qualitative approach, it can be stated 

that the evaporation phenomenon occurs   

according to constant contact area with contact 

angle decreasing, as reported by (Picknett and 

Bexon 1977) to hydrophilic surfaces. In the 

analysis with HR=99.90% two states can be 

identified: the first one where there is a 

constant solid-liquid contact area, with 

decreasing contact angle transiting at t = 58.37 

min for the second state with both equilibrium 

contact angle and contact area liquid-solid 

decreasing – figure 8. Regarding the height of 

the droplet, it is possible to observe that it 

decreases continuously over time. The results 

show that the contact angle decreases by 

about 53% of its absolute initial value. In 

addition, there is a reduction of the droplet 

height, for both perspectives, of approximately 

80%. Also, the diameter of the deposited 

droplet decreases in 54% and 32% for the 

perspective XZ and YZ, respectively. 

 

Figure 7. Influence of the droplets diameter on the 

equilibrium contact angle for submillimeter drops. 
Detail for the range of diameters from 10μm to 40 

μm. 

 
a) 

 
b) 

Figure 8. Representation of the time variation of a) equilibrium contact angle and b) height and diameter, for 

the perspectives XZ and YZ of the droplet profile. 



9 

 

It is noticed that the contact angle and the 

droplet height vary linearly over time, which 

agrees with the results obtained by (Sobac and 

Brutin 2011), for water droplets on SiOx 

surfaces (HR = 24 ± 3%). In addition, the two 

evaporation states identified for the 99.90% 

relative humidity situation are qualitatively in 

agreement with those reported in the literature 

(Bourges-Monnier and Shanahan 1995) for 

water droplets on polished epoxy hydrophilic 

surfaces. In relation to the contact line pinning, 

there is an imbalance in the surface tension 

that promotes the receding of the contact line, 

whereas a pinning force acts in a way to 

prevent the movement. When the surface 

tension effects are high enough to exceed the 

clamping force, the contact line begins to 

recede and the evaporation transition from 

state 1 to state 2 takes place (Wang and Wu 

2013). 

In the analysis performed, the characteristic 

evaporation time of the droplet is 90 minutes 

for the saturated condition and 9 minutes for 

relative humidity of 88.50%. It is worth 

mentioning that a more sensitive sensor is 

needed, since the relative humidity is not 

measured with the required accuracy. 

However, the variations in terms of equilibrium  

contact angle, height of the droplet and 

diameter of the contact area found in the 

 analysis performed are significant and 

show the need for a very well controlled 

environmental condition in this type of 

measurements. 

6 Conclusion  

This work addresses the development and 

validation of a non-intrusive method to 

characterize the wettability of complex 

surfaces with high spatial resolution. This 

method is the 3D laser confocal fluorescence 

microscopy technique – 3D LSCFM. 

A calibration of the parameters influencing 

the fluorescence intensity was performed. The 

analysis performed revealed that is appropriate 

to use the power of the laser in a range of 

3.00% to 3.50% of its maximum power and 

gain of the photomultiplier between 500V and 

550V, which implies resulting images with 

adequate pixel intensity and contrast. Also, a 

spectrofluorometric test was performed from 

which it was verified that the highest 

fluorescence intensity occurs for the 3.968 × 

10-6 g/ml concentration solution. 

The image analysis and post-processing 

algorithm was developed in Matlab 

environment and validated for fluorescent 

droplets on smooth glass surfaces with an 

uncertainty of 42 μm in the calculation of 

contact area diameters and 10° in the 

calculation of equilibrium contact angles. 

Therefore, it was possible to characterize the 

wettability of smooth glass and micro-

structured silicon surfaces composed of 

square-base pillars using the 3D technique of 

LSCFM with an optical resolution in depth of 

1μm.  

In a qualitative approach, the 3D technique 

of LSCFM allowed to obtain detailed 

information of the region near the contact line, 

impossible to obtain in the optical tensiometer.  

Regarding the sub millimetric scale, for 

droplets with contact area diameters of less 

than 40 μm, in which the effects of surface 

tension dominate over those caused by gravity, 

a clear dependence of the equilibrium contact 

angle with the diameter of the area was found.  

Moreover, considering that the 

characteristic time to perform the essays to 

quantify the contact angle can take several 

minutes (up to an hour) the occurrence of 

evaporation mechanisms can take place.  

These effects were found to be significant and 

show the need to optimize the conditions under 

which the tests are performed, namely to use 

an evaporation control chamber properly 

designed to be accommodated in the short 

space between the scanning mechanism and 

the base where the specimen is placed in the 

microscope as well as the use of more than one 

sensor within the same chamber to obtain 

more accurate humidity and temperature 

measurements. These recommendations are 

also valid for the optical tensiometer, for tests 

requiring similar analysis times. 
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