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Abstract 

The goal of this study was to investigate the morphology and dynamics of solutions of 

so-called surface-active agents deposited on a thin film of liquid. When these 

surfactants get in contact with this thin film, a dry ‘hole’ will arise, if the surfactants 

have an attractive interaction with the substrate surface. The hole will grow circular at 

first, but at a certain radius, tiny droplets and lines (called ‘fingers’ or liquid streaks 

further on) will be left behind. 

The influence of the film thickness, surfactant concentration, volume and substrate- 

and surfactant materials on the system is then being examined.  

The thin liquid film is deposited by spin-coating. After this, the thickness of the film 

was measured using a spectral reflectance technique. A microscope is used in order to 

visualize the droplet of surfactant and the dynamics of dry spot formation. With the 

help of MATLAB, the radius of the droplet was determined as well as the velocity of 

the retreating fringes.    
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1 Introduction 

1.1 Technological context 

At this moment, there are two important applications for this study. In the oil industry 

(primarily in extracting the oil from sub-surface reservoirs) and in health care (less 

relevant for my project) for pulmonary drug delivery. 

In the oil industry it is very important to recover as much oil as possible from the 

earth. Modifying the wettability of (mostly rock) surfaces makes it possible to get oil 

more easily from the surfaces and in this way get a higher efficiency
1
.  

When we look at the medical field, wettability modification can occur when drugs are 

delivered into the body through the lungs. In this case, the effect of a surfactant on a 

liquid films is not good for the patient, and often deadly. When the surfactant hits the 

thin film of liquid on the lungs, a dry area is created, and in this field of study, you 

want to avoid this effect, because it is, as said, not good for the patient
2
.   

However, it is important to know how this process goes. It has been observed that the 

hole that is formed, is not completely dry. There are tiny droplets and lines left 

behind. This may have an effect on the adsorption of surfactant on the substrate.  

1.2 Adsorption at the solid-liquid interface 

Surfactants are compounds that lower the surface tension (or interfacial tension) 

between two liquids or between a liquid and a solid. To visualize what happens when 

a droplet of surfactant is deposited onto the substrate (with a glycerol film on it), a 

representation is shown in figure 1. 

 

Figure 1: Visualization of a droplet of surfactant that is just deposited. 

In figure 1, the droplet as well as the thin liquid film are visualized. The darker blue 

part is the silicon substrate where the droplet is deposited on. It can be seen that the 

contact line is receding. This is due to the adsorption of the surfactant molecules. The 

surfactant molecules are visualized as the red dots with the black tails. Because of the 

                                                 
1
 http://etd.lsu.edu/docs/available/etd-1113102-143537/unrestricted/Ayirala_thesis.pdf 

 
2
 Hong Kong University Of Science And Technology R & D Corporation Limited – Patent US 

5451569A 

http://en.wikipedia.org/wiki/Surface_tension
http://etd.lsu.edu/docs/available/etd-1113102-143537/unrestricted/Ayirala_thesis.pdf
http://www.google.com/search?tbo=p&tbm=pts&hl=en&q=inassignee:%22Hong+Kong+University+Of+Science+And+Technology+R+%26+D+Corporation+Limited%22
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surface tension, a Marangoni flow is directed outwards and causes the bulk shown in 

the figure. On the right side of the figure, the height of the liquid film is   . 

 

These silicon substrates have an oxide layer on top of the surface and are negatively 

charged when immersed in water or glycerol. The interaction between the solid and  

liquid interfaces is shown in the figure below.  

DTAB (Dodecyltrimethylammoniumbromide) is used as a surfactant (cationic). 

 

Figure 2: Adsorption of DTAB macro-ions. 

 

In figure 2, it is shown that the DTAB molecules are attracted to the silicon surface 

due to an electrical force. Besides DTAB, also other surfactants are used. They are all 

attracted to the silicon in roughly the same way, but for the sake of convenience, we 

use DTAB as an example for now. Notice that in this way, all of the hydrophobic 

“tails” are directed outwards and causes the surface of the substrate to be 

hydrophobic. This causes the dry area that is visualized in figure 1. 

In figure 3, the DTAB molecules are drawn and it is said that the macro-ion of DTAB 

is positively charged. In figure 4, a schematic representation of a DTAB molecule is 

shown. 

Head group 

“tail” 

DTAB (or another cationic 

surfactant) in glycerol. Macro-

ion positively charged. 

Silicon in glycerol 

– negative surface 

charge. 
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Figure 3: Schematic illustration of a DTAB molecule. 

In figure 3, the ‘tail’ can be seen, and in figure 2, it is represented by the straight 

black, solid line of the DTAB molecules. In figure 2, red, positively charged dots are 

attached to those black tails. Those positively charged red dots are the right side of the 

molecule as shown in figure 3, but without the     ion.  

When a droplet of surfactant (in this case DTAB) comes in contact with the thin 

glycerol film, the positively charged part of the DTAB molecule is attracted to the 

negatively charged silicon substrate. The bromide-ion in the DTAB molecule is 

negatively charged, and desecrates from the remaining part of the molecule.  

In figure 2 it is shown that the DTAB macro-ions are orientated in such a way that the 

‘head’ of the ion is attached to the silicon surface and that the ‘tail’ is completely 

directed outwards. When using different surfactants, the orientation might be 

different, an example is shown in figure 4. 

 

Figure 4: In contrast to figure 3, the macro-ion is now partly attached to the silicon substrate. 

In figure 4, the macro-ions are, as shown, differently orientated. This is just an 

example out of many. For example, the tail of those macro-ions can also be 

completely attached to the silicon substrate. 

 

“Hydrophobic Tail” 

“Hydrophilic 

head-group” 
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1.3 CMC (Critical micelle concentration) 

The critical micelle concentration (CMC) is defined as the concentration 

of surfactants above which so-called micelles form i.e. supramolecular aggregates 

(see fig. 5).  All additional surfactants added to the system go to micelles.
3
 

The CMC is a very important characteristic of a surfactant. Before the CMC is 

reached, the surface tension is strongly dependent on the concentration of the 

surfactant, so it changes a lot when different concentrations are used. When the CMC 

is reached, the surface tension of the surfactant will remain more or less constant. The 

CMC value for a dispersant in a certain medium is also dependent on the temperature, 

pressure and the presence and concentration of other surface active substances. 

In figure 5, an illustration is shown to give a view of the micelle formation process. 

                                                 

3
  IUPAC. Compendium of Chemical Terminology, 2nd ed. (the "Gold Book"). Compiled by A. D. 

McNaught and A. Wilkinson. Blackwell Scientific Publications, Oxford (1997). XML on-line corrected 

version: http://goldbook.iupac.org (2006-) created by M. Nic, J. Jirat, B. Kosata; updates compiled by 

A. Jenkins. ISBN 0-9678550-9-8. doi:10.1351/goldbook. Entry " critical micelle concentration, cmc". 

 

Figure 5: A simplified example with water and 

air. Increasing concentration of surfactant in 

water slowly forming a layer on the surface and 

eventually forming micelles at or above the CMC. 

Notice that the existence of micelles does not 

preclude the existence of individual surfactant 

molecules in solution.  

Image taken from 
http://en.wikipedia.org/wiki/Critical_micelle_concentration#c

ite_note-1. 

http://en.wikipedia.org/wiki/Surfactants
http://en.wikipedia.org/wiki/Micelle
http://goldbook.iupac.org/
http://en.wikipedia.org/wiki/Special:BookSources/0967855098
http://en.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1351%2Fgoldbook
http://goldbook.iupac.org/C01395.html
http://en.wikipedia.org/wiki/Critical_micelle_concentration#cite_note-1
http://en.wikipedia.org/wiki/Critical_micelle_concentration#cite_note-1
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2 Experimental setup 

The experimental setup is shown in figure 6 and figure 7. 

 

 

Figure 6: Setup of the microscope, a substrate can be placed at the red spot under the lens. 

 

 

Figure 7: The computer is used to monitor the process on the microscope. 

 

Olympus BX50 microscope  

Mitutoyo digital 

indicators 

Microscope objective 

Micrometers 

for x- and y- 

motion 

AVT Pike CCD camera 
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The magnification of the objective that we use is 2x. This is the smallest 

magnification available which resulted in a field of view of 0.7 x 0.7 cm. The rim and 

the fringes could be seen as long as they were visible on the screen. The settings of 

the microscope and the recording program were the same at every experiment. The 

framerate that is used is         . The pixels could be converted to    by 

multiplying the number of pixels by 5.48. 

 

 

Figure 8: Depositing a droplet of surfactant. 

 

In figure 8, it can be seen that a syringe is used to create a droplet. This syringe is 

attached to an apparatus that measures the exact amount of volume that leaves the 

syringe. It has an accuracy of        . However, in order to get the smallest droplets 

as possible, a tiny piece of tube is attached to the syringe. By doing this, the apparatus 

cannot measure the amount of surfactant that leaves the syringe, because it is too 

small. A schematic illustration is given in figure 9. 

Hamilton 

digital syringe 

Hamilton 

1710 gas tight 

syringe 

Substrate 

Luer lock attached. 

FEP tubing. 

Lab jack 



10 

 

 

Figure 9: A droplet of surfactant is deposited on a thin glycerol film that lays on a silicon substrate. 

 

There was one obstacle. The time between depositing the droplet and putting the 

substrate under the microscope was in the order of 10 seconds. Every time, the time 

has to be measured between the depositing and putting the substrate under the 

microscope. This was done with a stopwatch, so the timing uncertainty was       . 

Because of this, it was not possible to monitor the whole process, because the 

beginning (first ten seconds) was missing. 

The previous setups are used to deposit the droplet on the substrate and to monitor the 

process. In order to create a thin film of glycerol on the silicon substrate, a spincoater 

is used, shown in figure 11. With this machine, you can vary the speed and time at 

which the spin coater is coating. The film thickness can be varied. 

 

 

Using a homemade spectral interferometer setup the real thickness, corresponding to 

each set of spin-coat parameters, is measured. The minimum thickness that could be 

measured is about     . So it had to be sorted out what spin coat settings could be 

used and which ones could not be used. For example, when the same spin-coat 

settings are used and a liquid is used that has a relatively small viscosity (for example 

Figure 10: The spin coater. 
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water), the film is much thinner than when a liquid with a larger viscosity is used (for 

example glycerol). 

Emslie et al.
4
 proposed a simple model of the spin-coating process predicting film 

thickness as a function of a number of physical parameters as follows: 

  
  

(  
     

  

  
)

 
 

         (1) 

With formula (1), the thickness of the liquid film is measured when the spin coat 

settings are known. 

The setup of the spectral interferometer is shown in the figure below. 

 

Figure 11: Spectral interferometer. 

 

 

 

 

 

 

 

                                                 
4
 A.G. Emslie, F.T. Bonner, L.G. Peck, J. Appl. Phys. 29 (5) (1958) 858 

 

Socket 
Interferometer 
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Also the contact angle is measured. The setup is shown in figure 12.  

 

Figure 12: Setup to measure the contact angle and droplet size. 

 

  

Holder for syringe 

Substrate is 

placed here 

THORLABS 

camera 



13 

 

3 Radius of the droplet 

3.1 Shrinking of the droplet as a function of the time 

After the droplet of surfactant solution is deposited on the thin liquid film, it shrinks 

and the radius decreases. There are two possible explanations to this phenomenon. 

The first one is hydrodynamic relaxation, i.e. after deposition the droplet is not yet in 

an equilibrium configuration and it takes a finite time to reach such an equilibrium. 

The droplet shrinks. Another explanation is adsorption of the cationic surfactant on 

the solid-liquid interface. It takes a finite time for the surfactant molecules in the 

liquid film to diffuse towards the liquid-solid interface. 

In order to investigate this, different droplet sizes were created, and then deposited on 

a substrate. In order to distinguish between these two possibilities, we determined the 

effect of    and    on the radial shrinking dynamics. 

First there are experiments carried out with different droplet sizes, they are deposited 

on a thin liquid film with the syringe as shown in section 2. In order to determine the 

exact radius of the droplet, MATLAB is used. With the MATLAB script (see 

Appendix A-1), the radius is determined (number of pixels). When this is done, the 

number of pixels are being converted to SI units (mm in our case). In all of the 

experiments shown in this chapter, the concentration of DTAB used is         . 

In the following figure, three graphs are plotted. Each of the three graphs represent a 

droplet with a particular begin radius, as can be seen in the figure 13. 

 

Figure 13: Non-dimensional droplet radius             as a function of the time for          
        . 

Symbols represent experimental data for three different droplet sizes. Solid lines and 

fit functions with fit parameters are given in table 1. 

 

𝐑
𝐚
𝐝
𝐢𝐮
𝐬 
𝐑

∞
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The following fit is used: 

      ∞        (
  

  
)        (

  

  
)   .      (2) 

Table 1: Numerical values of the fit parameters used in figure 13. 

                                             

A1 0.0647 0.1166 0.3998        

A2 0.0647 0.0540 0.0595  

T1  39.044 9.9941 6.0074  

T2 39.044 44.900 36.255  

 

When we look at those plots, it can be seen that the smaller the begin radius (so in this 

example the blue line, which has the smallest begin radius), the faster the shrinking 

process goes. The effect of shrinking is clearly visible when a large droplet is used. 

The reason why the ‘shrinking effect’ is less visible with a smaller droplet, is probably 

because of the fact that the process is going faster, and the amount of time required to 

put the substrate under the microscope (after depositing the droplet) is pretty large 

when compared to the amount of time that the droplet takes to shrink to its final size. 

In that way, one sees only a small part of the shrinking.  

This experiment is repeated with different spin-coat settings, in order to get a different 

initial film thickness. In figure 14 the same plots are shown, only this time, the 

settings of the spin-coater are        and           . The fit function (2) is 

used. 

 

Figure 14: Non-dimensional droplet radius R(t)/ ∞ as a function of time for                   

and            .  

𝐑
𝐚
𝐝
𝐢𝐮
𝐬 
𝐑

∞
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Table 2:Numerical values of the fit parameters used in figure 14. 

                                             

A1 0.4581 0.0569 0.2369        

A2 0.0368 15.549 0.2369  

T1  5.2759 24.333 17.093  

T2 26.486 4.7289 17.093  

 

The ‘equilibration’ times t1 and t2 are shorter for the smaller value of   , which 

indicates that adsorption dominates the shrinkage dynamics rather than the 

hydrodynamic relaxation equilibrium. 

 

 

3.2 Shape of the droplet and the contact-angle 

What can be concluded from the previous results is in short that, the smaller the 

droplet you deposit, the smaller the effect of shrinking. Also, the thickness of the 

glycerol film has an effect on the shrinkage. 

After this is done, an experiment is carried out in order to see what causes this effect. 

This is done by depositing a droplet on a substrate and film it with a camera. To make 

the effect as visible as possible, the droplets that are deposited are relatively large. In 

the following figures, the process of shrinking is clearly visible. 

 

   

 

 

 

 

 

 

 

 

 

As is visible in figure 15, the droplet shrinks. Especially in the beginning, it is clearly 

visible. Those pictures are captions of a short movie that was made of the process. 

The frames/second are 14 and the total length of the movie is 3 minutes and 39 

seconds. In order to determine whether the shrinkage is governed by diffusion through 

the thin liquid film or by the intrinsic adsorption dynamics, we repeated the 

experiment in figure 15 without the glycerol film (    ).  

t=13 s 

t=39 s 

t=200 s 

Figure 15: Side views of the droplet at different 

times after deposition  for                   . 

Image width is 9 mm. 
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In figure 16, there are also three pictures taken, just like in figure 15. When you look 

at figure 15, there is almost no difference visible. It can thus be concluded that the 

effect of shrinking is primarily caused by the glycerol film on the substrate. 

 

 

 

 

 

 

 

 

In figure 16, an objective is used (1.5 times less magnified as the objective used in 

figure 15). It is visible that the droplet shrinks only a bit. The main conclusion is that 

when depositing a droplet on a substrate with a glycerol film on it, the droplet shrinks 

due to adsorption onto the substrate and not due to (or in fact, much less) fluid 

dynamics. Because we now know that the shrinkage is caused by the thin glycerol 

film, it is of course good to know whether the thickness of the film has an influence 

on this process. The same experiments were done, but the difference was too small to 

see, so no pictures are shown of that part of the experiment. Differences in 

comparison with the previous figures are negligible. 

The next thing that is done is measuring the contact angle of the droplet. The first 

thought was to use it and determine the volume of the droplet with it. As it turned out, 

this was not successful. The measurement of the contact angle of the droplet is done 

with MATLAB (Appendix A-2). With the movie that was made of the deposited 

droplet, the contact angle on both sides of the droplet (left and right) was extracted. 

The results are shown in figures 17 and 18. 

Figure 16: This figure shows the captions of the movie where no glycerol film is put on the substrate. A 

red line is drawn to indicate the begin size of the droplet, that line is put on all three images. It can be 

seen that the size of the droplet decreases only         . The concentration of the DTAB used is 

1.18wt% and the image width is 1.5 mm. 

t=19 s t=47 s t=240 s 

Figure 17: Contact angle as a 

function of the number of captions. 

On caption represents 0.14 seconds. 

With                  , 

                  and 

            . 
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The contact angle is measured by depositing a droplet on a substrate and view it from 

the side. This setup is really sensitive to vibrations, which makes it difficult to 

measure it flawlessly. However, the main effect can be seen in the figure. The contact 

angle increases in the beginning and approaches a constant value.  

In figure 18, the position of the edge of the droplet is plotted. In this way it can be 

seen that the droplet is shrinking. Primarily in the beginning, the shrinkage is visible, 

after a short period of time, it will remain constant. To make it even more clear, both 

edges of the droplet are plotted. In this way, it can be seen that the left side of the 

droplet, just like the right side is moving towards the center of the droplet, and thus, 

the droplet is shrinking. 

Also an attempt is made to investigate the surface tension of the droplet. This was 

done with the Wilhelmy method as sketched in figure 19. In this method, the liquid (in 

our case the glycerol with DTAB in it) is placed beneath a balance. A square piece of 

platinum is attached to the bottom of the balance, so the exerted force could be read 

from the balance. The piece of platinum is then moved towards the solute with DTAB 

and just when this piece of platinum hits the surface of the liquid, the exerted force is 

measured. In theory one can determine the surface tension in this way with the 

following formula: 

  
 

             
 (3) 

 

In this formula, it can be seen that the surface tension   is equal to the exerted force 

divided by the circumference of the piece of platinum. From the balance, the exerted 

force F can be determined (with the help of the mass:     ). This formula requires 

that the contact angle is zero. Otherwise, a         term is placed before the  . This 

angle could not be determined, so this experiment was not successful.  

A sketch is shown in figure 19 
5
. 

                                                 
5 http://www.facekyowa.co.jp/english/en_science/en_theory/en_what_Surface_tension/ 

Figure 18: Position of the edge of the droplet as a function of the number of 

captions. 

http://www.facekyowa.co.jp/english/en_science/en_theory/en_what_Surface_tension/
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Figure 19: Mechanism to measure the surface tension. Exerted force is in the opposite direction as the 

surface tension. Because the system is in equilibrium, the surface tension is known when you know the 

force of counteraction. The contact angle is shown too, it can be seen that it has an influence on the 

force you measure. 
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4 Distance and speed of the retreating contact line 

4.1 The effect of the radius on the retreating contact line 

When a droplet is deposited on the substrate, the first thing that can be seen is the 

retreating contact line of the glycerol film. The following picture makes it somewhat 

clearer. 

 

Figure 20: The dark spot is the initial droplet. The distance between the edge of the droplet and the 

retreating contact line is displayed with a red arrow and is named L. 

In the following parts, the effect of the droplet size, and the radius of the droplet on 

the speed and distance of the rim is investigated. The first hypothesis is that, when a 

bigger droplet is used, the eventual distance L is larger than when a smaller droplet is 

used. Also, one of the first thoughts is, the thinner the film, the smaller 
  

  
. Because 

the thinner the liquid film, the smaller the distance that the DTAB molecules have to 

diffuse towards the surface of the silicon substrate is. Therefore, the speed of the 

contact line should be large in the beginning, (because DTAB molecules adsorb 

faster), but should slow down at a sudden point because the number of molecules 

DTAB becomes relatively small in a short period of time. 

First the effect of the droplet radius is investigated. As concluded in the previous 

chapter, the radius of the droplet shrinks over time. This effect has to be taken into 

account. The distance L is measured as a function of the time. MATLAB reads the 

image sequence and by manually determine the location of the contact line in every 

image, MATLAB calculates the distance between that contact line and the edge of the 

droplet (which is continuously changing because of the changing radius).  

In the following figures the distance L is plotted against time. In the first case (figure 

21), the spin-coat settings are:            and       . This results, as said 

before, in a film thickness of        . In all of the following plots, the same 

exponential fit-function is used: 

        (
  

  
)        (

  

  
)    .       (4) 

L 

Contact 

line fringes 
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Just like in the previous chapter, the concentration of DTAB is:         . The 

numerical values of the fit parameters are given in table 3.  

 

Figure 21: Double logarithmic plot of the distance L as a function of the time for three different droplet 

radii   .                  and                  . A powerlow fit is shown at the small 

droplet to indicate the point of slowing down (contact line). 

Table 3: Numerical values of the fit parameters of figure 21. 

                                             

L0 2.3593 3.5720 8.6448        

A1 -0.7660 -3.0603 -4.8441  

A2 -3.0653 -1.5901 -4.8441  

T1  169.25 127.63 225.99  

T2 29.683 38.700 225.92  

 

In Figure 21, there are three graphs plotted. Each graph is representing a measurement 

of a droplet with a different radius. From this figure, it can be concluded that when a 

smaller droplet is deposited (in figure 21, the black plot is the one of the smallest 

droplet), the faster the speed suddenly slows down. In the case of the other plots (the 

blue and the red one), the experiments might not lasted long enough, so it is not really 

clear when or if the speed of those rims slowed down suddenly. It can be seen from 

the figure that the bigger the droplet, the less the effect of a sudden decrease in speed 

is visible.  
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The next thing that is done, is the same experiment, but then with a different film 

thickness, to see whether the results are the same or not. Again, the same fit functions 

is used, only now the spin-coat settings are            and       . This results 

in a film thickness of                  . 

 

Figure 22: Distance L as a function of the time for three different droplet radii.                  

and               Again, a powerlow fit is drawn to indicate the point of slowing down. 

Table 4: Numerical values of fit parameters of figure 22. 

                                             

L0 0.8307 3.4301 5.8352        

A1 0.7524 -2.4413 -3.3547  

A2 -2.8983 -2.4413 -3.3547  

T1  -1599.7 59.910 153.20  

T2 31.524 59.910 253.20  

 

In figure 22, the plots are pretty much the same as in figure 21. Just like in figure 21, 

the smallest droplet has the quickest decrease in speed. In this case, the decrease in 

speed is a bit earlier when a thinner film is used (the values of t1 and t2 are also larger 

when a thinner film is used). This can indeed be caused by the thinner film, but it has 

also be taken into account that the droplet sizes of both experiments are not exactly 

the same.  

 

 



22 

 

In short, what we can conclude is that the smaller the droplet, the more visible, and 

especially the quicker, the effect of a decreasing contact line speed is. As expected, 

the larger the droplet is, the larger the distance L becomes. What has to be 

investigated, is whether the film thickness has a significant effect on the speed of the 

retreating rim.  

 

4.2 The effect of the film thickness on the retreating rim 

In figure 22, three plots are made. There is experimented with three different film 

thicknesses. All the droplets are small, with a droplet radius of             each 

time. This is done because of the fact that the effect of a decrease in speed is more 

visible. 

 

Figure 23: The distance L as a function of the time for different values of    . The concentration 

              and                  . 

Table 5: Numerical values of the fit parameters used in figure 23. 

                                                    

L0 2.4337 2.2929 2.9128            

A1 -1.0413 -1.4077 -1.3401  

A2 -1.0413 -1.4077 -1.3401  

T1  187.44 221.47 201.26  

T2 187.44 221.47 201.27  
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In figure 23, three plots are made. It can be seen that when a very thin film is used, the 

rim of the droplet slows down somewhat earlier, also the distance that is reached is 

smaller than at the other plots. If a thicker film is used, the distance reached is a bit 

larger. Also the point of slowing down is a bit later. The first hypothesis was that the 

thinner the film, the higher the speed of the receding contact line in the beginning, and 

the earlier it slowed down. The thinner the film, the less time the DTAB molecules 

need to diffuse to the surface of the silicon substrate. A sketch is shown in figure 24.  

   

Figure 24: Diffusion of the DTAB molecules at different film thicknesses. 

As shown in the above figure, the thicker the film, the longer it takes for the DTAB 

molecules to diffuse towards the silicon substrate. The thought was that with a thicker 

film, the adsorption process goes slower, and also the contact line would retreat much 

slower. 

Figure 23 proves the opposite. It is clear that when a thicker film is used, the contact 

line retreats a bit further, but not very much. Also, with a thinner film, the speed of the 

contact line at the beginning is not higher than when other thicknesses are used. It is a 

good thing to investigate this in the future and look if there are relationships between 

the film thickness and the speed of the contact line that we are not yet aware of.  
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5 Different concentrations of DTAB 

In order to see whether the concentration of DTAB in the surfactant makes a 

difference, experiments are done with different concentrations. With the help of the 

balance, different masses of DTAB are weighted. The first thought was to first make 

smaller concentrations then the original begin concentration. However, this was not a 

success. Because the initial dynamics became distinctly non-axisymmetric as shown 

in figure 25. 

 

Figure 25: Shortly after deposition, the droplet does not have an axisymmetric shape. A part of it, is 

'attached' to the glycerol film itself. It is obvious that this effect does not result in a good measurement. 

The image width is 0.7x0.7 cm.  

 

The concentration of DTAB in the glycerol is small:                 . When 

deposited, a part of the droplet will mix with the glycerol film. In other words, as can 

be seen in the figure, a part of the droplet is sort of ‘attached’ to the film. A part of the 

cause is that when you deposit the droplet, there are always vibrations. Because of 

those vibrations it can occur that the droplet is not deposited well, or maybe ‘pushed’ 

too hard onto the liquid film.  

However, that is taken into account, the experiment was repeated several times and 

every time the result was the same. So the experiments with the smaller 

concentrations failed. Concentrations of 
  

 
                  , 

  

 
        

           and 
  

 
                   were tried. All of them had the same 

effect. It seems that the original concentration that is used is approximately the 

minimum concentration of DTAB that is needed for the effect of a quasi-

axisymmetric retreating rim to occur. 
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In short, in order to investigate the effect of different concentrations, the easiest way 

is to use higher concentrations. To do this, the following concentrations are made: 

                      and                      .  

 

5.1 Effect on the radius-shrinking 

In the following figure, the non-dimensional radius is plotted against the time for the 

two different concentrations of DTAB. The film thickness that is used is        . Eq. 

(2) is used as the fit function. 

 

Figure 26:         ∞ as a function of the time. Three plots representing three different 

concentrations are drawn.                  for all droplets.                  . 

As can be seen, the radii of the three droplets were a bit different, so the lines do not 

overlap completely, and they don’t have the same begin value (the blue one is for 

example much higher at the beginning). What we can conclude, is that they are all 

three of the same shape. In short, it can be seen that the concentration of the DTAB in 

the surfactant has not much influence on the timescale associated with radial 

shrinking of the droplets.  
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Table 6: Numerical values of fit parameters of figure 26. 

                             

A1 1.5616 0.4693 0.4448                   

A2 0.2378 0.0480 56.715  

T1  7.6117 11.198 25.632  

T2 27.444 38.529 3.9244  

 

 

5.2 Effect on the distance and speed of the retreating rim 

The difference in concentration DTAB may not have a visible effect on the shrinking 

or changing of the radius, but it may have an effect on the speed and distance of the 

rim that is retreating. The results of the experiment are shown in the following figure.  

 

Figure 27: Distance L as a function of the time for three different values of the DTAB concentration. 

                  and                  . 
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Table 7: Numerical values of fit parameters used in figure 27. 

                             

L0 3.4243 2.3592 2.5008            

A1 -1.9283 -0.7666 -3.6202  

A2 -1.9283 -3.0656 -1.2256  

T1  109.54 169.23 21.187  

T2 109.54 29.683 128.71  

 

The film thickness that is used in this experiment is        . It can be seen in the 

figure that a higher concentration tends to lead to smaller values of L in the limit of 

long times. It can easily be seen that the plots of     and     are earlier slowing 

down and they are steeper in the beginning. Also the final distance that is reached by 

the rim is smaller than with the beginning concentration   . 

What is remarkable in this figure, and important to notice, is that the plots of     and 

    are of the same shape and only differ a little bit. The hypothesis is that this effect 

is probably caused by the CMC (Critical Micelle Concentration). When you increase 

the begin concentration with a factor 2, you see a difference. But when you increase it 

again with a factor 2, the CMC is reached and then the effects and process of the 

droplet are the same. In this case there are no more DTAB molecules adsorbing on the 

substrates surface then there already did with twice the beginning concentration. 

It can also be seen that the speed of the contact line is larger in the beginning when a 

higher concentration is used. The hypothesis is that this is because of the larger 

concentration, the more DTAB molecules in the glycerol. And when there are more 

DTAB molecules, the adsorption of those molecules goes faster. After approximately 

70 s (in figure 27) the number of DTAB molecules decreases, and the ‘supply’ of the 

DTAB molecules is less. This means that the adsorption of the molecules is less, and 

by that also the speed of the retreating contact line.   

When we do the same experiment again, but only now with a different film thickness, 

a different result is obtained, this is shown in figure 28. The film thickness that is used 

is        . 
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Figure 28: Distance L as a function of the time for three different values of the DTAB concentration. 

                  and                 . 

Table 8: Numerical values of the fit parameters used in figure 28. 

                             

L0 0.8307 1.8692 1.7150            

A1 0.7524 0.0106 -1.0731  

A2 -2.8987 -2.7796 -1.0731  

T1  -1590.7 -163.18 57.848  

T2 31.524 41.564 57.848  

 

It can be seen that all three plots are pretty much of the same form, there is not a great 

difference as in figure 27. The expectation was that the thicker the film, the further the 

rim eventually retreats. This expectation was based on the fact that the thicker the 

film, the longer the ‘supply’ of the DTAB molecules holds (see section 4.2). In figure 

28, this is the case, but mostly for the droplet with the smallest concentration. It seems 

that there should be some relation between the film thickness and the concentration 

used. In the future, more experiments could be carried out to investigate this further 

on.  
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6 Other surfactants 

Some experiments were done with non-ionic surfactants: Triton X-100, BRIJ-30 and 

the cationic surfactant HTAB.  

 

6.1 Triton X-100 

The first surfactant that was tested was Triton X-100 in glycerol. The figure below
6
 

shows the molecular structure of Triton X-100. 

 

 

 

In order to investigate the effects of this surfactant on the glycerol film, a thin film of 

           is made. In figure 30 a caption is shown of the Triton X-100 (in 

glycerol) surfactant on the glycerol film. The Triton X-100 that was put on the 

substrate was undiluted. 

                                                 
6
  MP Biomedicals, LLC.  

Figure 29:The molecule structure of Triton X-100. The left side, which has the CH3 and the H3C 

groups, is the hydrophobic 'tail' of the molecule. The right  side is the hydrophilic headgroup. 

Comparing to other surfactants, such as DTAB, the tail is a bit shorter. N is the number of ethylene 

oxide units (9-10). 
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Figure 30: A droplet of Triton X-100 deposited on a thin glycerol film. There is only one big difference. 

The region adjacent to the droplet is not dry. In the case of DTAB, that part is almost completely dry. 

In figure 30, it looks pretty much the same as the captions of the substrates with a 

droplet of DTAB on it (previous chapters). However, there are a few differences 

between them. First of all, the contact line retreats very slowly, much slower than 

when DTAB in glycerol is used as a surfactant. In fact the overall process elapses 

very slowly compared to the experiments with the DTAB. Also, the area adjacent to 

the droplet is not dry, in contrast to previous experiments with glycerol. Due to the 

fact that that area was not dry, no good results were obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Very thin film, not dry!  
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6.2 BRIJ-30 

Another surfactant was tested: BRIJ-30 in glycerol. This had almost the same effect as 

the Triton X-100. In figure 31 a picture is shown just like in section 6.1, only now 

with the BRIJ-30.  

 

Figure 31: Droplet of BRIJ-30 (in glycerol). It can be seen that the effect that occurs is almost the same 

as when Triton X-100 is used. Again, the region adjacent to the droplet is not completely dry. 

The molecular structure of BRIJ-30 is shown in the following figure
7
. 

 

Figure 32: Molecular structure of BRIJ-30. It has a longer 'tail' than the Triton X-100 surfactant. 

Again, the tail is hydrophobic and the right side is the hydrophilic head-group. 

 

In short, the effect that you see here is about the same as with the Triton X-100. There 

is again no real adsorption of the surfactant, and because of that there is again not a 

dry spot but a very, very thin film of glycerol left behind. 

 

6.3 HTAB 

In the case of HTAB (Hexatrimethylammoniumbromide), the experiments were not 

successful either, although it had roughly the same molecular structure as DTAB, 

there were no results obtained (the droplet was barely visible and no clear view could 

be obtained). 

 

 

                                                 
7
 Thomas Skold – Patent US20090226491 A1 
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7 Other films/solutes and substrates 

7.1 Tetra-ethylene glycol 

All the experiments that have been presented so far, were done with glycerol. Every 

time a glycerol film is coated on the substrate and then a droplet of DTAB (or another 

surfactant) in glycerol is deposited on it. It can also be investigated what the effect is 

of another liquid.  

The thin film that is used in the following experiment is made of Tetra-ethylene 

Glycol instead of Glycerol. The main difference between the two substances is that 

the viscosity of Tetra-ethylene Glycol (58.3 cP at room temperature) is about 24 times 

smaller than the viscosity of Glycerol (1412 cP at room temperature). This means that 

when the spin coater is used, the film that lays on the substrate is much thinner than 

when glycerol is used. In this case, the exact film thickness cannot be measured with 

the equipment that is available at our lab because the minimum thickness that can be 

measured in our lab is about     . If the film thickness has to be mentioned, the spin-

coat settings will be given. 

We prepared solution with a concentration of 2.71 wt% DTAB. A thin film is coated 

on a silicon substrate. A few captions of the view through the microscope is given in 

figure 33. 

 

 

 

 

In the captions above, it can be seen that when the droplet is deposited, there is no dry 

spot formed immediately, or a clear visible contact line that retreats. Only after a time 

the liquid film breaks through. At the third caption it can be seen that a dry spot is 

formed rather far from the droplet perimeter. Also on the left side of the third picture, 

a dry spot is created. So that means that, in contrast to the thin Glycerol films, the 

Glycol films break through after a while (about 3 minutes). A great difference is also 

that the shape of the dry spots that are formed. When glycerol is used, you get a nice 

circular shaped dry hole around the droplet. That is not the case here. Because of the 

fact that this effect occurs at random times and there was lack of  space and time in 

this project to experiment further with this effect, it is not investigated further on in 

this study.   

Figure 33: A droplet is deposited on a thin film of Tetra-ethylene Glycol. The surfactant that is used is 

DTAB in Tetra-ethylene Glycol. It is clearly visible that this process is different than when Glycerol is 

used. The concentration used is            and the spin coat settings were            and 

      . This resulted in                  . Image width is 0.7x0.7 cm. 

t=9 s t=130 s t=150 s 

Edge of droplet 
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8 Liquid Streaks 

As shown at the beginning, when a droplet of surfactant is deposited on the silicon 

substrate, you get a nice circular rim that retreats. What has not been discussed yet, 

are the liquid streaks that are being formed at the edge of the rim. The following 

figure should make it somewhat clearer.  

 

Figure 34: When the droplet of surfactant is deposited onto the surface, there are liquid streaks, or 

fingers, formed. Image width is 0.7x0.7 cm. 

This effect occurs regularly. Sometimes the fingers are closer to each other and the 

form and number of them can change over time in the same measurement. A few 

examples are shown in figure 35.   

 

 

 

 

 

 

 

Small ‘streak’ or ‘finger’ 
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Figure 35: Droplet deposited on a thin liquid film. Clear fingers can be seen in the beginning, but 

change over time. Image width is 0.7x0.7 cm and          .                  and    
              . 

The measurements that is shown in the above figure are made with a film thickness of 

       . Also the droplet that is deposited is pretty small. What can be seen in figure 

35, is that the liquid streaks do change over time. If a finger is formed, it splits in two 

and breaks apart. Often, between two neighbor fingers, new fingers are formed. This 

occurs regularly, but it is very difficult to predict when and where new fingers are 

formed. The next question is what will happen when a bigger droplet is used, a 

different concentration, or another film thickness is spin-coated on the substrate. 

For example, about the same droplet size and concentration as shown in the previous 

figure (small droplet), but with another film thickness (       ), fewer fingers that 

are much less pronounced are formed as shown in figure 36. 

t=50 s 

t=240 s 

t=600 s 
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Figure 36: Again, a droplet is deposited onto a substrate. Compared to the previous figure, it can be 

seen that the 'fingers’ are less visible, they are not that big as when you use a thicker film. Image width 

is 0.7x0.7 cm and          .                  and                   

 A larger concentration of DTAB (in glycerol), for example     (        ) with 

approx. the same droplet size, gives the result is obtained shown in figure 37. 

 

 

 

 

 

Figure 37: In this case, a larger concentration DTAB is used. It is visible that there a lot of 

'fingers'. They are really close to each other and are pretty thin and long. Image width is 

0.7x0.7 cm and          .                   and                   

 

t=220 s 
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If a bigger droplet is used, the following result is obtained. 

 

 

Figure 38: At a film thickness of                  the following results is obtained when a 

bigger droplet is used. It can be seen that it looks pretty much the same as the first figure. Only now, 

because of the fact that the droplet is bigger, the fingers are also a bit larger and longer. Image width 

is 0.7x0.7 cm and          .                   

In order to investigate this effect more precisely, it is good to look at the average 

distance between the fingers. It is therefore clever to look at how the fingers behave 

and develop over a certain period of time, like is done in figure 35. However, it is 

very difficult to investigate the average distance between the function of the time, 

because it is not really predictable when fingers are created and break apart.  

Therefore, it is good to investigate this effect more carefully in the future. 
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9 Reflection and main conclusions 

The goal of this project was to understand and investigate the morphology and 

dynamics of surfactant induced wettability modification. The effect of depositing a 

droplet on a thin liquid film is investigated. The radius shrinking of the droplet of 

surfactant as well as the dewetting speed, and the birth of liquid streaks are 

investigated. 

First, the radius shrinking is investigated. The greatest finding was that the droplet 

shrinks after deposition. In order to investigate this further, measurements were done 

with and without a glycerol film. The conclusion of this part of the study is that the 

adsorption of DTAB molecules dominates the shrinkage dynamics rather than the 

hydrodynamic relaxation equilibrium 

When the distance and speed of the retreating fringes and the contact line were 

investigated, it was visible that the smaller the droplet, the earlier the rim was slowing 

down, which was the expectation. The contact line that retreated from the droplet, 

slowed down. The expectation was indeed that the contact line would slow down, but 

not at a sudden point and a sudden decrease in the speed. The larger the droplet, the 

longer it took for this effect to occur, and the less the effect was visible. It turned out 

that the film thickness had not as much influence as the radius of the droplet on the 

retreating contact line. The hypothesis was that the contact line would have a larger 

speed in the beginning when a thinner film is used, but would slow down earlier. This 

was not the case, and the results were against our expectations. It seems that there is a 

relation between the receding contact line and the film thickness that is not yet 

discovered by us and is good to investigate further on in the future.  

Also different concentrations of surfactant were investigated. It became clear that 

when a concentration was used that was twice the beginning concentration, there were 

significant differences in the distance that the retreating rim reaches. However, when 

we looked at the radius of the droplet at different concentrations, there was no 

significant difference that could be seen. 

When a concentration was used that was four times the beginning concentration, 

probably the CMC was reached, and there could no significant difference be seen in 

the reached distance or speed of the contact line. 

Experiments with the non-ionic surfactants Triton X-100, BRIJ-30 and the cationic 

surfactant HTAB turned out to be not that successful. There was no dry hole formed 

and there could no real measurements be done with those results. 

When the experiments were done on other liquids (tetra-ethylene glycol instead of 

glycerol), no circular shaped dry hole was formed, but after a certain period of time, a 

dry spot formed, at a random place and a random time. Also, the liquid streaks, or the 

‘fingers’ formed regularly, but occurred at random moments in time and at different 

locations every time. It could be seen that when different concentrations or film 

thicknesses were used, the shape and number of those fingers changed over time. A 

nice way to investigate this is to measure the average distance between those fingers 

over the time.  
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Appendix A – Matlab scripts 

The following MATLAB scripts were used for this project. 

1. Sript for measuring distance, droplet-radius and dewetting speed of 

contact line 
 

clear all; close all;  
files = dir('*.png'); 

  
time_offset=11.5; 
framerate=7.5; 
selection_rate=100; 
delta_t=1/framerate*selection_rate; 
x=zeros(220); 
y=zeros(220); 

  
A = imread(files(1).name);  
[A, rect] = imcrop(A); 

  
i = 0; 
for ii=1:8:219 
    i = i+1; 
A = imread(files(ii).name); 
A = imcrop(A, rect); 
%if ii < 37 
    %[offsetx(i), offsety(i), radius(i)] = fitcirclefromimage(A); 
%else 
   [offsetx(i), offsety(i), radius(i)] = 

fitcirclefromimage_rightside(A); 
%end 
figure(2), clf, imagesc(A); 
phi=0:0.1:360; 
perix=offsetx(i)+radius(i)*cos(phi-(pi/180)); 
periy=offsety(i)+radius(i)*sin(phi-(pi/180)) 
hold all; plot(perix,periy,'c-'); 
%axis([1 999 1 999]) 
colormap gray; 
[x(i), y(i)] = getpts; 
distancemid(i)=sqrt((x(i)-offsetx(i))^2+((y(i)-offsety(i))^2)); 
distedge(i)=distancemid(i)-radius(i); 
time(i)=time_offset+i*delta_t; 
end 
figure(3),plot(time,distancemid,'x') 
title('Afstand tegen de tijd') 
xlabel('time (s)') 
ylabel('Afstand tot middelpunt druppel (pixel)') 

  
speed =diff(distancemid)/delta_t; 
%time(time <= 15) = NaN; 
figure(4), plot(time(1:end-1),speed,'x') 
title('Snelheid tegen de tijd') 
xlabel('time (s)') 
ylabel('Snelheid fringe (pixel/s)') 

  
figure(5),loglog(time,distedge,'xg') 
title('Afstand tegen de tijd') 
xlabel('time (s)') 
ylabel('Afstand tot rand druppel (pixel)') 
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hold on 
%loglog(logspace(1,4,10),4*logspace(1,4,10).^0.75,'b') 
hold on 
%loglog(logspace(1,4,10),41*logspace(1,4,10).^0.35,'b') 

  
speededge =diff(distedge)/delta_t; 
%time(time <= 15) = NaN; 
figure(6), plot(time(1:end-1),speededge,'xg') 
title('Snelheid tegen de tijd, t.o.v. rand druppel') 
xlabel('time (s)') 
ylabel('Snelheid fringe (pixel/s)') 
hold on 
hold on 

  
figure(7),plot(time,radius,'xb') 
title('Radius tegen de tijd') 
xlabel('time (s)') 
ylabel('Radius (pixel)') 
hold on 
hold on 

  
save('SubstratePim_6_run6.mat','delta_t','framerate','offsetx','offse

ty','selection_rate','time_offset','distancemid','distedge','speed','

time','radius','speededge') 
%save('SubstratePim_4_run5(beide).dat','delta_t','framerate','offsetx

','offsety','selection_rate','time_offset','distancemid','distedge','

speed','time','radius','speededge','-ascii') 
%save('SubstratePim_6_run2_distedge.txt','distedge','-ascii') 
%save('SubstratePim_6_run2_speed.txt','speed','-ascii') 
%save('SubstratePim_6_run2_time.txt','time','-ascii') 
%save('SubstratePim_6_run2_radius.txt','radius','-ascii') 
%save('SubstratePim_6_run2_distancemid.txt','distancemid','-ascii') 
times=time(1:end)'; save times.dat times -ascii 
radii=radius(1:end)'; save radii.dat radii -ascii 
afstand=distedge(1:end)'; save afstand.dat afstand -ascii 

 

In this script, the following functions were used: 

Fitcirclefromimage: 

function [offsetx, offsety, radius] = fitcirclefromimage(img); 

  
% Create black-white image 
bw = im2bw(img, .1); 

  
% Switch black and white 
bw = imcomplement(bw); 

  
% Fill the 'holes' in the picture 
bw = imfill(bw, 'holes'); 

  
% Select only the white area, containing the midpoint of the image 
height = size(img, 1); 
width = size(img, 2); 
bw = bwselect(bw, round(width/2), round(height/2)); 

  
% Take the outer perimeter of the area 
bw = bwperim(bw); 
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% Create x and y vectors for fit 
[fy, fx] = find(bw == 1); 

  
% Fit a circle through the x and y points 
circ = [fx fy ones(size(fx))]\(-(fx.^2+fy.^2)); 
offsetx = -.5*circ(1); 
offsety = -.5*circ(2); 
radius  =  sqrt((circ(1)^2+circ(2)^2)/4-circ(3)); 
end 

 

fitcirclefromimage_rightside 

 
function [offsetx, offsety, radius] = 

fitcirclefromimage_rightside(img); 

  
% Create black-white image 
bw = im2bw(img, .1); 

  
% Switch black and white 
bw = imcomplement(bw); 

  
% Fill the 'holes' in the picture 
bw = imfill(bw, 'holes'); 

  
% Select only the white area, containing the midpoint of the image 
height = size(img, 1); 
width = size(img, 2); 
bw = bwselect(bw, width, round(height/2)); 

  
% Take the outer perimeter of the area 
bw = bwperim(bw); 

  
% Remove points at edge of figure, because not part of the perimeter 

of the 
% droplet 
bw(:, end) = 0; 

  
% Create x and y vectors for fit 
[fy, fx] = find(bw == 1); 

  
% Fit a circle through the x and y points 
circ = [fx fy ones(size(fx))]\(-(fx.^2+fy.^2)); 
offsetx = -.5*circ(1); 
offsety = -.5*circ(2); 
radius  =  sqrt((circ(1)^2+circ(2)^2)/4-circ(3)); 
end 
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2. Script for measuring the contact angle and position of droplet-edge 

 

close all; clear all; clc; 

  
% Variables 
filetype = 'png'; 
thresshold = 150;   % Pixels beneath thresshold are considered 

droplet (black: 0, white: 255) 
nradius = 20;       % Point within nradius around contact line used 

for linear fitting 
showedgeplot = 0;   % Show plot (1) of found edge and angles (turn 

off (0) for many images) 

  
% -------------------------------------------------------------------

------------------------ 
% Ask for folder 
pathname = uigetdir(); 

  
% Find files 
files = dir(fullfile(pathname, ['*.' filetype])); 

  
% Read the first image into memory 
img = imread(fullfile(pathname, files(1).name)); 

  
% Show figure for crop 
fig1 = figure(); 
imagesc(img); 
colormap gray; 

  
% Crop and remember crop area (rect) 
[img, rect] = imcrop(); 

  
% Close figure and update graphics 
close(fig1); 
drawnow; 
if showedgeplot 
    fig1 =  figure(); 
end 

  
tic; 
imax = numel(files); 
for i = 1:imax 

     
    if ~mod(i,10) 
        disp(round(i/imax*100)); 
    end 

     
    % Load image 
    img = imread(fullfile(pathname, files(i).name)); 

     
    % Crop image 
    img = imcrop(img, rect); 

     
    % Find edge 
    [xx, yy] = f_findedge(img, thresshold); 

     
    % Find angle 
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    [fitx, fity, fitr, fitxl, fityl, fitl, angle, anglel] = 

f_findangle(xx, yy, nradius, 1); 

     
    % Show the found perimeter 
    if showedgeplot 
        figure(fig1); 
        clf; 
        imagesc(img); 
        colormap gray; 
        hold all; 
        plot(xx, yy, 'y.'); 
        plot(fitr, fitx, fity, 'r-'); 
        plot(fitl, fitxl, fityl, 'r-'); 
        drawnow; 
    end 

     
    % Save 
    right_angle(i) = angle; 
    left_angle(i) = anglel; 
    right_x(i) = fitx(end); 
    left_x(i) = fitxl(end); 
end 
time_elapsed = toc 

  
% Show the results 
figure(); 
hold all; 
plot(left_angle, 'o'); 
plot(right_angle, 'o'); 
xlabel('n'); 
ylabel('Contact angle [deg]'); 
legend('Left', 'Right'); 

  
figure(); 
hold all; 
plot(left_x, 'o'); 
plot(right_x, 'o'); 
xlabel('n'); 
ylabel('Position [px]'); 
legend('Left', 'Right'); 

  
% Save the found variables 
name = 'ContactAngleSetup_results'; 
name = timestamp(name); 
save(name, 'right_angle', 'left_angle', 'right_x', 'left_x', 

'pathname'); 
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Appendix B – Raw data 

The data and numerical values of all the fit parameters of the plots are given below. 

Figure 13: 
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Figure 14: 
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Figure 21: 
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Figure 22: 
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Figure 23: 
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Figure 26: 

 

 

 

 

 

 

 

 

 

    

   

    



49 

 

Figure 27: 
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Figure 28: 

 

   

    

    


