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1.1 Introduction  

If nature is the undisputed genius to design the world with mysterious 

principles, wetting is one of the omnipresent phenomena governed via the natural 

laws. Wetting is a common occurrence that many lives take advantage of in order 

to adapt to their living environment, such as the self-cleaning property of lotus 

leaves [1], the superior water-walking ability of water striders [2], the directional 

adhesion of butterfly wings [1,3], the antifogging functionality of mosquito eyes 

[4], the water collection of the Namib Desert beetle and spider silk [5,6], the 

submarine self-cleaning ability of fish scale [7], and the use of plastron respiration 

for underwater breathing [8]. There are a few examples presented in Fig. 1.1.  

 

Fig 1.1: Some natural superhydrophobic materials, as revealed by SEM [9]. (a) Leaf of 

Colocasia esculenta. (b) Lotus leaf. (c) Leg of a water strider. (d) Surface of a mosquito eye. 

On the other hand, human beings are always keen on understanding and 

imitating nature to improve our own society. From the pioneering work of Young 

and Laplace 200 years ago, many efforts have been devoted to explore the 

mechanism of wetting. The surface energy theory has well explained those static 

wetting phenomena mentioned above. Specifically, the value of contact angle 

among three phases is determined by Young-equation and the interface’s shape 

follows the Young-Laplace formula.  
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However, dynamic wetting, the spontaneous spreading process after droplet 

contacts the solid substrate, is still poorly understood. Since dynamic wetting 

phenomena play a crucial role in industry, ranging from printing, to coating and 

lubrication [10-12], the issue of spreading has increasingly attracted extensive 

attention in the past several decades [13-14]. Tanner’s law [15] has revealed a 

relationship between contact radius r and evolving time t, which is         for a 

spherical droplet and        for a cylindrical droplet. These two relations, in 

general, successfully describe the late stage of the spreading process of 

high-viscosity liquid, while spreading behaviors at the initial stage or of low 

viscosity liquid still remain unclear and are being hotly debated [16-21]. Moreover, 

the influence of microscale patterns, which might introduce slip and friction, is a 

little-explored subject as well.  

With the advent of high speed camera and fine fabrication technology however, 

the experimental study of droplet spreading on microstructured surfaces has 

become accessible. 

1.2 Fundamentals of wetting and previous research 

1.2.1 Static Wetting 

Surface tension 

Although liquid is easily deformed by external forces, the droplets are always 

tending to be a sphere somehow. This is because of surface tension, which pulls 

the surface layer to make the exposed surface area as minimal as possible. This 

phenomenon can be viewed in the terms of energy: a molecule surrounded by 

neighbors on all sides is much more stable than the molecule that misses some 

neighbors. The force balance and unbalance are showed in figure 1.2. Thus, the 

interior molecules have lower energy than the molecules at the interface between 

liquid and air. In order to minimize energy state and stabilize the whole system, 

the surface area is kept as small as possible, resulting in the spherical shape.  
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Figure1.2: Diagram of the forces on molecules inside the liquid and on the interface. 

In my experiments, ethanol, glycerol and water are used to obtain mixtures 

with specific surface tension and viscosity. The surface tension of these liquids can 

be referred to the Table 1.1. 

Table 1.1: The surface tension at 20  of the liquids used for experiment. 

Liquids (20 ) Water Ethanol Glycerol 

Surface tension (mN/m) 72.86 22.27 63 

 

Equilibrium state and Contact angle 

For wetting, the discussion of the surface energy situation is more complicated 

than the free surface due to a third phase introduced. In this case, there are three 

kinds of interfaces: liquid-air ( ), solid-air (   ) and solid-liquid (   ). When a 

droplet stops on a flat substrate, it reaches its equilibrium state. Young’s equation 

describes the equilibrium state in terms of force balance. 

  As figure 1.3 shows, 

 

Figure 1.3: Diagram of surface energy on three interfaces and the equilibrium contact angle. 

 

               (1.1) 
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Young’s equation is obtained as 

where     represents the equilibrium contact angle at the three-phase interface. 

The equilibrium contact angle     is a measure to characterize the wettability 

between the liquid and solid substrate [22]. When       , it is called complete 

wetting; when         , it is non-wetting; when           , partial wetting 

occurs and I focus on partial wetting in this thesis. 

  Nevertheless, Young’s equation is only suitable for the surface which is ideal; 

that is to say, smooth and chemically homogeneous. In practice, solids are usually 

rough and heterogeneous, which therefore calls for more understanding of the 

influence of such surface characteristics on wetting and spreading. So far there 

are two standard models illustrating how the roughness or defects affect wetting 

properties: Wenzel’s model and Cassie-Baxter model. 

Wenzel’s model 

  In 1936, R. N. Wenzel reported a model [23] describing the influence of the 

roughness on wetting when all the surfaces are wet by fluid (Fig. 1.4). In this 

model, it is assumed that the local contact angle     is given by Young’s equation 

and the surface is rough but chemically homogeneous. When the roughness scale 

is much smaller than the droplet size, the apparent contact angle    can be 

derived in the view of energy change as below. Considering a tiny displacement    

of the contact line in a direction of droplet spreading, the surface energies of the 

system changes as   ,  

where r is the measure of roughness of the solid. In order to get the equilibrium 

state,    is set as zero, leading to Wenzel’s relation: 

 

       
       

 
 (1.2) 

                              

  
                   

                                    
 (1.3) 

              (1.4) 
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Figure 1.4: Wenzel wetting state on solid.    ,     and   are the solid-liquid surface 

tension, solid-gas surface tension and liquid-gas surface tension, representatively.    

represents a tiny displacement on the contact line. 

Cassie-Baxter model 

  When the surface is made from or covered by two types of substances, 

Cassie-Baxter model [24] is applied to predict the contact angle on this composite 

substrate (Fig. 1.5). There are several assumptions for the model to be applicable. 

Firstly, the surface is planar and each species is characterized by contact angle, 

which is    for material 1 and    for material 2. Secondly, the area fraction of 

each material is denoted as    and    for material 1 and 2 respectively (      

 ). Thirdly, the individual areas are much smaller than the size of droplet. Under 

this condition, the apparent contact angle    can also be calculated by the energy 

variation relation. 

The minimum of   , which is zero, defines equilibrium. By substituting Young’s 

equation into Eq. 1.5, Cassie-Baxter relation can be written as below 

Specifically, if one of the substances is air, the contact angle is     , leading to the 

equation given as 

For a more general case, when there are many different types of substances on the 

surface, Cassie-Baxter equation is recast as 

                 
               

             (1.5) 

                      (1.6) 

                         (1.7) 

                    

 

   

  (1.8) 
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Figure 1.5: Cassie-Baxter wetting state.    ,     and   are the solid-liquid surface tension, 

solid-gas surface tension and liquid-gas surface tension, representatively.    represents a 

tiny displacement on the contact line and f1, f2 are the area fraction of solid 1 and medium 2. 

1.2.2 Dynamic Wetting 

  Despite the fact that the static wetting theory has already been well established 

and accepted, there are still open theoretical issues for dynamic wetting. Dynamic 

wetting is the spontaneous spreading process after a droplet contacts with a solid 

surface.  

In recent years, experiments and numerical simulations have greatly 

progressed in this field; particularly on flat substrates [15-21]. As a result, 

multiple phenomenological explanations were reported. In this part, the 

development of the spreading study is reviewed.  

Hydrodynamic theory  

Navier Stokes equations are universally applicable to continuum fluid 

dynamics, and the expression for an incompressible flow is given as 

  However, Navier Stokes equations, the well-defined mathematical model for the 

fluid dynamics, fail to predict the motion of contact line during the spreading 

process if the no-slip boundary condition is applied as usual. In other words, the 

contact line does not obey the no-slip condition any more, otherwise infinite 

          (1.9) 

  
  

  
                  (1.10) 
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viscous stress and viscous dissipation is induced (Huh & Scriven 1971). So the 

physics at the local contact line has become the key point to understand the 

mechanism of spreading process. In order to solve this problem, extensive 

molecular dynamics simulations (MD) were performed to uncover that the slip 

boundary condition governs the moving contact line [25, 26].   

Tanner’s law 

Even though the hydrodynamic model produces the singularity at the contact 

line, Voinov (1976) still tried to use the Navier Stokes equations to describe the 

droplet spreading. When the capillary number (   
  

 
) is far smaller than unity 

and the curvature of the outer solution is postulated to be tiny, he derived a 

relationship for the apparent contact angle (     ) and the spreading radius 

(   
 

  ) in time based on asymptotic theory. 

By substituting       into the volume conservation equation       , 

Tanner (1979) also achieved the similar but more concrete relations between the 

contact radius   and time   as     
  

  
 

 

  
 for a spherical droplet (in 3-D) and 

    
  

  
 

 

 
 for a cylindrical one (in 2-D) [27]. Since these relations are derived 

from the hydrodynamic framework which includes dramatic viscous dissipation, 

the time scale   
  

 
 is sometimes called “viscous scale”. Specifically, if the 

spreading radius data can be made to collapse to a single line by the viscous time 

scale, the spreading process is estimated to be viscous dominated.  

Tanner’s law is capable of explaining many experimental results, however it is 

also incompatible with tremendous wetting phenomena, such as the spreading at 

the initial stage. 

Inertial domain phenomenon 

More recently, Biance (2004) found that the initial spreading of water droplet on 

glass surface (completely wetting) displays astonishingly close resemblance to the 

inertial-dominated coalescence process (see in Fig. 1.6 (b)), instead of the slower 

behavior ruled by Tanner’s law at the late stage.  
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Figure 1.6: The sketch of Biance’s experimental setup and the successive images of water 

spreading on a surface of glass. Glass is superhydrophilic and spreading on its surface looks 

similar to the coalescence process. The bar in the last image denotes 2 mm [16].    

Therefore the inertial time scale can be derived according to the coalescence 

theory as below. 

Firstly, the curvature of the interface can be written according to the geometry: 

  Secondly the mass of the liquid is calculated by the force scale as 

  Thirdly, the external force which given by surface tension is  

  Neglecting the viscosity effects in the inertial regime and integrating Eq. (1.12) 

and Eq. (1.13) together, Newton’s second law of motion   
   

  
 can thus be 

written as 

 

One particular solution of Eq. (1.14) is  

 

   

  
 

  
 (1.11) 

  
   

 
 
   

 
  (1.12) 

         (1.13) 

   
 

  
   

  

  
  

  

 
  (1.14) 

    
  

  
 
 

 
 (1.15) 

       
   

 
 (1.16) 
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Therefore,        
   

 
 

   

 is achieved by Eq. (1.15) and Eq, (1.16), which 

predicts that the spreading radius evolves as the square root of time when 

complete wetting occurs. 

Furthermore, Bird et al. (2008) not only verified the exponent 0.5 when the 

surface is almost completely wet, but also investigated the influence of wettability 

by coating various chemical materials on the solid substrates (shown in Fig. 1.7). 

In his work, he tried to scale the spreading time with          and normalized 

the spreading radius with original droplet radius R. Consequently, all the data 

can be collapsed onto four master curves, which are dependent on the substrates’ 

wettability. After taking the logarithm of the coordinates, the four curves yield 

linear displays corresponding to the equilibrium contact angles, which indicate 

that the power law can be written as            , where          and the 

power-law exponent   and prefactor   corresponds to the value of equilibrium 

contact angle    . 

It turns out that the short time dynamics of partial wetting is still governed by 

the inertial power law as long as the value of the exponent is slightly modified. In 

this case, the spreading radius can be depicted as 

  Generally, the more hydrophobic the surface is, the smaller   will be. For 

instance, when the equilibrium contact angle     of substrate is   ,   is equal to 

0.5; while the value of   is about 0.3 when the equilibrium contact angle     is as 

high as      [17]. Likewise, the prefactor   has a similar trend with    , which 

also decreases when the substrate is less wetting. The changes of   and   with 

    are shown in Fig. 1.7. 

 

 

   

 

 
 

   
 

  

 

 

 

 

(1.17) 
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Figure 1.7: (a) Time histories of spreading radius in [17]. (b) Inertial scaling in linear 

coordinates. (c) Inertial scaling in log-log coordinates. (d) The relation between the 

equilibrium contact angle     and the exponent  , the prefactor C. 

Friction domain phenomenon 

As the Navier Stokes equations have problems capturing spreading, Carlson et 

al. (2011) presented another interpretation. From his perspective, another energy 

dissipation contribution accounts for the motion of contact line: the friction 

factor   . In their study, the simulation based on Cahn-Hilliard and Navier Stokes 

equations was performed together with series of spreading experiments. By 

matching the spreading profiles of experiment and simulation (shown in Fig. 1.8), 

the value of     is determined for each case. In addition, as all the data for 

different droplet sizes and viscosities is collapsed excellently to a single line when 

using a time scaling        (Fig. 1.9), which suggests that the spreading is 

friction-dominated [18].  

 (a) (b) 

(c) (d) 
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Figure 1.8: Comparison between the experiments and the simulations of the droplet shape. 

Every drop is composed of two parts; experimental profiles on the left (black solid line) and 

numerical profiles (blue highlight) on the right [18].  

 

Figure 1.9: The non-dimensional spreading radius in time. Different symbols represent 

different mass fraction of glycerin in the aqueous solutions, which results in the different 

viscosities. All the plots can collapse to the same curve by the friction related scaling 

regardless of the viscosity [18]. 

1.3 Motivation and organization  

  All the knowledge and models above shed light on the dominant mechanism of 

spreading, while the general theory still faces a great challenge for further insight. 

Moreover, the developing history is also a sign that the effects of topography is 

frequently overlooked, although we have learned that the  geometry on 

substrates can strongly modify the properties of static wetting such as Cassie 

wetting state. This makes dynamic wetting on microstructures a topic of great 

interest. 
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This thesis begins with an introduction of the techniques for samples 

fabrication in Chapter 2, followed by a description of the post cleaning process 

which is used to ensure the chemical compositions of the surfaces in each trial are 

the same. The wetting experiment and simulation are presented starting from 

Chapter 3. This section includes the setup of apparatus, the estimation of wetting 

state, the selection of working fluid and the digitization of snapshots and the 

foundation of the simulation. Furthermore, discussions are made based on the 

experimental and numerical results. In particular, the influence of 

microstructures’ geometries and viscosity are affirmed, and enquiries into a 

universal scaling are detailed as well.  
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Chapter 2  

Fabrication of microstructured substrates 
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2.1 Introduction of Microfabrication    

Microfabrication is the technology to fabricate miniature devices, which are 

made up of components generally ranging from 1 to 100um [28]. Recently in the 

MEMS field, burgeoning research efforts have been made to develop the 

fabrication methods so that obtaining my desired microstructures with accurate 

size on the silicon wafer is no longer a big problem. 

Under the professional advice from Suzuki Laboratory (Department of 

Mechanical Engineering at the University of Tokyo), EB lithography is utilized to 

provide masks for the underlying substrates and then two typical etching 

methods (Bosch Process and Non-Bosch Process) were tested. Eventually 

Non-Bosch Process was chosen to fabricate the symmetric microstructures on 

silicon substrates (Fig. 2.1).  

 

Figure 2.1: The sketch of the symmetric microstructures. a is the width of the pillar and b is 

the pitch between each two neighbor pillars. 

2.2 Electron beam lithography  

  Electron beam lithography is a technique for creating the fine patterns required 

by the modern electronics industry for integrated circuits [29] and the scale of 

patterns ranges from tens of nanometers to hundreds of micrometers. Practically, 

a focused electron beam scans and draws the desired pattern on the substrate, of 

which the surface is covered with an electron sensitive film called a 

photoresist[30]. 

  Electro-beam lithography on a silicon wafer (100) during my experiment was 

performed in the following way (Fig. 2.2). 

a. The native silicon dioxide layer on the silicon surface is removed by using 
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Hydrogen fluoride (5%). 

b. ZEP-520A is spin coated on the wafer and a uniform photoresist membrane of 

around 400 nm thickness forms. (The parameter of spin: 500rpm for 5 seconds 

+ 4000rpm for 60 seconds.) 

c. The wafer is baked on a hot plate at 180  for 15 minutes. 

d. The patterns are directly drawn by electron beam. During the process, the 

wafer covered by photoresist is exposed in the chamber of EB machine 

(F5112+VD01, ADVANTEST). 

e. The photoresist is developed by chemicals. In other words, organic developer 

solution is used to remove the reacted regions from the wafer. (The method of 

development: immersing the wafer in the solution of ZED-N50 for 70 seconds, 

then moving it into ZMD-B for cleaning and finally drying the surface with a 

nitrogen gun). After this step, the pattern can be clearly seen by the naked eye.  

 

Figure 2.2: The schematic of the steps of electron beam lithography. 
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2.3 Etching process  

2.3.1 Bosch process 

Bosch process is a process developed and patented by the German company 

Robert Bosch GmbH, which is possible to produce features with a precision of one 

micron. Fig. 2.3 illustrates the whole process, which alternates modes of 

passivation by polymer (C4F8) deposition and reactive-ion etching by SF6 plasma 

[31].  

 

Figure 2.3: Bosch etching process. Two modes are switched in one cycle and repeated in the 

whole process.  

Particularly, C4F8 deposition is deployed to form a passivation film on the entire 

substrate, otherwise the gap between two pillars will become wider and wider in 

the etching process [31]. During every etching cycle, the polymer C4F8 on the 

bottom of the trench can be rapidly removed by the bombardment of SF6, allowing 

deeper etching, whereas on the sidewalls C4F8 lingers, effectively protecting the 

sidewalls from SF6 erosion. After repeating the passivation and etching step for 

many times, the pillars with high aspect ratios can be obtained.  

As shown in Fig. 2.4, two points should be noted. Firstly, the slender trench 

etches at a slower rate than the wider trench, which means the fabricated 

structures are sensitive to the parameters of the Bosch process. Secondly, at low 

magnification the sidewalls look perfectly smooth and vertical, while at higher 

magnification a number of scalloping, which corresponds to the alternation 

between etching and passivation, can be clearly observed. In this case, the  
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Figure 2.4. Photograph of the features etched by Bosch process. The inset shows scalloping 

shapes on a sidewall [31]. 

relatively smooth sidewall and accurately controlled size of pillars are required, 

which makes it vital to find out a set of optimal parameters. 

After several tests, the recipe of Bosch process for the designed microstructures 

(Table 2.1) is determined. As seen in the features in Fig. 2.5 (a) and (b), although 

the samples were fabricated with very little micrograss (needle-shaped residual 

microstructures, which are supposed to be etched down as showed in Fig. 2.6 (d)), 

the scalloping here is quite obvious (Fig. 2.5 (b) and (c)) attributing to the relative 

low aspect ratio of the pillars. Moreover, the sidewalls of the pillars are covered 

with C4F8, which is a kind of substance similar to Teflon and much more 

hydrophobic than silicon. Ascribing these two drawbacks mentioned above, we 

have to seek another fabrication method which can maintain the microstructured 

substrates with uniform chemicals and smooth surface.  

Table 2.1 The designed patterns of microstructures.  

The designed microstructured patterns (h=1.6 um) 

a (um) 1 2 5 1.5 3 1 1 5 

b (um) 1 2 5 0.5 1 3 4 45 
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Figure 2.5: The SEM images for one sample (a=2 um, b=2 um) fabricated by Bosch process. 

(a) Top view of the geometry. (b) Side view. (c) Magnification of the sidewall. 

2.3.2 Non-Bosch process (etching by SF6 / O2) 

Since SF6 / O2 etching can meet our requirements of a smooth surface [32] and 

homogenous chemical composition [33], this non-Bosch method is considered as a 

powerful tool for the current study. Specifically, the chemical compositions of the 

top/bottom and sidewall of the pillars are all silicon with a native oxidized layer 

(       by water) and the sidewalls are both vertical and smooth instead of the 

scalloping features. It should be noted that non-Bosch process doesn’t include the 

passivation step but only SF6 / O2 gas is applied for continuous etching process. 

Theoretically the sidewall gradually becomes wider without the protection of 

polymer deposition, however fortunately the desired depth of the pillar, which is 

around 1 or 2   , is shallow so that the deformation of the sidewall is negligible.  

Taking into account these reasons, the non-Bosch process is so-far the best way 

to etch the current samples. After adjusting both the ratio of SF6 / O2 and the 

platen power carefully, the optimized set of parameters (SF6:O2=50:50 sccm, 

platen power=10 W, coil power=1200 W, pressure=3 Pa) is adopted as my 

fabrication recipe. Through the non-Bosch process under these working 

conditions, desired microstructures can be successfully fabricated with a smooth 

sidewall and little micrograss (Fig. 2.6). 



22 

 

 

 

Figure 2.6: The SEM images for one sample (a=2 um, b=2 um) fabricated by the non-Bosch 

process. (a) Top view of the geometry. (b) Side view. (c) Magnification of the sidewall. (d) 

One failed case: plenty of micrograss was residual on the surface.  

2.4 Sample cleaning 

After etching using the non-Bosch process, the photoresist mask on the top 

should be completely removed. One choice is to deploy RIE (reactive-ion etching), 

using oxygen plasma to clear away all the organic compounds. #6 recipe (O2: 30 

sccm, pressure: 26 Pa, RF: 100 W) of the RIE machine in the clean room is utilized 

and the surface of the silicon wafer is oxidized to be SiO2, which is 

superhydrophilic, but is not what we want as we want to conduct partial wetting. 

In order to get rid of the oxidized layer, HF solution (5%) is used and nitrogen gun 

helps to dry all the samples, avoiding water stains which would result in 

secondary contamination.   

Furthermore, after wetting by the droplet during the spreading experiments, 

the microstructured substrates are also contaminated by the liquids, especially 

glycerol. It is well known that the fabrication of samples, including EB drawing 

and etching process is costly, so it is important to reuse the samples, without 

discarding them, and therefore this is as important as fabrication itself. The 
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following cleaning steps are used: 

a. Immerse the samples into purified water to largely dissolve all the dust and 

most glycerol on the substrates.  

b. Apply    plasma treatment (the same RIE process) to clean the residual dirt 

off.  

c. Use HF to remove the silicon dioxide layer generated by step b. 

d. Expose the samples in air (in a clean environment) for three days so as to form 

the stable native oxide layer on the silicon surface. When the equilibrium 

contact angle with water       , we assume the stable dioxide layer has been 

completely grown.   
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Chapter 3  

Wetting experiment & simulation  
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3.1 Spreading experiment 

  In this part, firstly the operation and basic setup of the spreading experiment is 

introduced. Secondly, the estimation method of the wetting state is elaborated 

upon, as Wenzel wetting is expected to occur on the microstructured samples 

rather than Cassie-Baxter wetting. Thirdly, the working fluids are selected as a 

mixture of water, ethanol and glycerol, the reasons for which will be stated in 

detail. After those prerequisites are determined, a sequence of snapshots of 

spreading process are achieved, followed by brief instruction of data extraction 

through two hand-made MATLAB algorithms.  

3.1.1 Apparatus setup and operation  

A set of droplet spreading experiments have been conducted on all the 

microstructured samples and flat silicon wafer with different liquids, including 

purified water, a mixture of purified water and ethanol, and two kinds of mixtures 

of glycerol, water and ethanol. The properties of these four liquids can be referred 

to in Table 3.1. For each trial, the desired substrate is placed under the thin 

needle (needle gauge: 33G, 90°) of which the outer diameter is 0.21 mm. The 

distance between the needle tip and the substrate can be accurately adjusted by 

observation with the camera. As soon as the droplet is injected to be a quasistatic 

sphere with the diameter the same with the height of the needle, it spreads 

immediately on the surface. This rapid spreading process is captured and 

recorded by a high speed camera (Photron FASTCAM SA2) at 54 000 frames per 

second. After the operation of experiment, image processing and data analysis are 

accomplished using MATLAB. In detail, the spreading radius and apparent 

contact angle after spreading are extracted from the original snapshots.  

The setup can be viewed from Fig. 3.1. Besides the apparatus mentioned above, 

a powerful lamp (Photron HVC-SL) is used to support intense light for the video 

recording. In addition, a syringe pump (KDS 120) is responsible to deliver liquid 

under a stable and slow volume rate. Through the study, the distance between the 

needle outlet and the substrates was fixed around 1.0 mm to exclude the influence 

of droplet size.  
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Table 3.1: The properties of liquids used in the experiment. Note all the properties are at 25  

and “water” mentioned in the table is purified water generated by Millipore pure water 

system. 

Liquids Density (Kg/m
3
) Viscosity (cP) Surface tension (N/m) 

Purified Water 

 
997 0.89 0.0720 

Water+Ethanol (2:1) 960 0.98 0.0365 

Glycerol + Water + 

Ethanol (2:3:2.1) 
1008 3.28 0.0365 

Glycerol+Water + 

Ethanol (2:1:1) 

1075 11.96 0.0365 

 

Figure 3.1: A sketch of the apparatus setup 
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3.1.2 Estimation of Wenzel wetting and Cassie-baxter wetting 

In the experiment, Wenzel wetting is expected to occur as the liquids are 

expected to go through the whole pillars rather than sliding on the top. 

Unfortunately, there is no appropriate equipment to check the wetting state on 

the microstructures due to the limitation of current technology. A classic example 

is SEM (scanning electron microscope). It only works under ultrahigh vacuum 

environment to the extent that the droplet evaporates extremely fast, not 

allowing any observation of fluid. Under this circumstance, a rule of thumb of 

wetting states is applied to judge whether spreading occurring on the 

microstructures is in Wenzel state. If the the state is not Wenzel, surface tension 

of the liquid should be reduced by mixing ethanol until Wenzel wetting is 

discerned. According to the model stated in Chapter 1, if Wenzel wetting arises, 

the apparent contact angle after spreading on rough solid surface obeys the 

equation              , where   is the roughness of the solid and the value is 

always above 1. For sure we can obtain such relation  

             

Again        (literature value), so it is naturally given 

       

On the contrary, if Cassie wetting appears, the apparent contact angle should 

be larger than the static contact angle on flat silicon substrate (   ). The 

calculation results of some representative patterns based on Wenzel model and 

Cassie-Baxter Model are showed in Table 3.2. 

Table 3.2: The water contact angle calculation results of several microstructures. Column#3 

shows the contact angles of Wenzel wetting and Column#4 is the contact angles when Cassie 

wetting occurs. 

a (  ) b (  )          of water case 

1 1 --- 129.59 106.2 

2 2 35.13 129.59 100.6 

1 3 50.51 155.46 76.8 

3 1 55.22 160.44 70.8 

5 5 51.4 129.59 79.2 

Flat silicon substrate --- --- 61.8 
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  By utilizing this method, water spreading on microstructured surface is proved 

to be Cassie wetting because the apparent contact angles on samples are all 

larger than that on flat silicon substrate (Column#5 in Table 3.2). Therefore, 

ethanol, with lower surface tension, is blended into water in order to guarantee 

Wenzel wetting. All the experimental results discussed below are Wenzel wetting 

and the working fluids used for all the cases contain a certain proportional of 

ethanol. 

3.1.3 Selection of working fluids 

  Although the mixture of water and ethanol is able to induce Wenzel 

wetting-based spreading on microstructures, the viscosity is as low as 1 cP. In 

order to study the influence of viscosity on dynamic wetting, a high-viscosity fluid 

is placed under consideration. In the end, glycerol was chosen for as an optimal 

additive for three reasons. Firstly, glycerol, water and ethanol are miscible, which 

means we can mix them in any proportion to adjust physical properties. Secondly, 

the surface tension of glycerol and water is quite similar (glycerol: 0.063 N/m, 

water: 0.072 N/m at     ). Hence, the surface tension of mixture can be kept 

nearly constant if we replace water with the same amount of glycerol. In this case, 

Wenzel wetting can be performed as well and the wettability on surface doesn’t 

change much. Thirdly, the dynamic viscosity of glycerol at      is 902.85 cP, 

while the values for water and ethanol are both about 1 cP. This considerable 

difference provides a wide adjustment range of viscosity.  

  Two types of mixtures are obtained for the investigation of viscosity influence. 

The viscosity of one mixed liquor (Vglycerol:Vwater:Vethanol=2:1:1) is 11.96 cP, while 

the other (Vglycerol:Vwater:Vethanol=2:3:2) is 3.28 cP (shown in Table 3.3). The contact 

angles of these two mixtures on flat silicon substrates were taken and they are 

almost the same with the mixture of water and ethanol for the low viscosity case 

(Table 3.3).  
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Table 3.3: The working fluids’ viscosity and contact angle on flat silicon substrate 

Type of mixture Water+Ethanol 

(2:1) 

Glycerol+Water+Ethanol 

(2:1:1) 

Glycerol+Water+Ethanol 

(2:3:2.1) 

Dynamic viscosity 0.98 cP 11.96 cP 3.28 cP 

Contact angle  44 53 45 

3.1.4 Snapshots of spreading   

With the help of the high speed camera, the evolution of rapid spreading was 

recorded. We picked out the snapshots from the moment when droplet just contacts the 

substrate to another moment when the bottom half of the sphere has completely deformed. 

The reason why the snapshots at a later stage were not chosen for analysis is that the 

performance of spreading might be affected by needle due to the capillary wave. From the 

selected snapshots on various samples (Fig. 3.2), the significant difference of 

spreading rates was witnessed (Fig. 3.3). 

 

Figure 3.2: The SEM images of representative samples. a. b/a=1/3, b. b/a=1, c. b/a=4, d. The 

sideview shows the height of the pillar h=1.6 um.  
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Figure 3.3: Snapshots of spreading on the representative samples shown in Fig. 3.2. (a). 

b/a=1/3, (b). b/a=1, (c). b/a=4, (d). flat silicon surface.  

 

  In addition, after the spreading stops on the substrates, we also took a snapshot 

for each trial so as to measure the equilibrium contact angle (Fig. 3.4).  

 

Fig. 3.4 A snapshot of apparent contact angle of water-ethanol mixture on flat silicon substrate. 

3.1.5 Extraction of spreading radius from snapshots  

  To characterize spreading behaviors and wettability of the fluid, two hand-made 

MATLAB algorithms were utilized to extract data from the snapshots. 

  For one thing, the spreading radius during the spreading evolution on all the 

substrates is extracted. As seen in Fig. 3.5 (a), the droplet is quite small in the 

original photograph, so the first step is to snip the useful portion of the image and 

amply it for further processing (Fig. 3.5 (b)). Then, the boundary of the droplet 

was defined. Since the substrate is always dark, the bottom line was adjusted by 

cutting order so as to get close to the contact surface between the liquid and solid. 
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For the periphery of the droplet, if the grey level of a pixel is lower than 60, we 

regard the point as droplet (reset gray=0) rather than background or shadow 

(reset gray=255), yielding Fig. (c). The two red lines are marked to show the 

consistency of spreading radius between Fig. 3.5 (b) and (c). Under this situation, 

the edge of the contact line was well identified and the number of pixels satisfying 

the requirement was counted by the algorithm. In the end, the spreading radius 

was calculated by comparing the pixel numbers of contact line and needle. As the 

width of needle is already known, spreading radius could be translated from the 

pixel number to the real length, and all those values were written in Excel files 

automatically.         

 

Figure 3.5: The method to extract spreading radius from one snapshot. (a) The original 

photograph taken by high speed camera. (b) The amplified area of droplet. (c) Digitized 

image after processing. 
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  For another thing, fitting the edge of the deposited droplet as a circle (shown in 

Fig. 3.6), the contact angle, the angle between the tangential and the bottom line 

of the droplet, can be attained through the algorithm:  

      
 

  
 

Where r is the deposit radius of the droplet, R is the radius of the fitting circle. 

 

Figure 3.6: The fitting edge of the deposit droplet. 

3.2 Advancing & Receding contact angle measurement 

3.2.1 Hysteresis 

  If the surface is ideal, that is to say extremely clean and planar, the contact 

angle observed on it would be precisely as the same as the calculation result from 

Young’s equation. In contrast, most surfaces are naturally rough and the 

roughness is often at microscale, giving rise to hysteresis. The definition of 

hysteresis is the difference between two kinds of contact angles, particularly the 

largest the contact angle before the movement of contact line is called advancing 

contact angle and the minimum one is called receding contact angle, as explained 

in the following section.  

3.2.2 Methods to measure hysteresis 

  Traditionally, hysteresis has been assessed in three different ways [34]. The 

first method is the tilt plate method (Fig. 3.7). Under this method, a droplet with a 

certain volume is firstly plated on a horizontal plane, and then the plane is 

gradually inclined until the droplet starts sliding down owning to gravity. At this 

moment the shape of the droplet is no longer symmetric, and the contact angles  
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Figure 3.7: The schematic of Tilt method for hysteresis measurement. 

displaying on the upper side (small) and the downside (large) share different 

values, which are defined as receding contact angle and advancing contact angle 

respectively. 

  The second method is called the dynamic sessile droplet method (Fig. 3.8). 

Compared with the tilt method, it requires a dispensing system to supply liquid at 

the beginning and suck it back in the end. As showed in Fig. 3.8, we immerse a 

thin needle into a droplet, which has already displayed its apparent contact angle 

on the surface. If the droplet is inflated, the contact angle    can exceed    

without moving the contact line at all. Just before the sudden shift of the contact 

line,    reaches the maximum value and this threshold contact angle is defined 

as the advancing contact angle    . Likewise, when the droplet is deflated, the 

contact angle    gradually decreases without any displacement at the contact 

line. The minimum contact angle before the line jumping is named the receding 

contact angle    .  

  A third method is known as Wilhelmy method (Fig. 3.9). The advancing contact 

angle is displayed when the surface is lowered into a bath slowly, whereas the 

receding contact angle can be achieved by pulling the surface out of the liquid 

level.  

 

Figure 3.8: The schematic of hysteresis measurement through the liquid dispensing system.  
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Figure 3.9: The schematic of Whihelmy method. 

  For my measurement, the second method “sessile droplet method” is chosen 

because both of the other two methods indeed have some noticeable disadvantages. 

As for tilt method, it requires large volume of deposited droplet leading itself to 

moving downward, because those microstructures on my samples produce quite 

high hysteresis. However, the microstructured substrate is only        , 

droplet size needs to be confined as small as possible in order to repeat valid 

measurements for several times. Wilhelmy method can’t be used for the reason 

that each sample has flat edge around the microstructured part for easy cutting 

from the original silicon wafer, while the flat edge would have a significant 

influence on either advancing contact angle or receding contact angle. 

Considering those factors, the sessile droplet method has been determined as the 

best option for my case. 

3.2.3 Apparatus setup and operation 

  As shown in Fig. 3.10, following the steps of dynamic sessile droplet method, 

working fluid was filled in one syringe and dispensed through plastic pipe by 

syringe pump gradually. The droplet with 1 mm diameter was deposited on the 

sample, displaying an equilibrium contact angle. Then we lowered the needle to 

immerse it in the droplet and turned on the “push” mode of the syringe pump. 

Liquid was dispensed little by little so that the volume of the deposited drop was 

growing slowly as well. Meanwhile, this growth process was recorded by camera 
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with a rate of 60 frames per second. As soon as the contact line moved, we 

switched off the “push” syringe pump but activated another one under “pull” mode. 

Afterwards, the volume of droplet shrank slowly and this process was also 

recorded as a video.  

  By checking the video, the snapshots, exhibiting advancing and receding contact 

angle could be picked out and the values of them were assessed using MATLAB. 

For instance, for sample (2, 2), the selected snapshots are shown in Fig. 3.11. The 

second image in the left column was chosen to estimate advancing contact angle 

and the second one on the right for receding contact angle, because the contact 

lines shifted in their next snapshots. 

 

Figure 3.10: The sketch of experimental setting 
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Figure 3.11: The sequent snapshots from the video taken for Sample (2, 2). (a) Selected 

snapshots for advancing contact angle measurement. (b) Selected snapshots for receding 

contact angle measurement.  

3.3 The theory of continuum phase field simulation 

  To understand the experiment results, the corresponding numerical simulation 

based on the Navier-Stokes equations and Cahn-Hilliard equation was run, 

primarily focusing on the evolution of the vicinity of contact line and the dynamic 

contact angle [19].  

  The Cahn-Hilliard equation can be expressed as 

                      is a Cahn-Hilliard mobility,   is the diffuse interface 

width,   denotes surface tension,   represents the total volume,   is the 

concentration taking the value     in the liquid phase and      in the gas 

phase, and   
 

 
        is a double-well function with two minima as the 

equilibrium concentrations ( ) of gas and liquid. 

  The Navier-Stokes equations are in these forms, 

  

  
               

 

 
                   (3.1) 

 
  

  
                                  (3.2) 
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 is the chemical potential, where the free energy     

 

 
     

  

 
                               , and   denotes the boundary.   

 

  
                  and   

 

  
                  denote the viscosity 

and density, representatively. Furthermore,      is the total derivative, g=9.81 

m/s2 is the gravitational acceleration and    is the normal vector in the 

z-direction.     

  By integrating Eq. (3.1), Eq. (3.2) and Eq. (3.3), the contact line motion can be 

modeled with a general wetting boundary condition, which takes the form 

where    is defined as the contact-line friction factor,     is the equilibrium 

contact angle and      
 

 
          allows for a change in surface energy 

with respect to the concentration. 

  The boundary condition (Eq. 3.4) was made to vary through inputting different 

values of    and therefore various evolutions of spreading process were 

correspondingly output. Specifically, the histories of spreading radius curves were 

generated and the droplet profiles were saved to disc.  

  The simulations were conducted by Dr. Minh Do-Quang in KTH, Sweden.  

 

 

               (3.3) 

        
  

  
                   

     (3.4) 
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Chapter 4  

Characterization and discussion of the results 
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4.1 Discussion of Hysteresis  

4.1.1 Large hysteresis on microstructured samples   

  As introduced in Chapter 3.2, the hysteresis of the contact angle on 

microstuctured samples were measured, including advancing contact angle and 

receding contact angle,. For the 0.98 cP case, some representative samples were 

tested for both advancing contact angle and receding contact angle. Fig. 4.1 shows 

the relation of advancing (receding) contact angle and the roughness coefficient 

This coefficient characterizes the density of the microstructures on the surfaces. 

Particularly, with the increase of the roughness, the values of advancing contact 

angle rise significantly, whereas receding contact angles dwindle slightly. The gap 

between advancing contact angle and receding contact angle on the 

microstructures can be as large as 55o. For 11.96 cP, although the data for 

receding contact angles is lacking, the trend of advancing contact angle is seen to 

be very similar with the low-viscosity case.  

 

Figure 4.1: The relation of advancing (receding) contact angle and the roughness coefficient 

X. 

 

  In fact, the relation between the roughness and hysteresis has been studied by 

       
  

      
 
 

 
 

 

      
 (4.1) 
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Johnson and Dettre in 1964. In the historic experiment, the roughness was 

adjusted by successive heat treatment of wax surface, in which case the surface 

became smoother but its original chemical homogeneity was maintained all the 

time. Delightedly, my experimental results (Fig. 4.1) qualitatively agree with the 

trend of the previous study at small roughness (Fig. 4.2).  

 

Figure 4.2: The relation of contact angle hysteresis and roughness [35]. 

4.1.2 Advancing contact angles on microstructured samples   

  Moreover, the advancing contact angles of high-viscosity fluids on 

microstructured samples were also measured. The results were showed in Table 

4.1 and more discussion will be made in section 4.2.3.  

Table 4.1: Values for the advancing contact angles for different viscosities and representative 

substrates. The numbers in the bracket represent the parameters of the microstructures, for 

instance, (a, b) means the pillar width is a µm, the distance between two pillars is b µm. 

 Flat (1, 1) (1, 3) (2, 2) (3, 1) (5, 5) 

0.98 cP 61.8 105.0 88.8 106.8 113.4 91.2 

1196 cP 51.6 104.4 75.0 99.0 114.0 73.8 
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4.2 Spreading of low-viscosity droplet on microstructured surfaces 

  The spreading of low-viscosity droplet (0.98 cP) was first studied using the 

mixture of water and ethanol as a working liquid. The volume ratio of water and 

ethanol is 2:1 and the static contact angle on flat silicon substrate was measured 

to be       (shown in Fig. 3.5). Since the contact angles after spreading on the 

microstructures are smaller or almost equal to that on flat surface, the dynamic 

wetting is deduced to be in the Wenzel state. 

4.2.1 Time histories of spreading radius 

  The different evolutions of spreading radius r exhibit the significant dependence 

on microstructures (shown in Fig. 4.3).  

 

Figure 4.3: Time histories of spreading radius on all the samples. 

On one hand, compared with the phenomenon on a flat silicon substrate, 

spreading on a microstructured substrate is slower, which elucidates that 

microstructures inhibit the spreading process (Fig. 4.4). On the other hand, the 

spreading rate on the substrates with denser pillars tends to be lower, indicating 

that spreading rate dramatically depends on the pattern of microstructures. For 
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example, when the size of pillar a is the same, spreading rate is reduced with the 

decrease of open space b (Fig. 4.4(a)). Likewise, shrinking the side length of pillar 

but fixing the ratio     can also restrict the spreading process (Fig. 4.4(b)). An 

example is spreading rate on Sample (1, 1) is obviously diminished compared with 

that on Sample (5, 5). However, Sample (2, 2) seemingly exhibits similar effect 

with Sample (1, 1), which implies that the difference of spreading behavior can be 

diminished if the patterns of microstructures are approximate enough.  

 

Figure 4.4: Time histories of spreading radius on two groups of representative samples. 
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4.2.2 Relation of spreading velocity and pillar coverage  

  Since we found the denser pillars can give rise to more deceleration of spreading, 

the relation of spreading rate and the pillar coverage is investigated (Fig. 4.5). In 

general, spreading rate is a clear measure. In the study, spreading rate is defined 

as the slope of the spreading radius with time. Since the starting points and 

ending points of spreading on various samples are not the same, we artificially 

marked off the range for the slope calculation, which is the spreading radius range 

that all the trials yield (Fig. 4.5 (a)).  

 

 

Figure 4.5: The relation of spreading rate and pillar coverage. With the increase of pillar 

coverage on the surfaces, spreading rates are reduced. 
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Furthermore, the obtained mean spreading radius is plotted in Fig. 4.6 (b). The 

trend of spreading rate further demonstrates the same conclusion as above: the 

obstruction on spreading is effectively strengthened by denser microstructures. 

Moreover, spreading rates on (1, 3) and (1,4), (1, 1) and (2, 2), (1.5, 0.5) and (3, 1) 

are representatively similar due to the approximately similar patterns. Last but 

not least, when a=5um and b=45um (ie, the pillar coverage is extremely minute), 

the influence of the roughness is not manifest any more. 

4.3 Influence of viscosity on droplet spreading upon 

microstructured surfaces 

  It is well known that a fluid resists the relative motion within its neighbor 

layers. A common example is water flowing in a pipe. Owing to the fact that the 

fluid at the axis moves faster than the fluid near the wall, the velocity gradient in 

the perpendicular direction to the wall generates friction, limiting the flowing rate. 

Therefore, external forces are needed to keep the fluid sustainably moving 

forward. Viscosity is a physical quantity representing fluids’ resistance ability and 

the required external force can be expressed through viscosity as below. 

where   is dynamic viscosity,   is the area over which the force acts,   is the 

local velocity and   is the perpendicular distance from the inside wall of tube.  

  Due to this property, fluid also resists the relative motion of immersed objects, 

which inspired us to study the influence of viscosity when spreading through the 

micro-scale pillars. We are very curious to see the influence of the microstructures 

is enhanced or weakened when viscosity is increased. 

4.3.1 Time histories of high-viscosity droplet spreading radius 

  High-viscosity liquid is also impeded by the microstructures during the 

spreading process (shown in Fig. 4.6) and we can acquire the same results as the 

low viscosity case. On one hand, no matter whether the viscosity is 3.28 cP or 

11.96 cP, the denser the pillars are, the slower the spreading rate is. On the other 

hand, compared with flat surface, sample (1, 9) doesn’t impact evidently on  

    
  

  
 (4.2) 
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Figure 4.6: Time histories of spreading radius on representative samples when viscosity is 

3.28 cP (a) and 11.96 cP (b). 

spreading due to its neglectable pillar coverage.    

4.3.2 Relative velocity on microstructures with flat substrate 

  From time histories, the influence of viscosity is not plainly perceived, which 

makes it necessary to do further analysis. The relative velocity is defined as the 

ratio of spreading rate on the given sample to that on flat silicon substrate, as 

expressed by Eq. (4. 3). Using the relative velocity, the difference among three 

viscosity cases is presented in Fig. 4.7. 

 

Figure 4.7: Relative velocities on representative samples when viscosity varies. 

       
               

     
 (4.3) 
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  Here the downward trend of relative velocity confirmed the point of view that 

denser microstructures cause a stronger hindrance to the spreading process. 

Moreover, the fluid with higher viscosity exhibits lower relative velocity than 

low-viscosity liquid, which suggests that microstructures play stronger inhibiting 

roles on high-viscosity fluid. In other words, the influence of microstructures is 

seemingly enhanced by increasing viscosity. 

4.3.3 Characterization of spreading by inertial power law 

  Since the dynamic viscosities of the working liquid are nearly the same with 

the previous study [17], it is worth comparing our experimental results to inspect 

whether the inertial scaling is also valid for spreading on microstructured 

substrates.  

 Table 4.2: The compositions of fluids used in [17] and their viscosities. 

Type of liquids Fluid 1 Fluid 2 Fluid 3 

Volume proportion of water 

and glycerol 

100/0 60/40 40/60 

Dynamic viscosity 

(       ) 

1.0 3.7 10.7 

 

  As shown in Fig. 1.7 in Chapter 1, the values of the power-law exponent   and 

prefactor   were extracted from the time histories of spreading radius and they 

both exhibit monotonic decrease as the equilibrium contact angle increases. In my 

study, the same log-log power law was applied to the spreading radius curves so 

as to gain   and   for each trial (Fig. 4.8 (a)). Since the duration of spreading in 

our study is much shorter than [17], the trends of the radius of spreading on 

microstructures is not particularly linear. Under this situation, the later stage of 

spreading, where the curves are much straighter, was selected to achieve   and 

 . Specifically, the starting time is from 0.02 ms in 0.98 cP (Fig. 4.8 (b)).  

  In addition, advancing contact angle was adopted as the characteristic contact 

angle for comparison (Fig. 4.9 and Fig. 4.10). When viscosity is as low as 1 cP (Fig. 

4.9 (a) and Fig. 4.10 (a)), the trend of   and   quantitatively agree with that on 

a flat surface, even though the microstructures are induced. On the other hand, 
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when viscosity is 11.96 cP, the spreading behavior on microstructures no longer 

follows the same trend with flat substrates, but exhibits stronger dependence on 

the contact angle than that on flat surface (Fig. 4.9 (b) and Fig. 4.10 (b)). This 

suggests that viscosity could enhance the influence of microstructures to slow 

down spreading to a higher degree. 

     

Figure 4.8: (a) The inertial scaling of spreading on log-log coodinates. Different symbols 

represent the inertial time histories of non-dimensional spreading radius on the representative 

microstructured samples. (b) Linear fitting for all the curves, discarding the slots at the first 

timing point. 
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Figure 4.9: The comparison of exponent   in low-viscosity case (1 cP) and high-viscosity 

case (11 cP). The plots in circle are from the data of spreading on flat silicon substrate. 
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Figure 4.10: The comparison of prefactor   in low-viscosity case (1 cP) and high-viscosity 

case (11 cP). The plots in circle are from the data of spreading on flat silicon substrate. 
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4.4 Investigation of Reynolds number 

  Reynolds number, the ratio of the inertial force to the viscous force, is widely 

used to help characterize and analyze flow behaviors. For further insight of 

spreading on microstructures, a microscopic Reynolds number is defined and 

investigated.  

  The definition of “microscopic Reynolds number” is expressed as     

where U is the mean spreading rate,   is the kinetic viscosity of the working 

fluid, and a and b are the pillar size and pitch, representatively. Hence, the 

microscopic Reynolds number is a quantity integrating microstructures and 

viscosity, and investigation of this parameter might provide a holistic view of 

spreading behaviors.  

  The relation between spreading velocity and Rem is revealed in Fig. 4.11. 

Spreading rate doesn’t change much when Rem reaches the order of unity (shown 

in Fig. 4.11 (a)), but otherwise the spreading behavior varies significantly with 

Rem. It indicates that when the process is inertial-dominated (Rem>1), the 

influence of microstructures on spreading is trivial; on the other hand, when 

spreading is viscous-dominanted, the role of microstructures becomes significant. 

Since the microscopic Reynolds number includes the information of 

microstructures’ geometry and fluid viscosity, we can adjust the fluid’s sensitivity 

to microstructures by altering the scale of pattern or viscosity and accordingly 

achieve the ultimate aim to control spreading behavior. Particularly, spreading 

rate can be effectively reduced by minimizing the size of microstructures or 

increasing fluid’s viscosity.  

  Additionally, as shown in Fig. 4.11 (b) spreading rate of three cases seems to 

display a uniform linear trend with Rem in log-log coordinates and the slope is 

0.365. Although a detailed explanation about this unusual phenomenon is 

currently lacking, one can infer there should be a universal discipline governing 

the spreading evolution. 

  

              (4.4) 
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Figure 4.11: The relation between spreading rate and microscopic-Reynolds number. 

4.5 Contact line friction due to microstructures    

  In the previous section, it was suspected that a universal rule of spreading 

might exist on account of the microscopic Reynolds number. Thus, a 

complementary numerical simulation with phase field model was run in order to 
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gain a further insight of the phenomena.  

  The simulation was run by a fluid group in KTH, Sweden. By integrating the 

experiment and simulation in terms of spreading radius and droplet profiles, the 

value of friction factor    was identified for each trial. Next, a time scale related 

to    is introduced to rationalize spreading evolution, which presents all the 

data excellently collapse to one uniform curve.    

4.5.1 Droplet profiles comparison between the experiment and simulation  

  The droplet profiles were compared between the snapshots from experiment 

and the images from simulation. Irrespective of whether the substrate is the flat 

silicon surface (Fig. 4.12) or the microstructured surface (Fig. 4.13 and Fig. 4.14), 

the droplets profiles were excellently matching at fixed time interval (around 

0.093 ms). 

 

Figure 4.12: Droplet profiles on flat silicon substrate every 0.092 ms. The snapshots from 

experiment are on the left with red dashed middle lines, while the simulated images are the 

hemisphere on the right.   
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Figure 4.13: Droplet profiles on microstructured substrate with patterns: a=1 µm, b=1 µm. 

The time interval is 0.092 ms as well. The snapshots from experiment are on the left, while 

the simulated images are the hemisphere on the right.  

 

Figure 4.14: Droplet profiles on microstructured substrate with patterns: a=1 µm, b=1 µm. 

The time interval is 0.092 ms as well. The snapshots from experiment are on the left, while 

the simulated images are the hemisphere on the right.   
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4.5.2 Identification of contact-line friction     

 

Figure 4.15: Time histories of low-viscosity spreading radius on flat silicon substrate (square) 

and a series of simulation curves by varying   . The hollow squares present the experimental 

data and other symbols are the simulation results with respect to different values of   . 

 

Table 4.3: Values of    when low-viscosity fluid (0.98 cP) spreads on each substrate. 

Substrates (3, 1) (1, 1) (1, 3) (1, 4) (2, 2) (5, 5) flat 

   1.5 1.3 0.54 0.62 1.1 0.8 0.46 

 

 

  By inputting various values of   , spreading radius depends on the value of    

in simulation. Through the comparison between experiment and simulation,    



55 

 

 

for each trial can be identified when tends of experimental data and simulation 

result fit well. Specifically in low-viscosity case (0.98 cP),         on flat silicon 

substrate (Fig. 4.15 (a)),        on Sample (3, 1) (Fig. 4.15 (b)),        on 

Sample (1, 1) (Fig. 4.15 (c)) and         on Sample (1, 4) (Fig. 4.15 (d)). More 

estimations of    are listed in Table 4.3. 

4.5.3 The universal scaling by contact-line friction  

Limit of inertial scaling  

  As introduced in Chapter 1, an inertial scaling was proved to be valid when 

spreading occurs on a variety of flat substrates [17], the wettability of which were 

differed by coating diverse chemical materials. In that study, by rescaling the plot 

with a characteristic inertial time scale        (  is surface tension of the 

surface), all the data (from a range of droplet sizes) collapses onto four master 

curves, which are corresponding to individual equilibrium contact angles (Fig. 1.7 

(b)). 

 However, this inertial scale failed to illustrate my cases because the surface 

material of all the samples is the same and the wettability between the substrates 

and liquid cannot be represented by the constant surface tension  . As shown in 

Fig. 4.16, compared with time histories of spreading radius, the re-scaling 

tendency for each case doesn’t shift at all as droplet size and surface tension are 

all the same. What is more, if viscosity is varied, the inertial scaling cannot yield a 

universal trend of spreading, even if the substrates are flat surfaces with same 

chemical make-up (Fig. 4.17).  

  In conclusion, inertial scaling is limited in its ability to normalize the spreading 

process when the viscosities of liquid or the geometries of the substrates are taken 

into consideration. 
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Figure 4.16: Inertial scaling for low-viscosity spreading on representative substrates. 

 

Figure 4.17: Inertial scaling for the spreading of different-viscosities fluids. The black 

squares are the non-dimensional spreading radius with inertial scaled time for 0.98 cP case, 

the blue triangles are for 3.28 cP fluid and the red rounds are for 11.96 cP. 
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Contact-line friction scaling  

  Andreas Carlson [18] initiated a contact-line friction scaling, which determines 

    which is analogous with   , by matching the spreading profiles between 

experiments and simulations. In spite of different droplet diameters, viscosities 

and wettability in his trials, all the experimental data surprisingly follow one 

curve.  

  Nonetheless, Carlson did not take the topography of the substrates into account.  

Inspired by his work, we tried to plot data in such friction scaling to investigate 

the influence of microstructures. So far we only have got    for 0.98 cP case, but 

the values of    are distinct on different samples though the viscosity is constant. 

By    scaling, our experimental results obey one master curve, which illustrates 

that    scaling also works for spreading on microstructures (Fig. 4.18).  

However, the exact physical meaning of    is still uncertain. It is an input 

variable in the simulation, presenting energy dissipation at the contact-line. In 

our scale,    includes not only viscosity information, but also the geometries of 

the microstructures. So it is likely that                , where   is above zero 

because denser pillars will increase the friction according to the spreading 

phenomena, while   might be affected by fluid’s viscosity. More systematic study 

will be done in the near future to confirm this conjecture, and hopefully this 

discussion helps give an inspiring view of rapid spreading.   

 

 

Figure 4.18: Contact-line frication scaling for low-viscosity spreading. 
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4.6 Deliberation of the application potential  

  In fact,     is a dimensional parameter in Calrson’s study [18], while     

mentioned in our work is nondimensional. For explicit discussion, we 

transformed the contact-line friction factor into uniform by the relation between 

    and    showed below. 

where          is the Cahn number under current simulation,   is the 

dynamic viscosity of the working fluid and    is the non-dimensional contact-line 

friction extracted by the comparison of experiment and simulation.  

  Based upon Carlson’s results, the value of     rises with viscosity, but declines 

with the equilibrium contact angle on the substrate (Fig. 4.19). Nevertheless, 

when we induced roughness on the surface and took advancing contact angle as 

the characteristic variable, the trend becomes completely opposite (Fig. 4.20), 

which is that     increases with augmentation of contact angle.  

  The phenomena on flat substrates are of common sense because     is a 

coefficient reflecting the interaction between the liquid and solid. If the surface is 

hydrophobic or the viscosity of liquid is higher, the influence of the solid on the 

liquid becomes weak. From this perspective, a possible interpretation could be 

proposed as follows: the microstructures on the substrates enhance the 

interaction between the liquid and solid, and as a consequence the values of     

increases with the denser pillars.  

  With more experiments and simulations conducted in future, we hope to 

propose a certain relation between     and contact angle so that contact angle 

will be able to act a bridge connecting the observed phenomenon and underlying 

physics. Under this circumstance, dynamic wetting can be controlled through 

estimating the static wetting property (contact angle), which will provide 

convenience and operability for laboratory and industry.   

  
  

   

   
      

(4.5) 
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Figure 4.19: Relation between     and equilibrium contact angle on flat substrates [18]. 

 

Figure 4.20: Relation between     and equilibrium contact angle on roughness substrates. 
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Chapter 5  

Conclusion 
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  In this research, the influence of microstructures on rapid spreading behavior of 

droplets was systematically investigated, and the experimental results 

demonstrate that the microscale patterns can significantly impede the spreading 

process. Furthermore, the dependence on the geometry of the surface is 

significant, whereby the denser the microstructures are, the slower the spreading 

rate is. In addition, the effect of viscosity was investigated by varying the dynamic 

viscosity of the working liquid, maintaining the surface tension to be a similar 

value. It turns out that viscosity is able to enhance the influence of 

microstructures on the spreading process, and as a result, spreading of 

high-viscosity fluid is more strongly inhibited by the topography of the substrates.  

  In an inertial dominating scaling, if the solids are flat but have different 

wettabilities, the radial positions of the contact line follow a power law     

             where   is the fluid density,   is the surface tension. It is worthy 

emphasizing that both   and   display continuous dependency on the 

equilibrium contact angle    , which has been reported by J.C Bird’s work [17]. In 

our work, the exponent   and prefactor   were plotted with advancing contact 

angle. The spreading behavior on all kinds of substrates is proven to fit a previous 

study when the liquid viscosity is low, but slightly deviates as the viscosity 

increases. It is worthy stressing that macroscopic scale still works for spreading 

on microstructured substrates. On the other hand, from the perspective of 

microscopic Reynolds number, an empirical scaling of Reynolds number and 

spreading rate was as achieved to identify the length scale. Specifically, spreading 

of liquids with various viscosities on all kinds of substrates displays a transition 

at the order of the unity, which means the length scale is microscopic and closely 

related to the geometries of the microstructures on the substrates. 

  With complementary phase field simulation, the effects of microstructures on 

spreading can be quantized when considering a contact-line friction factor. 

Moreover, when viscosity is 0.98 cP, all the experimental data can be collapsed to 

one uniform curve in spite of the different geometries on the substrates, which 

implies a prevailing but unrevealed relation with dynamic wetting. 

  In the end, compared with the relation of contact-line friction and contact angle 

on flat surfaces, we found the microstructures on substrates surprisingly overturn 

the tendency of contact-line friction with contact angle. Since, in practice, 
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structures or roughness are omnipresent, enhancement of the understanding 

about this distinction would give us additional degrees of freedom to control the 

dynamic wetting in both laboratory and industry. 
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