
Journal of Surface Engineered Materials and Advanced Technology, 2018, 8, 37-48 
http://www.scirp.org/journal/jsemat 

ISSN Online: 2161-489X 
ISSN Print: 2161-4881 

 

DOI: 10.4236/jsemat.2018.82004  Apr. 25, 2018 37 J. Surface Engineered Materials and Advanced Technology 
 

 
 
 

Simulation of Hydrophobicity Evaluation  
and Structural Optimization  
Design Method for  
Micro-Array Units 

Yang Shen1*, Ge Guo2, Yafeng Zhang3*, Yuan Lu1, Xin Wang1 

1Army Artillery Air Defense Academy, Chinese People’s Liberation Army, Hefei, China 
2Department of Border Defence Command, Army Academy of Border and Coastal Defence in Urumqi,  
Urumqi, China 
3Department of Equipment Support, Automobile NCO College, Army Military Transportation University, Bengbu, China 

 
 
 

Abstract 
In recent years, researches published on hydrophobic materials increase ra-
pidly, wherein the method for changing hydrophobicity by modifying a mi-
cro-array structure on the surface of the material also has been proposed. Of 
course, if it is possible for us to quantitatively analyse and evaluate hydropho-
bicity of different structures of one certain material at first, this task will 
greatly optimize the design of actual structures. In this work, we used the al-
gorithm for Laminar Two-Phase Flow, Horizontal-set method integrated in 
COMSOL to build two single-pore simulation structures in different shapes 
and simulated the behaviour of the liquid transition from Cassie-state to 
Wenzel-state during the impregnation process. After that, the intrinsic con-
tact angle of Structure T (a porous structure with a T-shaped sectional profile) 
was obtained under a certain pressure which maintained liquids in Cas-
sie-state. Meanwhile, two equilibrium states of the liquid-air interface as well 
as two different patterns of the equilibrium state disrupting were found in 
Structure R (a porous structure with a Chamfered T-shaped sectional profile). 
Simulation results show that the modelling method can be applied for simu-
lating the hydrophobicity of different porous structures and optimizing the 
procedures for the design of the micro-array efficiently. 
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1. Introduction 

Hydrophobic materials have become widely used due to their advantages of 
self-cleaning, resistance reduction and anti-icing etc. [1]. To be specific, the use 
of hydrophobic materials in the appropriate part of the architectural structure 
can reduce the corrosion from the acid rain: as in ships, it can reduce the resis-
tance during the navigation; also as in pipelines, it can effectively reduce the 
corrosion; thereby improving the transportation efficiently. To obtain a material 
with the better hydrophobic property, one method which has been studied and 
adopted is to manufacture a micro-array on the surface. 

The design idea of the hydrophobic surface micro-array is adapted from the 
natural existence of the hydrophobic surface while a variety of hydrophobic ma-
terial surfaces have been designed and manufactured. To study the behaviour of 
droplets spreading on a solid surface, Cassie and Wenzel firstly classified the infil-
tration state into Cassie-state and Wenzel-state. Cassie-state is an ideal hydro-
phobic state that the liquid is sheared up by a rough surface micro-structure [2]; 
nevertheless, the liquid can not fill up the pit on the surface but form compound 
contact because of the air trapped with the surface (shown in Figure 1(a)). 
Wenzel-state is that the liquid can completely fill up a rough surface while the 
actual contact area is larger than the apparent contact area (shown in Figure 
1(b)) [3]. 

Scholars have scientifically explained the hydrophobicity of various mi-
cro-structures through mathematical modelling, which made hydrophobic 
theory continuously improve. B. Emami et al. proved that the cylindrical pore 
maximized the critical pressure [4]. Rene Hensel et al. fitted the microscopic 
structure on the surface of the Springtails skin and calculated the surface infiltra-
tion of the liquid [5]. In addition, they proved that both the Mushroom-shaped 
cross-sectional pore and the Chamfered T-shaped cross-sectional hole had ex-
cellent hydrophobicity. By transforming the concave structure of a Chamfered 
T-shaped hole into a convex structure and basing on a micro-fabrication 
process, Tingyi Liu et al. obtained an array of surface micro-structures, which 
made the hydrophilic silica surface exhibit excellent super-hydrophobic charac-
teristics [6]. Takahiro Koishi et al. simulated the infiltration behaviour of water 
droplets composed of a large number of water molecules on the surface of a  
 

 
Figure 1. (a) Cassie-state; (b) Wenzel-state. 
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modified micro-array based on molecular dynamics simulations [7]. Jie Xiao et 
al. simulated the adhesion behaviour of water droplets on the surface of the 
modified micro-array when there was wind blowing [8]. It could be said that 
further improvement of theories mentioned above could provide an important 
reference for the design of hydrophobic micro-array. 

Apparent contact angle is a macroscopic representation of the droplet infiltra-
tion behaviour influenced by intrinsic contact angle near each unit of the array, 
which can reflect hydrophobic of the material. Therefore, it can provide guiding 
significance for grasping the whole retention of droplets on the surface and a ba-
sis for the surface design. Necessarily, to tracing the liquid-gas transitional sur-
face, we used Horizontal-set method integrated in COMSOL to define horizon-
tal-set function φ (always regarded as the volume fraction of the liquid phase in 
the transitional region) transferring from the liquid phase (φ = 1) to the gas 
phase (φ = 0). The gas-liquid transitional surface can be calculated by Equation 
(1) [9]. 

( )1
t
ϕ ϕϕ γ ε ϕ ϕ ϕ

ϕ
 ∂ ∇

+ ⋅∇ = ∇ ⋅ ∇ − − ∂ ∇ 
u                   (1) 

In the equation, ε represents the thickness of defined transition surface; γ 
represents reinitialization parameter whose value is generally set as the maxi-
mum flow velocity of the liquid; u  represents the fluid velocity. 

Figure 2 shows a surface micro-pore model of the array applied for the simu-
lation analysis. It can be seen that the plane of the model is a concave structure; 
actually, the structure is prepared on the whole surface of the materials generally 
with the nether base closed. When sufficient amount of fluid a minority of mi-
cro-units are covered under sufficient amount of fluid, the pressure in the pore 
will go larger as the increase of the fluid entering, which generally makes the 
material hydrophobic. However, in order to provide some convenience for the 
design of the non-pore convex array, the nether base of the pore will not be 
closed but connect to the air (shown in Figure 2(b)) and the structural profile is 
T-shaped (shown in Figure 2(c)). When the droplet is on the surface, the final 
stability of droplets will be affected by its gravity, the gas pressure in the pore, 
and the infiltration of the solid-liquid surface. If droplets are finally in Cas-
sie-state (shown in Figure 3(a)), the liquid will flow as Figure 3(b) and Figure 
3(c) show. When the liquid enters into the cylindrical pore and the liquid gravi-
ty, capillary force, Young’s pressure, and air pressure in the pore all reaches an 
equilibrium state, the liquid will form stable droplets in the pore. The other sec-
tion profile in this paper is Structure R, of which the nether surface is not closed. 

2. Simulation Details 

The design dimension of Structure T is shown in Figure 4. The whole surface 
exits an extension of the pore of which the length L is 10 μm, the thickness t is 1 
μm and the distance B (from the lateral wall of the nether pore to the central 
axis) is 55 μm. No sooner were L and B determined than the reference axis  
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Figure 2. (a) Top view of the surface of the array; (b) Partial enlarged drawing of the back 
of the array; (c) Sectional drawing of the structure. 
 

 
Figure 3. (a) Shape of the droplet in Cassie-state; (b) Original state between the droplet and the pore; (c) Stable state after the 
droplet entering into the pore. 
 

 
Figure 4. (a) View of the nether surface of the array; (b) Sizes of the microarray unit. 

 
distance D, of which the macroscopic appearance is the variation of apparent 
contact angle of droplets, affected not only the contact area with droplets but al-
so the pressure acted on them. As we only performed quantitative analysis by the 
time we set the inlet pressure, we did not need to calculate the value of apparent 
contact angle. Meanwhile, we just built parts of the model in the red box (shown 
in Figure 4(b)). Thus, D would be out of considered. According to the whole 
progress, the model could establish a rotational symmetric one to simplify the 
calculation. Additionally, as the solid material was only connected with the air 
and the liquid, we merely needed to define the infiltrating wall and stimulate 
from the origin state to the end of the pore fulfilling with phase initialization 
despite modeling the entire solid phase. 
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2.1. The establishment of the Structure T model 

Figure 5 and Figure 6 separately shows the rotating symmetrical three-dimensional 
model and the two-dimensional model (inflexion-point 1 marked at the end of 
the structure) of one unit of the array. We defined the target liquid as water and 
different contact angles of the humid wall to represent for different materials at 
first. Then, if only considering the gravity of droplets and the inlet pressure or-
der of 102/Pa, we defined the water pressure at the inlet; However, we observed 
that the order was so small as to make the result in conformity with the present 
literature, which further explained merely considering the gravity was not accu-
rate. So we set the value to a larger order of 102/Pa at last [5]. When the apparent 
contact angle was larger than 90˚, the droplet was a fixed volume. 

When applying Horizontal-set method to analyse the interface between the 
liquid and the gas, we defined the thickness of the liquid-gas transition surface ε 
as 5 × 10−7 m. As the thickness value of the liquid-gas transition surface was 
larger, whether inflexion-point 1 is the right angle or the round angle had no 
difference [10]. Considering the manufacturing process of the structure while to 
observe three-phase contact line, we set inflexion-point 1 as a chamfer of which 
the radius was 0.2 μm. 
 

 
Figure 5. (a) Top view of the model of structure T; (b) Top view of the model f structure 
T. 
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Figure 6. 2-D view of the model. 

2.2. The Establishment of Structure R Model 

Figure 7(a) and Figure 7(b) separately shows the rotating symmetrical 
three-dimensional model and the two-dimensional model. The model estab-
lishment process is similar to Structure T. The angular thickness of Structure R t 
equals 1 μm, the angular height h equals 4 μm and the length of the structure 
edge L equals 10 μm. The nether left corner is marked as inflexion-point 1, and 
the nether right corner is marked as inflexion-point 2. 

3. Results and Discussions 
3.1. The Results of Structure T Simulation 

In the Structure T simulation model, we set the value of the inlet boundary 
pressure to be 1000 Pa and gradually increased intrinsic contact angle by the step 
distance of 0.5˚. The simulation results showed that three-phase contact line 
would firstly cross inflexion-point 1, after some reciprocating motion, it would 
finally keep balance at inflexion-point 1 when the intrinsic contact angle equalled 
18.36˚ (shown in Figure 8, where blue represents the liquid and red represents 
the air). 

When intrinsic contact angle was decreased to 17.86˚, the origin inlet boun-
dary pressure would be larger so that the droplet could not form Cassie-state on 
the surface at all. Thus, three-phase contact line would firstly go forward to a 
longer distance and then backwards to inflexion-point 1; after that, it would 
move to the right boundary of the nether surface and continue to move. This 
implies three-phase contact line moved to the right boundary, thus the liq-
uid-gas interface was unable to achieve an equilibrium state (shown in Figure 9, 
where blue represented the liquid and red represented the air). 

When intrinsic contact angle increased to 18.86˚, the origin inlet boundary 
pressure would smaller so that the structure of the material would be more dif-
ficult to infiltrate. The infiltrating behaviour of three-phase contact line would 
be similar to the infiltrating behaviour in condition that the intrinsic original  
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Figure 7. (a) Model of structure R; (b) 2-D view of the model; (c) Partial enlarged view. 

https://doi.org/10.4236/jsemat.2018.82004


Y. Shen et al. 
 

 

DOI: 10.4236/jsemat.2018.82004 44 J. Surface Engineered Materials and Advanced Technology 
 

 
Figure 8. Oscillation of three-phase contact line near inflexion-point 1 at the angle of 18.36˚: (a) Time of 5.9 × 10−6 s; (b) Time of 
54.62 × 10−5 s; (c) Time of 5.28 × 10−5 s; (d) Time of 1.21 × 10−4 s. 

 
contact angle equalled 18.36˚; Also, its humid distance would be shorter after 
going cross inflexion-point 1 (shown in Figure 10, where blue represented the 
liquid and red represented the air). 

3.2. The Results of Structure R Simulation 

It could be seen that the equilibrium state at inflexion-point 1 was similar to that 
of Structure T in spite of different increasing thicknesses. As for inflexion-point 
2, the inlet pressure was set to 1000 Pa and intrinsic contact angle of the humid 
wall was 17.86˚. Owing to the thickness of the angle was smaller than the humid 
distance of three-phase contact line passing over inflexion-point 1 in Structure 
T, we observed three-phase contact line moved to inflexion-point 2 (not passed 
over it) then returned to inflexion-point 1; After that, it would not sustain oscil-
lation until balance. Continuously reducing contact angle to 1˚ and 0.01˚, we 
observed the equilibrium state near inflexion-point 1 (shown in Figure 11 and 
Figure 12). 

Increasing the inlet pressure to 2000 Pa, 2500 Pa and 3000 Pa, which meant to 
change apparent contact angle of the droplet, we obtained the simulation results  
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Figure 9. Motion of three-phase contact line from inflexion-point 1 at the angle of 17.86˚: (a) Time of 4.5 × 10−5 s; (b) Time of 
7.95 × 10−5 s; (c) Time of 1.03 × 10−4 s; (d) Time of 1.17 × 10−4 s; (e) Time of 1.43 × 10−4 s; (f) Time of 1.57 × 10−4 s. 

 

 
Figure 10. Motion of three-phase contact line from inflexion-point 1 at the angle of 18.86˚: (a) Time of 5.203 × 10−5 s; (b) Time of 
6.865 × 10−5 s. 
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Figure 11. Motion of three-phase contact line from inflexion-point 1 at the angle of 1˚: (a) Time of 4.0 × 10−5 s; (b) Time of 1.03 × 
10−4 s. 

 

 
Figure 12. Motion of three-phase contact line from inflexion-point 1 at the angle of 0.01˚: (a) Time of 3.0 × 10−5 s; (b) Time of 7.5 
× 10−5 s. 

 
(shown in Figures 13(a)-(c)). When the inlet pressure reached to 2000 Pa, 
three-phase contact line could not cross inflexion-point 2 because of the gravity 
of the droplet, but returned to inflexion-point 1 then achieved an equilibrium 
state. When the inlet pressure reached to 2500 Pa, three-phase contact line 
would go across inflexion-point 2, and moved upward along with the inner wall 
of the chamfer, but could not achieve the equilibrium state. When the inlet 
pressure reached to 3000 Pa, the interface of the liquid-gas would contact the 
structural side wall and could not achieve the equilibrium state because of the 
large radius of the droplets. 

4. Conclusions 

1) From Structure T simulation conclusion, we proved the existence of the  
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Figure 13. Different states under pressures of 2000 Pa, 2500 Pa and 3000 Pa. 

 

 
Figure 14. 2-D model for hydrophobicity comparison. 
 
critical intrinsic contact angle by the inlet pressure valuing 18.36˚. Another, the 
inlet pressure needs to reduce with the decreasing of intrinsic contact angle. 

2) As for the same material, the inlet pressure of Structure R whose liquid-gas 
interface reached to an equilibrium state was much larger than that of Structure 
T [6].  

5. Future Prospects 

Because the macroscopic wettability is affected by the solid/air ratio of the drop-
let in contact with the engineered solid surface, we will further consider the 
spacing between adjacent pores and make clear how the intrinsic contact and 
surface tension are formulated. 

In the design of the pore structure size, we can further increase the radius of 
the nether pore and reduce the radius of the upper pore to make droplets inside 
not contact the pore wall. Also, we can verify whether some similar structures 
were hydrophobic or not by changing the shape. For example, as Figure 14 
shows, we can judge the hydrophobicity of the material from whether 
three-phase contact line can go across inflexion-point 3 or not when the inlet 
pressure is 2500 Pa. In other hand, it can be necessary to increase the distance 
between the lateral wall of the nether pore and the center of B when compared 
with Figure 7(b). 
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