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ABSTRACT 

Sealing performance is critical for mechanical components, particularly in 

automotive engines, where oil leaks remain a persistent challenge. This paper 

presents the design of novel biomimetic sealing surfaces that replicate the 

structural characteristics of biological surfaces with superhydrophobic and 

superoleophobic properties. A comprehensive evaluation of the design and 

performance of these biomimetic surfaces is provided. A multilayer microarray 

structure was designed using multivariate coupled mimetic theory. The structure 

consists of a smooth surface, a primary biomimetic weave surface, and a 

secondary biomimetic weave surface. Biomimetic superoleophobic surfaces of 

varying grades were fabricated on automobile engine gaskets through 

machining. This paper analyzes the dispersion of oil droplets, impact dynamics, 

and contact time between different surface structures using Volume of Fluid 

(VOF), Coupled Level Set and Liquid Volume (CLSVOF), and Computational 

Fluid Dynamics (CFD). The results demonstrate that the biomimetic textured 

surface significantly enhances oleophobicity by minimizing contact with oil 

droplets, reducing the maximum diffusion diameter by approximately 15% 

compared to a smooth surface. The interaction duration of oil droplets on the 

biomimetic surface is reduced by 14.7%, leading to improved sealing efficiency. 

This study indicates that finely structured biomimetic surfaces have promising 

applications in automotive sealing technology. Further miniaturization and 

optimization of these structures are expected to enhance sealing efficiency, 

particularly in demanding industrial environments.  

  

 Article History 

Received September 20, 2024 

Revised January 8, 2025 
Accepted February 13, 2025  

Available online May 5, 2025 

 

 Keywords: 

Sealing performance  

Bionic superoleophobic surface 

Numerical simulation 
Maximum diffusion diameter 

Interaction duration 

 

1. INTRODUCTION 

An effective sealing mechanism is crucial for the 

efficient operation of mechanical equipment (Zhang et al., 

2020). In industries such as automotive, aerospace, and 

manufacturing, seal performance significantly impacts the 

safety, reliability, and service life of equipment (Farfán-

Cabrera et al., 2018). However, conventional sealing 

surfaces often fail under extreme conditions and do not 

meet the demands of modern high-performance 

engineering (Dong et al., 2020; Zhang et al., 2021). As a 

result, the design of innovative sealing surfaces and 

related research has become a central focus in modern 

sealing technology (Wang et al., 2015). 

The wetting behavior of rigid surfaces is crucial, 

particularly when these surfaces exhibit superhydrophobic 

effects with liquid contact angles greater than 150° (Jiang 

et al., 2018). This effect typically mimics the surface 

structures of certain organisms in nature, such as lotus 

leaves and crocodile skins, both of which display 

remarkable superhydrophobic properties. By studying 

these natural phenomena, new surface materials with 

enhanced hydrophobic and oleophobic properties can be 

designed to improve resistance to oil and moisture 

absorption (Barthlott et al., 2017; Jia et al., 2020). The 

micrometer and nanostructures of natural organisms, such 

as lotus and rice leaves, have been replicated in the design 

of biomimetic surfaces with superhydrophobicity. These 

advanced surfaces utilize microscopic voids to create an 

air cushion, reducing direct fluid-surface interaction and 

adhesion. The Air Cushion Effect is defined as the 

formation of a thin layer of air between a drop of liquid 

(such as oil or water) and a texture or microtexture. This 

air layer acts as a physical barrier, hindering the liquid's 

direct contact with the solid surface, significantly reducing 

adhesion and altering droplet wetting behavior (Luo et al., 

2018). Integrating this technology into mechanical 

systems, particularly sealing components, significantly 

reduces the dynamic friction during continuous motion, 
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thereby decreasing the associated heat generation and 

energy loss. By lowering the total surface energy 

requirement, minimizing the interaction area between the 

fluid and the surface further contributes to improved 

energy efficiency (Feng et al., 2008; Gose et al., 2018). 

Incorporating biomimetic superhydrophobic properties 

into sealing surfaces is expected to enhance sealing 

efficiency and extend service life. 

Researchers have analyzed the microstructure of 

various natural organisms, including certain plants and 

animal skins. These insights have contributed to the 

development of biomimetic superhydrophobic surfaces, 

which are self-cleaning, anti-icing, corrosion-resistant, 

and multifunctional, with applications in oil-water 

separation and other areas (Wang et al., 2013). The 

superhydrophobic and self-cleaning properties of the lotus 

leaf have attracted considerable attention from the 

scientific community. Liang et al. investigated the micro-

nanostructures present on lotus leaf surfaces. These 

structures isolate air, reducing the contact area between 

the micronanometer structures and the liquid drop. The 

researchers modeled the lotus leaf’s superhydrophobicity 

and self-cleaning properties by lowering its surface 

adhesion (Liang et al., 2016). Ding et al. (2019) improved 

surface properties by designing various conical-shaped 

structures, significantly enhancing their superhydrophobic 

properties and static contact angle, which increased from 

approximately 107° to over 172°. Recent studies have 

examined the mechanical properties of liquid drops 

impacting biomimetic superhydrophobic surfaces. The 

dynamics of surface droplet impact behavior include 

several key processes, such as droplet spreading, 

deposition, instantaneous splashing, retraction 

fragmentation, and secondary rebound (Marengo et al., 

2011; Gao et al., 2021). Superhydrophobic surface 

structures have been shown to significantly influence the 

physical properties of droplets (Wu et al., 2011). Lin et al. 

(2020) studied the interaction time between two similar 

drops on different textured surfaces and found that, 

compared to a smooth biomimetic superhydrophobic 

surface, a coarse surface significantly reduced the contact 

duration. Gauthier et al. examined the effect of drop 

velocity and surface structure on interaction time. Their 

findings indicated that the interaction duration decreases 

with increasing impact velocity. They also observed that 

varying the shape of the weave resulted in shorter 

interaction times on pitted surfaces compared to flat 

surfaces (Gauthier et al., 2015). Vander Veen et al. (2014) 

proposed that, in addition to droplet inertia, the air-gap 

size also influences the height of the gas membrane under 

the droplet. On structured superhydrophobic surfaces, this 

air film enables droplets to rebound completely. In 

contrast, on other surfaces, droplets may adhere 

completely or rebound only partially, with some droplets 

still sticking. Altering the droplet contact area by 

modifying surface properties can enhance sealing 

performance (Gao et al., 2021; Wang et al., 2015). 

Advances in CFD have enabled researchers to study 

droplet impact behavior on specific wettable surfaces 

(Serevina & Meyputri, 2015). The droplet impact process 

involves two-phase flow and requires accurate interfacial 

tracking. Common methods used include Eulerian and 

Lagrangian models. Eulerian models typically employ 

Volume of Fluid (VOF) and Level Set methods to 

accurately track the interface (Nagashima & Sawada, 

2016; Wu et al., 2018). Liu et al. applied CFD and VOF 

models to trace the gas-liquid-solid interface on 

superhydrophobic surfaces, illustrating the dynamics of 

the interface during droplet impact (Liu et al., 2020). 

Biomimetic surfaces inspired by the phenomenon of 

natural superhydrophobicity have recently attracted 

significant attention due to their unique wetting properties. 

While many studies have explored sealing applications on 

these surfaces, detailed analysis of fluid interface behavior 

on complex microstructured surfaces remains limited. 

This paper systematically investigates droplet dynamics 

on a newly designed multilayer biomimetic microarray 

surface using advanced CFD techniques. The main 

contribution of this study is the detailed analysis of fluid 

interface behavior using VOF and Level Set models. 

These models were used to accurately track the gas-liquid-

solid interface, providing new insights into the dynamic 

diffusion, retraction, and rebound of oil droplets on both 

primary and secondary biomimetic structures. Inspired by 

the micrometer and nanostructures of naturally 

superhydrophobic surfaces, these designs aim to minimize 

fluid contact with the surface, thereby enhancing sealing 

effectiveness. 

2. MATERIALS AND METHODS 

2.1 Materials 

In natural phenomena, dogwood leaves exhibit 

excellent superhydrophobic properties and anisotropic 

surfaces. Figure 1(a-d) shows SEM images of the 

dogwood leaf surface at magnifications of 50X, 40X, and 

200X, respectively. As shown in Fig. 1(b) and (c), the 

surface of the dogwood leaf blade features a microarray 

structure composed of parallel millimeter-sized grooves 

aligned with the main leaf veins. The width, depth, and  

 

 

Fig. 1 Microarray structure on the surface of dogwood leaves 
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(a)                                                              (b) 

Fig. 2 Different microtextured surfaces: (a) primary bionic microtextured surface, (b) secondary bionic 

microtextured surface 

 

gap between each groove are relatively uniform. The 

enlarged view of the regular groove structure in Fig. 1(d) 

reveals small submicrometer striations on the trench 

surface, with an average dimension ranging from 2 μm to 

5 μm. Dogwood leaves possess regular sub-millimeter 

composite grooves that minimize the interfacial area for 

droplet-surface interactions. Moreover, the air trapped 

within the grooves reduces the viscosity of the droplet 

surface, facilitating its movement toward the chip and 

resulting in a secondary rebound phenomenon. 

In this study, asbestos and rubber composites are 

utilized as the base material for automotive engine block 

gaskets. Their excellent adaptability and corrosion 

resistance make them suitable for high-temperature and 

high-pressure engine environments (Dodson & Hammar, 

2005). Additionally, their low cost facilitates mass 

production. 

Numerical simulations were conducted using ANSYS 

Fluent 21R1 within a rectangular computational domain 

measuring 10 mm × 10 mm × 20 mm. The lower boundary 

consisted of three different surfaces: one smooth asbestos 

sheet and two based on the microstructural design of 

dogwood leaves. These surfaces were modeled as a one-

stage microarray with a multilevel groove composite 

structure. Surface models were created in 

SOLIDWORKS, defining microstructures to represent 

smooth surfaces, primary bionic weave structures, and 

secondary bionic weave structures. The microgroove 

width is denoted as w, the small groove width as h, and the 

large groove width as H, as shown in Fig. 2(a). A smaller 

braided unit was added to the main braided layer, resulting 

in a secondary microarray model with a trench width of m 

and a height of n, as shown in Fig. 2(b). 

The biomimetic microweave surface incorporates 

bio-inspired, numerically optimized microstructures 

modeled after dogwood leaves. This woven surface design 

combines bio-inspired structures with optimized 

microstructures based on the dogwood leaf blade, which 

reduce the contact area of water droplets and create an air 

cushion effect. In this study, the primary microgroove 

size, similar to that of dogwood blades, was selected to 

facilitate air capture during oil droplet impact. 

Additionally, CFD simulations were conducted to adjust 

and optimize the geometric parameters of the micro-

textured structure, determining the optimal size for the 

secondary microstructure. This multilayer composite 

structure minimizes the oil droplet contact area, enhancing 

oil resistance and sealing efficiency. 

For the preparation of engine block gasket surface 

samples, asbestos and rubber composites were selected as 

substrate materials to ensure stability and reliability under 

the experimental conditions. Initially, a smooth sealing 

surface was created using a traditional polishing process. 

Subsequently, inspired by the microstructure of dogwood 

leaves, a first-order bionic braided structure was fabricated 

on the spacer using laser processing. Finally, a secondary 

bionic weave surface was created by adding micrometer-

scale structures to the primary bionic weave surface. 

Conventional smooth washers were analyzed as a baseline 

for comparison. 

2.2 Methods 

2.2.1 Fluent Numerical Simulation Method 

Numerical simulations employed the CLSVOF 

method to track the oil droplet interface. To effectively 

capture the highly deformed structure of the simulated oil 

droplets during spreading, the CLSVOF technique was 

implemented (Walters & Wolgemuth, 2009). This method 

combines a VOF approach for volume and mass 

conservation with a level set method for precise interface 

tracking (Talebanfard et al., 2019). With this VOF 

scheme, the volume fractions of different fluid phases and 

their interacting interfaces are monitored throughout the 

entire domain. This approach allows for accurate 

prediction of droplet spreading, contraction, and rebound 

behavior (Nekouei & Vanapalli, 2017; Baggio & 

Weigand, 2019). The volume fraction discretization 

equation (1) used in the VOF method is: 
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In equation (1), 1t

qf +  represents the volume fraction of 

phase q , 1t

fU +  is the volume flux across the surface, 
q

s  

indicates the source term, m& denotes mass exchanged 

between phases, V  and   stand for unit volume and 

density, respectively, 1t +  is the time-step exponent, and 

n  is the total phase count. The volume fraction must 

comply with equation (2): 

1
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

=
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The energy conservation equations (3-6) ensure the 

conservation of energy across the solid-liquid-gas phases 

and are implemented using the Fluent method. 
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The Level Set (LS) method is a numerical simulation 

technique used to model the dynamic interaction in fluid 

dynamics. It employs a scalar function   to represent the 

signed distance from any point to the interface. A positive 

or negative value indicates the position relative to the 

boundary, with 0 defining the interface itself. This 

distance is determined by the relative position to the 

boundary, which always lies on the surface  . The 

expression for the scalar function is given in Equation (7): 

( )
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( )

, ,

, , 0 , ,

, ,
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 (7) 

In expression (7), a variable d  is the distance 

between a selected point and an interface. When the 

selected point is in the liquid phase, constant   is 

positive, but it will be negative if it is in the gaseous phase.  

The dynamic properties of interfaces are crucial in the 

study of Level Set (LS) methods, particularly in 

simulating multiphase flow regimes. In these systems, the 

interactions between various elements, such as droplets, 

bubbles, and liquid films, are primarily influenced by 

interfacial tension. In the LS method, surface tension 

effects are typically represented by a continuous equation, 

which is used to calculate interface curvature and the 

normal orientation of the interface. In the Continuous 

Surface Force (CSF) model, the momentum conservation 

equation is modified by adding a source term to account 

for the effect of surface forces (Zhang et al., 2020). 

Consequently, the expression for continuous surface 

tension (8) is derived using the discretization theorem: 
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In expression (8),   represents the surface tension 

coefficient,   denotes the surface curvature, n  is the 

surface normal vector, and   is the volume fraction of 

each phase, where indices 1 and 2 indicate the gas and 

liquid phases accordingly.  

On rigid surfaces, the static contact angle is often 

applied as a parameter to adjust the shape of the gas-liquid 

boundary, while wall adhesion is also considered (Li et al., 

2022). The cell vector n  of the wall cell boundary 

perpendicular to the interface is given by formula (9): 

cos sins w s wn n   = +     (9) 

s  in Eq. (9) is the tangential unit vector of the wall 

and 
sn  is the normal unit vector. 

Wetting phenomena at solid-liquid interfaces can be 

explained in terms of interfacial energy, which provides 

an energy-based perspective on surface wettability (Wang 

et al., 2021). As shown in Fig. 3, when a liquid (L) is in 

contact with a solid (S), the atoms or molecules on the 

surface of the liquid and the solid are more energetic than 

the atoms or molecules inside them, and this extra energy 

can be expressed as surface tension or as a surface energy 

 . The work of adhesion (
SLW ) is expressed as: 

SL SA LA SLW   = + −
             

                                   (10) 

In equation (10), 
SA  is the surface energy at the 

solid-air interface, 
LA  is the surface energy at the liquid-

air interface and 
SL  is the interfacial energy between the 

solid and the liquid. 

As drops are deposited on a surface, the drops are 

maintained in their form, and their contact angles are equal 

to that of balance (for example, in Fig. 3). The contact 

angle  can be determined by Young's equation with the 

Young's equation expression (11): 

                                                    (11) 

2.2.2 Energy Conversion Analysis   

The overall energy  of the oil droplet at its initial 

condition includes gravitational potential , surface 

tension energy , and kinetic energy . The internal 

temperature of the drop is supposed to be even, so it is 

neglected to consider the internal temperature variation. 

Its initial kinetic energy expression (12) is:  

                                            (12)  

Fig. 3 Conservation of energy in the equilibrium state 

of contact between a droplet and a solid 



cosSL SA LA   = −

0tE

0pE

0sE 0kE

0 0 0 0t p s kE E E E= + +



Q. Li et al. / JAFM, Vol. 18, No. 7, pp. 1938-1952, 2025.  

 

1942 

The simulation of a given oil drop with the following 

initial characteristics was conducted: diameter 
0D , mass 

m , density  , and gas-liquid surface tension 
lg . The 

individual components of the initial energy can be 

expressed in terms of the quantities given above as (13-16) 

(Huang et al., 2016): 

0 0pE mgh=                  (13) 

2

0 lg 0sE D =                  (14) 

3 2

0 0 0

1
0.5

6
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 
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 
                (15) 

3

0

1

6
m D 

 
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 
                (16) 

The energy conversion equation (17-19) is derived as 

follows (Yarin., 2006): 

t p s kE E E E= + +                 (17) 

lg lg 0.25 0.25s sl sl sg sgE S S S  = + −           (18) 

( )2

lg0.5 1 sin cossl w   = + −                                (19) 

Here, S  represents the contact area of each item, lg  

represents liquid-gas, sl  represents solid-liquid, and sg  

represents solid-gas. 

In numerical modeling, directly obtaining the kinetic 

energy of oil droplet impacts presents a challenge. To 

precisely calculate the kinetic energy of an oil droplet in a 

multiphase flow, we employ a mathematical limit 

approach that partitions the droplet's interior into N  equal 

sections. Then, the kinetic energy of the drop can be 

represented by (20): 

2 2 2
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 (20) 

Oil droplets impacting a surface are accompanied by 

an energy loss, the energy loss expression (21) (Li et al., 

2022) is shown below: 

( ) ( )0 0 0d p s k p s kE E E E E E E= + + − + +               (21) 

In order to evaluate the energy conversion rate, Li and 

Yang et al. conducted a comprehensive study of the 

droplet impact process under specific conditions. The data 

led to these conclusions: at first contact between the liquid 

and solid, 
tE , 

PE , and 
kE  exhibited a notable decrease; 

subsequently, with the diffusion of the droplet, 
sE  

exhibited a decline and subsequent increase; The 

conversion of 
sE  to 

kE  happens during droplet 

retraction, while the rebound afterward increases 
sE  due 

to liquid elongation.  

 

2.2.3 Fluent Numerical Calculation Settings 

Surface wetting is a critical property that governs a 

fluid's diffusion on a solid surface, characterized by the 

contact angle and contact hysteresis (Li et al., 2021). This 

study examines the variation in dispersion conditions and 

the interaction time of the droplet. Due to the hydrophilic 

nature of smooth surfaces, the contact angle is treated as a 

fixed value to simplify the simulation calculations. In the 

boundary setup, the wall adhesion effect (contact angle) at 

the solid-liquid interface is defined to capture interactions 

between oil droplets and surface textures. The contact 

angle setting influences the curvature and behavior of the 

gas-liquid interface, playing a key role in realistic droplet 

impact dynamics. The contact angle is set to 70° for 

smooth surfaces and 153° for bionic superhydrophobic 

surfaces (Guo & Liu, 2007). These values correspond to 

hydrophilic (smooth) and superhydrophobic (textured) 

surfaces, respectively, and are consistent with the 

properties of natural surfaces such as dogwood leaves. The 

chosen contact angle simulates dynamic behaviors such as 

droplet spreading, retraction, and potential secondary 

rebound on the bionic surface. These considerations 

contribute to the accurate modeling of interfacial 

dynamics, such as oil droplet deformation and 

detachment. This approach facilitates the study of impact-

related behaviors on different textured surfaces and helps 

explain variations in sealing performance. 

To simplify the simulation, Fluent excludes heat 

transfer and phase change models when calculating the 

effect of droplets on smooth and superhydrophobic 

surfaces. 

Figure 4 illustrates the computational domain 

representing the experimental setup for oil droplet impacts 

on solid surfaces. An oil droplet with a computational 

domain size of 10 × 10 × 20 mm³ and a diameter of D₀ is 

released from a height under the influence of gravity (g = 

9.81 m/s²), providing the droplet with an initial velocity v₀ 

upon impact. The bottom edge of the computational 

domain is modeled with a no-slip boundary condition, 

while the remaining surfaces are assigned an outlet 

boundary condition with a value of 0. The computational 

domain is discretized using the Cartesian method with a 

mesh size of 0.1 mm, resulting in a total of 2,798,096 mesh 

elements. The SIMPLEC algorithm is employed in Fluent 

for pressure-velocity coupling to enhance computational 

accuracy. Pressure difference values are computed using 

the PRESTO scheme, the volume fraction is solved using 

the Geo-Reconstruct method, and other spatially discrete 

variables are calculated using the second-order upwind 

scheme. The oil droplet density is set to 843 kg/m³, the 

viscosity is 0.0757 Pa·s, and the calculation process spans 

1000 time steps, each lasting 0.00005 s.  

Using Fluent, the diffusive diameter and interaction 

time of the droplet were calculated to assess its effect on 

the solid surface. The maximum diffusion diameter (

maxD− ) and interaction duration (tc) characterize the 

behavior of oil droplets on different surfaces, allowing for 

comparison of the contact areas. 

2.2.4 Mesh and Experimental model validation 

Mesh independence verification is essential for  
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Fig. 4 Physical modeling of oil droplet impacts on computational domain surfaces 

 

 

Fig. 5 (a) Mesh Sensitivity Analysis, (b) Grid Independence Verification 

 

ensuring the accuracy and reliability of CFD simulation 

results, as it confirms the convergence of results before 

formal simulations are conducted (Li et al., 2022). The rate 

of change, ( )R n , of 
0/D D  is derived from the 

dimensionless spreading diameter, determined by adjacent 

grids, and is defined by equation (22) as follows: 

( )
( ) ( )

( )
0 0 n 1

0

/ /
100%

/

n

n

D D D D
R n

D D

+
−

=                            (22) 

Eq. (22) represents the dimensionless spreading 

diameter for the current grid count and ( )0 1
/

n
D D

+
 denotes 

the dimensionless spreading diameter for the subsequent 

grid count. In this case, if the predicted dimensionless 

spreading diameter shows only minor variation with the 

number of grids, the mass and density of the grids are 

considered to meet the calculation requirements. 

Figure 5(a-b) illustrates the mesh sensitivity analysis 

and mesh independence validation. Figure 5(a) shows the 

relationship between mesh size and the maximum 

diffusion diameter of the oil droplet. The diffusion 

diameter decreases slightly with grid refinement 

(decreasing grid size). When the grid size is reduced below 

0.1 mm, little further change is observed, indicating result 

stability and supporting the choice of 0.1 mm as the 

optimal grid size. Figure 5(b) presents the grid 

independence validation, displaying the percentage 

change in maximum spreading diameter for different grid 

sizes. When the grid size is reduced to below 0.1 mm, the 

variation remains below 2%, demonstrating that further 

mesh refinement has minimal impact on the results (Chila 

Kaminski, 2008). This confirms that the selected mesh 

size of 0.1 mm is sufficient to accurately capture the 

interface dynamics in the CLSVOF simulations. 

This study developed an experimental platform to 

investigate oil droplet impact on surfaces, observing 

interfacial spreading and changes in droplet morphology, 

as shown in Fig. 6. The platform consists of a high-speed 

video camera, a lighting system, an injection device, a test 

sample, and an optical experimental base. The high-speed 

video camera captures transient images of the impact on 

the sample surface and, through signal transfer and image 

post-processing, generates high-frame-rate videos of the 

oil droplet motion. 
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Fig. 6 Surface/Interface Oil Droplet Impact Test 

Process Experimental Platform 

 

 

Fig. 7 Validation analysis of the effect of oil 

droplets on different structured surfaces: (a) Smooth 

sample surface, (b) Bionic microarray sample surface  

 

The evolution of droplet morphology on uniformly 

distributed microstructures is independent of the initial 

impact location, indicating that the impact center does not 

influence the diffusion behavior (Liu et al., 2020). Oil 

droplets with a diameter of 
0D  = 2.6 mm impact a surface 

with a bionic structure at a velocity of 0.5 m/s. To validate 

the accuracy of the Fluent numerical simulation method 

for modeling oil droplet impact dynamics on non-smooth 

oleophobic surfaces, experimental data and simulations of 

oil impacts on smooth and microarray superoleophobic 

surfaces were analyzed and compared. The analysis 

involved releasing the oil droplet at different impact 

locations. The results are shown in Fig. 7, where Fig. 7(a) 

illustrates the impact diffusion state at various moments 

after the oil droplet hits the smooth surface, recorded by a 

high-speed camera and compared to numerical 

simulations. Figure 7(b) shows the impact diffusion states 

at different moments after the oil droplets hit the 

microarray surface, captured by a high-speed camera and 

compared with numerical simulation results. Comparison 

of experimental and numerical results demonstrates strong 

consistency in the kinetic behavior and diffusion patterns 

of oil droplets on the biomimetic surface. The spreading 

diameter of the oil droplet increases sharply and then 

decreases rapidly, reaching the maximum spreading state 

at 0.015 s. At 0.035 s, the oil droplets on the biomimetic 

structure begin to exhibit a tendency to detach. These 

findings confirm that the numerical simulation method, 

coupled with the CLSVOF model for interfacial 

mechanics, can accurately model the morphological 

changes of oil droplets on non-smooth surfaces and 

capture the flow behavior at solid-liquid-gas multiphase 

interfaces. Therefore, this computational method can be 

used to further explore the mechanical interaction between 

oil droplets and non-smooth bionic superoleophobic 

surfaces. 

3.  RESULTS AND DISCUSSION 

3.1 Analysis of Oil Droplet Impact Behavior on 

Different Structured Surfaces 

The kinetic behavior of droplets impacting a surface 

serves as a key reference for analyzing the mechanical 

behavior of biomimetic superhydrophobic surfaces at the 

interfacial level (Yarin et al., 2006). However, the impact 

behavior of droplets is primarily influenced by several key 

parameters, including surface tension, viscosity, and 

density. Surface characteristics, such as microarray 

structure, surface energy, and chemical composition, 

significantly affect droplet impact behavior. Therefore, in 

this study, numerical simulations were employed to 

analyze the impact of oil droplets on bionic surfaces 

subjected to different processing techniques. The goal was 

to investigate the influence of microarray structure 

variability on oil droplet spreading behavior. 

The variation in the spreading coefficient ( )  and 

anisotropic spreading ratio ( )  over time is analyzed to 

investigate the dynamic behavior of oil droplets on the 

bionic surface. The validated Fluent numerical simulation 

method was employed to quantitatively compare and 

analyze the spreading diameters of oil droplets on surfaces 

with parallel and perpendicular groove structures across 

three different surface configurations. This analysis aimed 

to assess the differences in the dynamic behavior of oil 

droplets under varying impact velocities. The impact 

velocities considered in the study were as follows: 
0v

=0.5 m/s, 
0v =1.0 m/s, 

0v =1.5 m/s and 
0v =2.0 m/s. 

By selecting these velocities, the effects of different 

kinetic energies on oil droplet behavior, particularly in 

terms of diffusion, retraction, and potential rebound, were 

systematically examined. Lower velocities were chosen to 

study initial spreading and adhesion phenomena, which 

are crucial for evaluating surface wetting behavior and 

static interaction properties. In contrast, higher velocities 

allowed for the investigation of the oil droplet's dynamic 

response, including secondary rebound and energy 

dissipation, which are important for assessing overall seal 

performance. 

In the low-velocity impact region, defined by We 

values between 0.2 and 100, two primary outcomes can be 

observed: deposition and rebound (Zhao et al., 2021). 

Within a wider wettability range (73° ≤   < 100°), 

viscous forces between the droplet and surface become 

more significant. This increases viscous dissipation, 

reducing the droplet's initial energy, which may lead to 

deposition on the surface. Conversely, at a contact angle 

of 100° ≤   ≤ 162° with low wettability, viscous forces 

between the droplet and surface are minimal, resulting in 

low viscous dissipation during impact. This allows the  
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Fig. 8 Time-Varying Curves of Spreading Diameter and Anisotropic Spreading Ratio of Oil Droplets on Smooth 

Surfaces with Different Impact Velocities: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s, (d) =2.0 m/s 

 

droplet to rebound with sufficient energy after retraction 

(Huang et al., 2016), occurring when its kinetic energy 

exceeds the combined surface energy and the minimum 

gravitational potential energy at the end of spreading and 

retraction. 

3.1.1 Analysis of Oil Droplet Impact Behavior on 

Smooth Surfaces 

The variation in the diffusion radius and anisotropy 

distribution rate of the droplet on the smooth structure is 

shown in Fig. 8 (a-d). When oil droplets impacted the 

surface at a lower velocity (0.5 m/s), as shown in Fig. 8(a), 

they initially spread rapidly, reaching a maximum 

diameter of 2.23 mm at 0.017 s. Subsequently, the oil 

droplets gradually reduced in size and ultimately adhered 

to the smooth surface. Due to the uniform anisotropic 

properties of the smooth surface, the diffusion rate 

remained constant at 1 in both the X- and Y-directions. As 

the smooth surface exhibits equal anisotropic properties in 

all directions, the propagation rate is constant at 1 in both 

the X- and Y-directions. Figure 8(a-d) demonstrates that 

as the oil droplet's impact velocity ( 0v ) increases, the time 

to reach the maximum spreading diameter decreases, 

while the diameter itself increases. At an impact velocity 

of 2.0 m/s, the maximum spreading diameter of the oil 

droplet reaches 2.89 mm, with a time of only 0.007 s to 

reach this diameter. 

As the impact velocity ( 0v ) increases, the oil droplets 

acquire greater initial kinetic energy, leading to a faster 

expansion process immediately following impact. The 

higher kinetic energy enables the droplets to quickly 

overcome surface resistance, thereby accelerating the 

spreading rate. Consequently, the time required for the 

droplets to reach their maximum spreading diameter 

decreases. As the impact velocity continues to rise, the 

increased kinetic energy allows the droplets to spread 

further before retracting. In the absence of structural 

barriers on smooth surfaces, oil droplets can achieve larger 

diffusion diameters, as there are no microstructures to 

limit droplet diffusion or induce additional retraction 

forces. Therefore, at an impact velocity of 2.0 m/s, the 

maximum spreading diameter of the oil droplet reaches 

2.89 mm. 

3.1.2 Analysis of oil Droplet Impact Behavior on Bionic 

Microtextured Surfaces 

Figure 9 (a-d) shows the time-dependent curves of 

diffusion diameter and diffusivity for oil droplets 

impinging on the primary bionic microtextured surface at 

different velocities. Figure 9(a) illustrates that the oil 

droplets spread rapidly, reaching maximum diameters of 

2.03 mm in the 
xD -direction and 1.98 mm in the 

yD -

direction at 0.0127 s. Subsequently, the oil droplets 

underwent a process of shrinkage, ultimately resulting in 

a secondary rebound away from the surface of the primary  
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Fig. 9 Time-Varying Curves (of Spreading Diameter and Anisotropic Spreading Ratio of Oil Droplets on 

Ordinary Bionic Surfaces for Different Impact Velocities: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s, (d) 

=2.0 m/s 

 

weave. Figure 9 (a-d) illustrates that as the oil droplet's 

impact velocity
0v  increases. The time to achieve 

maximum dilation decreases, while the maximum dilation 

maxD  and anisotropic dilation ratio of the profiled surface 

increase.  

Higher impact velocities increase the kinetic energy 

of the oil droplets, accelerating their spreading upon 

contact. The unique texture of the biomimetic surface 

introduces anisotropy, promoting rapid diffusion along 

specific microtexture paths. As the velocity increases, 

retraction is further accelerated, reducing the time to reach 

maximum diffusion. At higher impact velocities, oil 

droplets overcome greater surface resistance, enhancing 

diffusion. Unlike isotropic surfaces, anisotropic structures 

promote directional diffusion, particularly along 

horizontal axes parallel to the texture, resulting in larger 

diffusion diameters. This directional diffusion effect 

underscores the surface's ability to minimize interaction 

time and contact area with droplets, thereby enhancing 

oleophobic properties and facilitating droplet rebound. 

Figure 10(a-d) illustrates the time-varying curves of 

the spreading diameter and spreading ratio of oil droplets 

impacting a surface with secondary bionic microstructures 

at varying velocities. Figure 10(a) show that the oil 

droplets spread rapidly, reaching maximum diameters of 

2.03 mm in the 
xD -direction and 1.96 mm in the 

yD -

direction at 0.0125 s. Subsequently, the droplets 

underwent a process of shrinkage, ultimately resulting in 

a secondary rebound away from the surface of the primary 

weave. Figure 10(a-d) illustrates that as the oil droplet's 

impact velocity 
0v increases. The time to reach maximum 

spreading diameter decreases, while the maximum 

diameter 
maxD  increases gradually. Additionally, the 

anisotropic spreading ratio of the bionic surface appears to 

be significantly reduced. The time-varying curves are 

consistent with the time-varying curves of the first-grade 

bionic fabric. 

As impact velocity increases, the higher kinetic 

energy accelerates initial diffusion and reduces the time 

required to reach maximum diffusion. The fine 

microtexture of the secondary biomimetic surface 

minimizes resistance, further promoting rapid diffusion. 

Consequently, higher velocities result in faster diffusion 

and a shorter time for the secondary biomimetic surface to 

reach its maximum diameter. As the impact velocity 

increases, the oil droplet's spreading diameter increases in 

proportion to its initial kinetic energy. The refined grooves 

of the secondary biomimetic surface effectively direct the  

0
v

0
v

0
v

0
v

 

 

 

 

(c) (d) 

(a) (b) 



Q. Li et al. / JAFM, Vol. 18, No. 7, pp. 1938-1952, 2025.  

 

1947 

 

Fig. 10 Time-Varying Curves of Spreading Diameter and Anisotropic Spreading Ratio of Oil Droplets on 

Secondary Bionic Surfaces with Different Impact Velocities: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s, (d) 

=2.0 m/s 

 

oil outward, allowing it to spread further than on less 

textured surfaces. This structure also reduces oil droplet 

adhesion, which is reflected in its enhanced oleophobic 

properties, making the droplets more prone to rebound 

phenomena. 

Analysis of oil droplet impacts on microtextured 

surfaces revealed significant differences in horizontal and 

vertical diffusion diameters on anisotropic biomimetic 

surfaces. As the impact velocity ( 0v ) of the oil droplet 

increases, the time required to reach the maximum 

spreading state in both horizontal and vertical directions 

gradually increases. Additionally, the horizontal spreading 

diameter exceeds the vertical one. The striping 

configuration facilitates horizontal spreading when the oil 

droplet extends parallel to the striping pattern, thereby 

prolonging the time required for the droplet to reach 

equilibrium. Consequently, the horizontal spreading 

diameter is greater than the vertical. 

3.1.3 Comparative Evaluation of the Spreading 

Diameter Curves of Oil Droplets  

This paper demonstrates significant differences in the 

distribution of oil droplets on smooth, primary 

biomimetic, and secondary biomimetic surfaces. The 

diffusion curves of oil droplets are compared, revealing 

that the maximum spreading diameter along the 

microweaving direction X exceeds that along direction Y. 

Consequently, the parallel microweaving direction is 

selected for further analysis. Figure 11(a-d) presents the 

time-varying curves of horizontal X spreading diameters 

for oil droplets at various impact velocities on smooth and 

primary bionic weave surfaces. The analysis shows that, 

with increasing velocity, oil droplets on both surfaces 

reach their maximum spreading diameter more quickly, 

with higher velocities resulting in larger diameters. 

However, the smooth surface allows unrestricted diffusion 

of the oil droplets, leading to a larger diffusion diameter. 

In contrast, the primary bionic weave surface limits 

droplet diffusion due to its microtexture, which accelerates 

droplet retraction and enhances oleophobic properties. 

This structure restricts horizontal diffusion, reducing both 

interaction duration and diffusion diameter, particularly at 

higher velocities, suggesting improved sealing properties 

of the surface. 

Figure 12(a-d) presents the time-varying curves of oil 

droplets at different impact velocities on primary and 

secondary bionic weave surfaces, aligned with the 

microarray structure X. The analysis indicates that, with 

increasing impact velocity, oil droplets on both primary 

and secondary bionic surfaces reach a larger maximum 

diffusion diameter more quickly. However, the finer 

microstructure of the secondary bionic surface more 

effectively restricts oil droplet spreading. Consequently, 

the maximum diameter of the droplets on the secondary 

bionic surface is smaller, and the interaction duration is 

shorter compared to the primary bionic surface. The fine 

structure of the secondary bionic surface enhances the air 

cushioning effect, reduces adhesion, and accelerates 

retraction and rebound. These factors highlight the 

superior sealing and oil-repellent properties of the 

secondary bionic surfaces. 

The CFD method quantitatively analyzes droplet 

propagation on smooth and biomimetic surfaces at various 

velocities, revealing that the maximum propagation 

diameter on the latter is smaller. Secondary rebound on 

smooth surfaces remains unaffected by the impact  
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Fig. 11 Time-Varying Curves of Spreading Diameter of Oil Droplets with Different Impact Velocities on Smooth 

and Bionic Surfaces: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s, (d) =2.0 m/s 

 

 

Fig. 12 Time-varying profiles of spreading diameters of oil droplets with different impact velocities on the 

surface of different bionic structures: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s, (d) =2.0 m/s 

 

velocity, showing no dependence on speed. However, for 

surfaces with parallel microarray patterns, the maximum 

spreading diameter of the droplets is noticeably larger in 

the parallel direction compared to the perpendicular 

direction. Therefore, the design and orientation of the 

biomimetic structure have a direct impact on the droplets’ 

dynamic spreading behavior. A superoleophobic 

biomimetic surface that features a grooved structure 

effectively limits the spreading of droplets in the 

perpendicular direction, while promoting greater expansion 
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Fig. 13 Comparative analysis of the spreading state of oil droplets on smooth and bionic surfaces at varying 

impact velocities: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s 

 

 

Fig. 14 Comparative analysis of the spreading state of oil droplets on primary and secondary bionic surfaces at 

different impact velocities: (a) =0.5 m/s, (b) =1.0 m/s, (c) =1.5 m/s 

 

along the parallel axis. This arrangement also leads to a 

higher retraction rate when compared to a smooth surface, 

indicating the influence of structural orientation on droplet 

behavior. 

3.2 Comparative Analysis of Oil Droplet Spreading 

State on Different Structured Surfaces 

This study examines the dynamic behavior of 

biomimetic microarrays in droplet diffusion by analyzing 

the spreading behavior of oil droplets on different surface 

types. The spreading dynamics are evaluated qualitatively 

at three distinct impact velocities—0.5 m/s, 1.0 m/s, and 

1.5 m/s—on both smooth and microtextured surfaces, as 

shown in Fig. 13(a-c). Time points t1 and T1 represent the 

moments when the oil droplets first make contact with the 

smooth and microtextured surfaces, respectively. At time 

points t2 and T2, the droplets reach their maximum 

spreading on these surfaces. Time points t3 and T3 mark 

the initiation of droplet desorption, and finally, at time 

points t4 and T4, the oil droplets are fully desorbed from 

the surfaces. 

Our findings show that when an oil droplet contacts a 

smooth, lipophilic surface, it spreads and contracts but 

ultimately fails to fully desorb, remaining on the smooth 

surface. In contrast, oil droplets on the biomimetic 

superoleophobic surface with a microarray structure 

undergo a series of rapid changes. Initially, the droplets 

spread and contract rapidly, eventually detaching from the 

oleophobic surface in a fully contracted state. Upon 

impact with the non-smooth biomimetic superoleophobic 

surface at different velocities, the oil droplets achieve 

complete desorption. The time required for full desorption 

after the second bounce decreased from 0.034 s to 0.029 s 

as the droplet speed increased, representing a 14.7% 

reduction in desorption time.  

Figure 14(a-c) illustrates the spreading behavior of oil 

droplets at varying impact velocities and times on primary 

and secondary biomimetic microtextured surfaces. It is 

evident that the oil droplets interact with two distinct 

microtextured surface structures. Both structures exhibit 

rapid spreading and contraction of the oil droplets, 

followed by rapid detachment from the oleophobic surface  
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Fig. 15 Comparative analysis of pressure and velocity vector clouds during spreading and retraction of smooth 

and secondary bionic surfaces: (a) =1.0 m/s, t=0.005 s; (b) = 1.0 m/s, t=0.006 s; (c) =1.0 m/s, t=0.004 s; 

(d) = 1.0 m/s, t=0.005 s 

 

in the fully contracted state. Compared to the primary 

structure, the secondary biomimetic weave surface, which 

features finer microweave units, enhances oleophobicity 

and promotes faster retraction. As a result, the maximum 

spreading diameter of the secondary surface is smaller, 

and it reaches this diameter more quickly than the primary 

surface. The study of the sealing properties of secondary 

biomimetic surfaces with smaller microweave units 

demonstrates superior performance compared to primary 

biomimetic weave surfaces. 

Additionally, velocity and pressure vector field maps 

for smooth and secondary biomimetic surfaces during 

spreading and retraction at an impact velocity of 1.0 m/s 

were used to explain the spreading behavior, as shown in 

Fig. 15(a-d). During the spreading process, as depicted in 

Fig. 15(a) and (c), the smooth surface experiences a 

combination of gravity and interfacial resistance, leading 

to rapid spreading. In contrast, on secondary biomimetic 

weave surfaces, the low surface energy and high 

oleophobicity create air pockets upon droplet impact with 

the microarray structure. This phenomenon contributes to 

the observed rapid shrinkage before the droplet fully 

spreads. Furthermore, during retraction, as shown in Fig. 

15(b) and (d), the adhesion force and gravity on the 

smooth surface dominate over surface tension and the 

droplet's retraction inertia, causing the oil droplet to spread 

out and become stationary on the surface. When an oil 

droplet impacts a secondary biomimetic surface, a 

contraction behavior similar to that of an eagle's wing is 

observed. This is due to the significant reduction in the 

reattachment phenomenon induced by the horizontal 

contraction of the oil droplet. The microarray structure 

contributes to an increased second bounce rate by 

enhancing the force exerted on the droplet, which 

minimizes its tendency to reattach. This effect reduces the 

interaction time between the oil droplet and the surface, 

slows down the droplet’s spread, and significantly 

improves the sealing performance. 

4. CONCLUSION 

This study demonstrates that biomimetic 

superoleophobic surfaces, particularly those with 

secondary biomimetic microweave structures, can 

substantially enhance sealing performance, making them 

well-suited for applications requiring high oil resistance 

and minimal leakage, such as automotive engine gaskets. 

Through numerical simulations using CFD and VOF 

models, alongside experimental analysis, it was found that 

the biomimetic weaving surface effectively reduces the 

diffusion diameter of oil droplets and shortens the 

interaction time. Compared to smooth surfaces, the 

interaction duration was reduced by approximately 14.7%, 

and the diffusion diameter decreased by 15%. These 

results underscore the superior oleophobic properties of 

biomimetic structures. 

The research also highlights the potential of 

incorporating advanced micrometer- and nanometer-scale 

structures into industrial seals to improve efficiency under 

extreme conditions. By fine-tuning the texture of the 

biomimetic surface through adjustments in weave pattern 

and size, significant improvements in durability and 

performance can be achieved. This approach offers a 

pathway for the development of innovative, high-

performance, and sustainable sealing technologies. 
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