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Abstract
In order to reveal the underlying mechanism of surface microstructure-determined wetting
states, this paper adopted Volume of Fluid (VOF) method to investigate the dynamic
behaviours of water droplets impacting on surfaces with different structures at low and high
Weber numbers. The simulation results showed that the high and stable pressure of air pockets
is critical for the formation of the superhydrophobicity. A superhydrophobic substrate will
result in shorter recoiling time and longer rebound time for water droplet than the hydrophobic
substrate. Furthermore, superhydrophobic surface resulted in higher kinetic energy for water
droplet than hydrophobic surfaces, which is the underlying mechanism of microstructureenabled self-cleaning function. High-speed camera tests of laser processed surface
microstructures were conducted to validate the observation in dynamic impacting simulation.
The results in both high-speed camera testing and VOF simulation proved that water droplet
will have a lower adhesion force when impacting superhydrophobic surface than hydrophobic
surface.
Keywords: Superhydrophobic; VOF simulation; contact angle; high-speed camera

1. Introduction
A superhydrophobic surface is defined as a surface with a water contact angle (CA) larger than
150° and a sliding angle lower than 10° [1–3]. In recent years, the superhydrophobic
phenomenon has drawn a lot of attention for its useful functions such as self-cleaning, corrosion
resistance, anti-icing, drag reduction, heat transfer and anti-bacteria [4–9]. Recently,
considerable research efforts have been made to create superhydrophobic surfaces through
either surface coating by using electrochemical deposition [8,10,11], laser plasma-type atom
beam [12], chemical vapour deposition [13], sol-gel processing [14], electrospinning [15],
solution immersion [16,17] or surface structuring by using wire electrical discharge machining
[18], wet chemical reaction [19], lithography [20], micro milling [21], laser ablation [22] etc.
Thus, a tremendous amount of research focused on the manufacturing process of

superhydrophobic surfaces but paying little attention to the dynamic impacting process of water
droplet on the superhydrophobic surfaces.
Revealing the dynamic behaviour of the water droplet impacting on the superhydrophobic
surface is critical to understand the underlying mechanism of hydrophobicity and directly
influences their functions. Modern technologies for visualising shape, such as particle image
velocimetry (PIV), planar laser induced fluorescence (PLIF), thermal imager and high-speed
camera allow deeper understanding of the shape variation, velocity field, heat and mass transfer
of a sessile droplet [23,24]. For instance, the high-speed cameras are normally used to analyse
the dynamic behaviour of water droplet on different substrates through properties like watersolid contact time, droplet morphology and bounce height etc. However, it is challenging to
clearly observe the details of solid-liquid contact area through experiments due to unfavourable
optical measurement condition and short impacting time [25]. For instance, it is very difficult
to measure the variation of pressure water drops in the impacting process. In recent years, some
researchers have resorted Volume of Fluid (VOF) method, a ﬁxed-mesh method, in which the
interface between immiscible ﬂuids is modelled as the discontinuity in characteristic function
(such as volume fraction) to simulate water droplet impacted on the structured surface [26,27].
The computational studies and parameters considered in these studies are summarised in Table
1. Most of these studies were focused on analysis of the shape evolution, pressure distribution
contours and velocity vectors of a droplet as shown in Table 1. However, the study on pressure
variation of air pockets, kinetic and potential energies of a water droplet is still rare.
Furthermore, for a textured surface, static contact angle as a basic index to evaluate the
wettability, is highly associated with the surface pattern and intrinsic contact angle of the
substrate. Currently, most of studies only simulated a portion of the water droplet impacting
process. As shown in Table 1, For studies at high Weber number, the simulated impacting time
varied from 8 to 60 ms [27–29]. At the end of the simulation, the water droplet still in a dynamic
process and not reached an equilibrium state. For studies at low Weber number, the water
droplet was in micron or submillimetre level, and the impacting time was in μs level [27, 28].
Quan investigated the effects of intrinsic contact angle on the dynamic behaviours of droplets
and found that substrate with larger intrinsic contact angle has shorten the contact time, and
smaller penetrating depth of the liquid [30]. Karthik concluded that analysis of pressure and
velocity fields is necessary to exploring the dynamic behaviour of the droplet under different
conditions and textured surfaces [31]. However, if the simulation can obtain the static contact

angle of different substrates, which will help to validate the superhydrophobicity of designed
structures.
Zhang et al. investigated the shapes of water drops in the quasi-static and impacting process.
The wetting and spreading characteristics of a water drop on a surface were approved to be
highly dependent on the height of pillar [32]. The contact angle at equilibrium state increased
from 112°(Wenzel wetting state) to 143°(Cassie-Baxter state) when pillar heights varied from
18 to 100 μm [32]. However, the formation process and mechanism of different wetting state
still require further exploration.
Table 1 Summary of the previous work done on impact of drop in a solid surface
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Nanosecond pulsed laser machining process has been proved to be a highly efficient and lowcost approach to machine superhydrophobic structures on stainless steels. In this study, three
different substrates with laser ablated Gaussian holes and smooth substrate will be prepared as
case studies. The underlying mechanism of different wetting state at both low and high Weber
numbers will be extensively examined through VOF simulation. The average pressure of air

pockets will be investigated to explain the formation process of a superhydrophobic state (i.e.
Cassie-Baxter state). Furthermore, the numerical results of static contact angle at equilibrium
state will be validated through measured values of surfaces obtained in laser ablation
experiment. The dynamic energy transition among kinetic energy and potential energy will be
further investigated through numerical simulation. Finally, the high-speed camera test will be
carried out to verify the simulation results.

2. Computational fluid dynamics (CFD) simulation details
2.1 Mathematical model of the VOF method
The VOF method can be applied on two or more immiscible fluids by solving a series of
momentum equations and by tracking the volume fraction for every fluid throughout the
domain [33]. In the superhydrophobic phenomenon, solid phase (AISI 316L stainless steel),
liquid phase (water) and gas phase (air) are three immiscible fluids. Thus, the VOF method can
be employed to simulate the impacting behaviour of water droplets on smooth and textured
substrates to explore the underlying physics of the superhydrophobic phenomenon.
In this study, the water droplet impacting process is considered to take place at room
temperature, and the process is adiabatic. ANSYS-CFD solver was employed in the simulation.
The general form of the mass conservation equation is expressed as follows, which is valid for
both incompressible and compressible flows.
𝜕𝜌
+ ∇ ∙ (𝜌𝑣⃗) = 𝑆𝑚
𝜕𝑡

(1)

where ρ is density, t is time, and 𝑣⃗ is fluid velocity. Sm represents the source item, which means
the mass added to the continuous phase from another phase or other phase. Sm is 0 in this
research.
G. K. Batchelor[34] et al. described the conservation of momentum as:
𝜕
(𝜌𝑣⃗) + ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔⃗ + 𝐹⃗
𝜕𝑡

(2)

where 𝑝 is the static pressure, 𝜏̿ is the stress tensor and expressed in Eq. (3). 𝑔⃗ is the
acceleration of gravity, 𝐹⃗ is the external body forces.
2
𝜏̿ = 𝜇[(∇𝑣⃗ + ∇𝑣⃗ 𝑇 ) − ∇ ∙ 𝑣⃗𝐼]
3

(3)

where µ is the molecular viscosity, I is the unit tensor, and the second term on the right side is
the effect of volume dilation.
For a single water droplet, the surface tension has a significant effect on its impacting behaviour.
The continuum surface force (CSF) model developed by Brackbill [35] et al. was used in this
research to consider the surface tension effect. In the CSF model, the volume force (𝐹𝑣𝑜𝑙 )
of surface tension to the VOF numerical is a source term 𝐹⃗ in the Eq. (2). For two phase
numerical calculation, the phases are represented by the subscripts 1 and 2. The volume force
(𝐹⃗𝑣𝑜𝑙 ) can be expressed by Eq. (4). k1 is the curvature of first phase and can be expressed by
Eq. (5). 𝑛̂1 is the unit normal as described in Eq. (6).
𝐹𝑣𝑜𝑙 = 𝜎12

𝜌𝑘1 ∇α1
1
2 (𝜌1 + 𝜌2 )

(4)

𝑘1 = ∇ ∙ 𝑛̂1

(5)

∇α1
|∇α1 |

(6)

𝑛̂1 =

where, 𝜎12 is the surface tension coefficient between two phases, and α1 is the volume fraction
of the first phase.
The intrinsic contact angle (θ) provides information about the wettability of an ideal smooth
surface. Usually, it comes from the test results. In the VOF simulation, θ is not imposed on the
wall itself, but it is used to adjust the surface normal in cells near the wall [35]. Hence, it results
in the adjustment of the curvature of the surface near the wall. The surface unit normal at the
live cell next to the wall can be expressed as:
𝑛̂ = 𝑛̂𝑤𝑎𝑙𝑙 cos𝜃 + 𝑡̂𝑤𝑎𝑙𝑙 sin𝜃

(7)

where 𝑛̂𝑤𝑎𝑙𝑙 and 𝑡̂𝑤𝑎𝑙𝑙 are the unit vectors normal and tangential to the wall, respectively.
The Weber number (We), often used in analysing fluid flows of an interface between two
different fluids, is a dimensionless parameter. It represents the ratio of the inertial force to the
surface tension force. The Weber number (We) can be expressed as:
𝑊𝑒 =

𝜌𝑣 2 𝑙
𝜎

where l is its characteristic length, typically the droplet diameter.

(8)

2.2 Geometry model and computational setup
In our previous experimental study, the nanosecond laser machining process was developed to
improve the hydrophobicity of AISI 316L stainless steel surface [22]. A geometrical model of
laser ablated Gaussian microhole was established as shown in Fig. 1 (a). The nanosecond laser
beam has a Gaussian intensity profile and hence the profile of laser machined Gaussian hole
will also be like a Gaussian curve as shown in Fig.1 (b). In this figure, p is the pitch between
two adjacent Gaussian holes, a is the depth of the Gaussian hole, 6c is the width of the Gaussian
hole, and θCB is the apparent contact angle of water droplet at Cassie-Baxter state. Gaussian
hole can be characterized by Gaussian function as shown in Eq. (9). Thus, the curve between
±3c was chosen to generate the 3D Gaussian hole by CAD software as shown in Fig.1 (a).
𝑧 = −𝑎 × 𝑒

(a)

−

𝑥 2 +𝑦 2
2𝑐 2

(9)

(b)

Fig. 2. Geometrical model of laser machined Gaussian holes at Cassie-Baxter state.

Fig. 1 (a) CAD model of Gaussian hole arrays (b) 2D Mathematical model of laser machined
Gaussian holes
The P110 (optimised) and P150 (optimised) have the optimised dimensions same with the
previous publication [22], as shown in Table 2. Furthermore, smooth surface and P150 (revised)
are employed to simulate the impacting behaviour of water droplets on a smooth surface and
structure without the optimised dimensions.
Various efforts have been focused on droplet impact on surfaces with higher impacting velocity.
However, it is difficult to predict the final contact angle under higher impacting velocity due
to the longer impacting time needed to realise an equilibrium state. In this research, the

simulation was conducted with low and high Weber numbers. The simulation at low Weber
number (We = 0.026) shows the quasi-static process of water droplets, and it can be used to
predict the contact angle because the low Weber number takes a short time to reach the
equilibrium state. However, the simulation at a high Weber number (We = 7.26) can display
the impacting process of water droplets on substrates. The dimensions and initial conditions of
the Gaussian hole model for the VOF simulation are shown in Thus, the effect of depth and
width on the water droplet impacting behaviour and the final apparent contact angle of
microstructures can be investigated from comparison between P150 (revised) and P110
(optimised). And the effect of Gaussian hole’s pitch can be investigated from comparison
between P150 (revised) and P110 (optimised). As shown in Table 1, the impact velocities of
water droplet used in previous studies varied from 0.001 to 3.2 m/s. Based on the above
analysis, the water droplet with a diameter of 2.12 mm (5 μL) has impact velocities of 0.03 m/s
(We = 0.026) and 0.5 m/s (We = 7.26) are used in this study.
Table 2. Specifically, P150 (revised) has a smaller depth a and width 6c than P150 (optimised),
and it has a larger pitch if compared with P110 (optimised). Thus, the effect of depth and width
on the water droplet impacting behaviour and the final apparent contact angle of
microstructures can be investigated from comparison between P150 (revised) and P110
(optimised). And the effect of Gaussian hole’s pitch can be investigated from comparison
between P150 (revised) and P110 (optimised). As shown in Table 1, the impact velocities of
water droplet used in previous studies varied from 0.001 to 3.2 m/s. Based on the above
analysis, the water droplet with a diameter of 2.12 mm (5 μL) has impact velocities of 0.03 m/s
(We = 0.026) and 0.5 m/s (We = 7.26) are used in this study.
Table 2 Dimensions and initial conditions of the Gaussian hole model for VOF simulation.
Case

Name

Surface pattern

P (μm)

a (μm)

6c (μm)

run

Impacting

We

velocity
(m/s)

1

Smooth

Smooth

0

0

0

0.03

0.02
6

2
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Gaussian hole

150

86

114.6

0.03

arrays
3

P150 (optimised)

Gaussian hole

6
150

110.9

153.6

0.03

arrays
4

P110 (optimised)

Gaussian hole
arrays

0.02

0.02
6

110

86

114.6

0.03

0.02
6

5
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Gaussian hole

150

86

114.6

0.5

7.26

150
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153.6

0.5

7.26

110
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0.5

7.26

arrays
6
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arrays

7
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Gaussian hole
arrays

The computational setup in the VOF simulation is shown in Table 3. The solid substrate
material is steel. The wall adhesion angle is same as the initial contact angle on the smooth
surface.
Table 3 Computational Setup in VOF simulation
Parameter

Setting/Value

Primary Phase

Air

Second Phase

Water

Solid

Steel

Calculation type

Transient model

Calculation model

Volume of fluid

Diameter of water droplet (D0)

2.12 mm (5 μL)

Surface tension

0.073 N/m

Wall adhesion angle

105°

Time step

2.5*10-5 s

Since the Gaussian hole model and the water droplet are symmetric, a one-quarter symmetric
model was used in this research. The 3D computational domain and boundary conditions of
the Gaussian hole model are illustrated in Fig. 2 (a). The dimension of the computational
domain is 4 × 4 × 4 mm3. All the side walls are set as a symmetry boundary condition. A rigid
no-slip wall boundary condition with a static contact angle 105°is imposed at the structured
surface. The initial state of the water droplet is shown in Fig. 2 (b).

Fig. 2 (a) 3D geometry model of fluid domain based on Gaussian characters (b) Initial state of
water droplet

3. CFD simulation: results and discussions
3.1 Dynamic behaviour of the water droplet on varied substrates at a Weber number of
0.026
In this section, low impacting velocity of 0.03 m/s is employed as the initial condition to impact
the different substrates to predict the static contact angle at the equilibrium state.
In general, when the water droplet impacts a solid surface, two stages spreading and retracting
are cyclically performed until realising an equilibrium state. As shown in Fig. 3 (a) and (b), the
droplet expanded rapidly in the radial direction from 0.05 ms to 10 ms, and the water droplet
height decreased continuously until the vertical velocity component was reduced to 0, which
is called the spreading stage. The retracting stage started at 10 ms and lasted until 15 ms, and
the droplet moved upward due to the surface tension effect. Fig. 3 (b) shows the variations in
pressure and velocity vector. During the spreading stage, the water droplet’s velocity vectors
moved downward and to the outside. Inversely, the velocity vectors at the retracting stage
moved upward and to the inside. After multiple oscillations, the water droplet reached an
equilibrium state at 200 ms. Fig. 3 (c) shows that the water droplet’s pressure distribution at
200 ms complied with the law of pressure variation in a static fluid, which states that pressure
increases with depth. Furthermore, the velocity vector was lower than 0.05 m/s at 200 ms,
which is negligible and can be regarded as an equilibrium state.

(a)

(b)

(c)

Fig. 3 A series of images of a water droplet impact on the specimen with a smooth surface at a
low impact velocity of 0.03 m/s (We = 0.026, Case 1): (a) shape of the water droplet, (b) static
pressure and velocity vector and (c) static pressure and velocity vector at 200 ms.
The dynamic droplet shape and its cloud map of pressure-velocity vector for the P150 (revised)
specimen at We 0.026 are shown in Fig. 4. When the water droplet started to contact the smooth
surface, there was only one rebound process, between 0 ms and 5 ms, as shown in Fig. 4 (a)
and (b). Then, the water droplet’s height decreased gradually. More details of the CassieWenzel transition process are shown in Fig. 4 (c). When the water droplet started to contact the
substrate, the water droplet was in a metastable Cassie-Baxter state, between 0 ms to 10 ms.
The static pressure shows an increasing trend due to the air pocket formed under the water
droplet. After 10 ms, the velocity vector is distributed at the bottom of the water droplet (Fig.
4 (b)), which means the transition from a Cassie-Baxter state to a Wenzel state. The
intermediate state at 50 ms proves this inference (Fig. 4 (c)). From 50 ms to 200 ms, with the
decrease of the velocity vector, the water penetrated the Gaussian hole and reached an
equilibrium state. The water almost entirely penetrated the structures, and the wetting transition
finished at 200 ms, even though a negligible amount of air was still trapped at the bottom of
the structures. Therefore, the water droplet was impaled on the microstructures and showed a
Wenzel state at 200 ms.

(a)

(b)

(c)

Fig. 4 A series of images of a water droplet impact on a specimen with Gaussian hole arrays
P150 (revised) at a low impact velocity of 0.03m/s (We = 0.026, Case 2): (a) shape of water
droplet, (b) static pressure and velocity vector and (c) Cassie-Wenzel transition process and
pressure distribution of Gaussian holes.
The dynamic droplet shapes and its cloud map of pressure-velocity vector for the P150
(optimised) specimen at We 0.026 are shown in Fig. 5. The P150 (optimised) substrate has
optimised dimensions, that produce superhydrophobicity with a predicted contact angle of
152.6°, according to the designed results. As shown in Fig. 5 (a) and (b), the water droplet had
both horizontal and vertical shape deformation in the spreading process. Furthermore, after 10
ms, the radial velocity vectors were more notable when compared with the vertical direction.
The water droplet shape significantly changed in a radial direction due to the water being
unable to penetrate the microstructures.
Fig. 5 (c) shows more details of the water droplet state and air pocket pressure. A large volume
of air was trapped at the bottom of the structures, resulting in lower adhesion force and making
the water droplet stay in a Cassis-Baxter state before 100 ms. However, the water droplet
penetrates the Gaussian holes until realising the balance among weight, Laplace pressure and
air pocket pressure between 100 ms and 200 ms. Furthermore, the water droplet shows an
intermediate state of Cassie-Baxter and Wenzel state on P150 (optimised) at 200 ms.

(a)

(b)
7.5 ms

Cassie-Baxter state

50 ms

Cassie-Baxter state
100 ms

Cassie-Baxter state

200 ms

Intermediate state

(c)

Fig. 5 A series of images of a water droplet impact on the specimen with Gaussian hole arrays
P150 (optimised) at a low impact velocity of 0.03m/s (We = 0.026, Case 3): (a) shape of water
droplet, (b) static pressure and velocity vector and (c) Cassie-Wenzel transition process and
pressure distribution of Gaussian holes.
Fig. 6 shows the dynamic droplet shape and its cloud map of pressure-velocity vector for the
P110 (optimised) specimen at a Weber number of 0.026. The P110 (optimised) substrate has
optimised dimensions, that produce superhydrophobicity with a predicted contact angle of
153.8°, according to the designed results. Similar to P150 (optimised), the water droplet had
both horizontal and vertical shape deformations in the spreading process. Furthermore, after 10
ms, the radial velocity vectors were more notable when compared with the vertical direction.
Thus, the water droplet shape significantly changed in a radial direction due to the water droplet
being unable to wet the Gaussian holes. More details of the water droplet state and air pocket
pressure are shown in Fig. 6 (c). A large volume of air was trapped at the bottom of the
structures, which resulted in the water droplet having a Cassis-Baxter state on the substrate.

(a)

(b)

(c)

Fig. 6 A series of images of a water droplet impact on the specimen with Gaussian hole arrays
P110 (optimised) at a low impact velocity of 0.03 m/s (We = 0.026, Case 4): (a) shape of water
droplet, (b) static pressure and velocity vector and (c) Cassie-Wenzel transition process and
pressure distribution of Gaussian holes.
In the impacting process of the water droplets on the substrates, the droplet’s shape varied with
time in both horizontal and vertical directions. Thus, two dimensionless coefficients (i.e.
dimensionless diameter D* and dimensionless height h*) were defined to quantitatively
evaluate the impacting process of a water droplet on the substrates as follows:
𝐷∗ =

𝐷
𝐷0

(10)

ℎ∗ =

ℎ
𝐷0

(11)

where D0 is the initial diameter of the water droplet (2.12mm for a 5 μL water droplet), D is
the instantaneous maximum diameter of the water droplet, and h is the instantaneous maximum
height of water droplet, which is the distance from the top of the water droplet to the solid
substrate.
Fig. 7 (a) presents the dimensionless height h* of the droplet for four cases at We 0.026 to
explore the hydrophobic and superhydrophobic phenomenon. At a low Weber number, h* can
reflect the water droplet’s wetting state and dynamic behaviour. For a smooth surface, the
droplet’s oscillation exhibited a form of damping vibration, and a decreasing trend of
oscillation amplitude was observed. For specimen P150 (revised), there was no distinct
vibration, and h* was decreased gradually with the wetting process. However, for
superhydrophobic substrates P150 (optimised) and P110 (optimised), h* was larger than the
other two cases because the water could not wet the structures. Knowledge of the average
pressure of the air pockets underneath the droplet during its interaction helps reveal the root
mechanism behind different wetting states (Fig. 7 (b)). For both substrates, the average air
pockets’ pressure shows an increasing trend in the initial formation stage due to air being
gradually trapped in the structures. However, the air pockets for P150 (revised) are metastable,
and the average pressure of the air pockets remains constant for an extremely short time and
then starts decreasing with the wetting transition process from the Cassie-Baxter state to the
Wenzel state. For P150 (optimised) and P110 (optimised), the air pockets’ pressure increases
at first and then remains stable, which helps prevent the water from penetrating the micro
Gaussian holes. However, the stable pressure of P150 (optimised) is smaller than that of P110

(optimised); thus this demonstrates an intermediate state and not a Cassie-Baxter state, like the
one found with P110 (optimised).
1.3

Smooth surface
P150 (revised)
P150 (optimised)
P110 (optimised)

1.2

Dimensionlesss height h*

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0

20

40

60

80

100

120

140

160

180

200

Time t (ms)

(a)
Average pressure of air pockets (Pa)

1400
1200

P150 (revised)
P150 (optimised)
P110 (optimised)

Formation of
air pockets

Cassie-Baxter state

1000
800
600
Intermediate state

400
Cassie-Baxter/Wenzel transition

200

Wenzel state

Formation of air pockets

0
0

50

100

150

200

250

Time (ms)

(b)
Fig. 7 (a) Time evolution of h*of water drops (We = 0.026); (b) variations of average air pockets’
pressure (We = 0.026).
Furthermore, the variations in the water droplet’s mechanical energy are highly related to the
practical applications of a superhydrophobic surface. For example, the self-cleaning property
is highly associated with the water droplet’s kinetic energy (Ek), and gravitational potential
energy (Eg) can reflect the wetting state. Simulation results are used to calculate the kinetic

energy and gravitational potential energy. The water droplet’s gravitational potential energy
(Eg) and kinetic energy (Ek) can be calculated by summing all the related elements, which can
be expressed as:
𝑛

𝐸g = ∑(𝜌w 𝑉element 𝛼2 )𝑔ℎelement

(12)

1
𝑛

1
2
𝐸k = ∑ (𝜌w 𝑉element 𝛼2 ) 𝑣⃗
2

(13)

1

where n is the total number of the element that contains the water phase, 𝜌w is the density of
water, 𝑉element is the volume of the element, α2 is the volume fraction of the water phase, 𝑔
is the gravitational acceleration equal to 9.81 m/s2, ℎelement is the height of every element and
𝑣⃗ is the water velocity in every element.
The simulation results of potential energy and kinetic energy at We 0.026 are shown in Fig. 8.
At the initial time, the water droplet had maximum gravitational potential energy in all cases
(Fig. 8 (a)) due to the water droplet being in the highest position and having no contact with
the substrate. With increased time, the gravitational potential energy starts transferring to
kinetic energy; thus, the kinetic energy had a significant increase at the initial moment
accompanied with the falling and spreading of the water droplet (Fig. 8 (b)). The potential and
kinetic energies showed declining trends and no oscillation in the gradual wetting process in
the hydrophobic substrate P150 (revised). The water droplet penetrated the microstructure;
hence, the initial kinetic energy and potential energy transferred to surface energy due to the
increased solid-liquid contact area of the water droplet’s Wenzel state on P150 (revised). For
P150 (optimised), the water droplet cannot fully penetrate the microstructure and shows an
intermediate wetting state, and the initial kinetic energy and potential energy of the water
droplet is difficult to transfer to surface energy, which results in the water droplet having higher
kinetic energy and potential energy. The superhydrophobic substrate (P110 (optimised)) had
the maximum potential energy and kinetic energy in the whole impacting process due to the
water droplet having a Cassie-Baxter state on the substrate, which has the smallest solid-liquid
contact area.
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Fig. 8 The variations in the water droplet’s (a) gravitational potential energy (Eg) and (b) kinetic
energy (Ek).
Fig. 9 shows the simulated contact angles of a water droplet at 200 ms, based on image analysis
software (Dimizer), to evaluate the hydrophobic property of four different substrates. The
average contact angles were 105.6°for the smooth surface and 130.95°for the P150 (revised)
substrate. The measured apparent contact angle for the P150 (optimised) and the P110
(optimised) substrates were 151.1°and 157.6°(> 150°) respectively, which classifies them as

superhydrophobic surfaces. Furthermore, stable air pockets can be observed under the bottom
of a water droplet in both.

(a)

(b)
Water
Air

159.5°

155.8°

(c)

(d)

Fig. 9 Simulated contact angle of water droplet at 200 ms for (a) smooth surface, (b) P150
(revised), (c) P150 (optimised) and (d) P110 (optimised).
3.2 Impacting behaviour of a water droplet on varied substrates at Weber number of 7.26
Section 3.1 explored the underlying mechanism of a water droplet during a quasi-static
impacting process. In this section, a medium impacting velocity of 0.5m/s is applied to explore
the dynamic rebounding behaviour of water droplets on different substrates. After the droplets
impact the substrates, four stages of spreading, recoiling, rebounding and falling are performed
until the energy is dissipated. Fig. 10 displays the 3D shapes and velocity vectors of a water
droplet on various substrates at different times. In the spreading stage, the water droplet moves
downward, which results in water flowing outward along the radial direction. At 2 ms, the
water droplet has a maximum velocity of 0.89 m/s on substrate P150 (revised), and of 0.64 m/s
and 0.72 m/s on P150 (optimised) and P110 (optimised), respectively. As shown in Fig. 10 (a),
with further increased time, the water droplet has an increased diameter; however, the
transverse velocity at the edge of the droplet gradually decreases. Then, the centre of the water
droplet keeps going down, as shown at 3ms, due to the impact of inertia force. However, the
water droplet’s edge has an upward velocity due to the extrusion force from the water at the

centre and lower position. As shown in the shape of the water droplet at 6 ms, the water at the
central axis has a vertical upward velocity at the recoiling stage. As shown in Fig. 10 (b) and
(c), the water droplet shows similar behaviour on P150 (optimised) and P110 (optimised)
substrates. However, for substrate P150 (revised), the water detaches from the substrate at 16
ms, while for P150 (optimised) and P110 (optimised), the water droplet requires just 13.4 ms
and 12 ms, respectively, to detach from the surface.
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Bouncing

0.2 ms

Spreading

4 ms

Recoiling

13.4 ms

Bouncing

2 ms
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(b)

(c)
Fig. 10 Time evolution of water drops with impacting velocity 0.5 m/s at (a) P150 (revised; We
= 7.26, Case 5), (b) P150 (optimised; We = 7.26, Case 6) and (c) P110 (optimised; We = 7.26,
Case 7).

Fig. 11 presents the D* and h* of the droplet for three textured substrates at We 7.26 to
quantitatively analyse the water droplet’s dynamic behaviour. D* can reflect the water droplet’s
spreading and compressing during the impacting process. As shown in Fig. 11 (a), the water
droplet on the P150 (revised) substrate has the maximum value of D* (1.49) at 3 ms, which
means the water droplet has the maximum spreading diameter at that moment. However, the
P150 (optimised) and P110 (optimised) substrates have a smaller peak value of D* compared
with the P150 (revised), which are 1.46 and 1.38, respectively. In the recoiling stage, the water
droplet starts retracting from the moment of possessing maximum D* until detachment from
the surface and entering the rebound stage. Fig. 11 (a) shows that P110 (optimised) has the
shortest recoiling stage, which means the superhydrophobic surface has less adhesion force;
hence, the water droplet can retract quickly. As shown in Fig. 11 (b), h* was displayed to reflect
the water droplet’s rebound behaviour in the impacting process. In the rebound stage, the h*
value shows a steady increasing trend until the water droplet reaches the highest point. Thus,
the point with the maximum h* value represents the end of the rising stage. The water droplet
on P150 (revised) substrate has an extremely short (less than 1 ms) rising stage. However, the
rebound time for the P150 (optimised) and P110 (optimised) is approximately 11 ms. Thus, the
simulation results proved that water droplets on the superhydrophobic substrates have shorter
recoiling time and longer rebounding time than on the hydrophobic substrate.
The rebound stage’s starting point can also be reflected in the variations of the air pockets’
average pressure at We 7.26, as shown in Fig. 11 (c). The average pressure of the centre
Gaussian hole in Fig. 2 (b) was employed to represent the air pressure pocket due to the
dynamic impacting process resulting in a varied area of the substrate being affected by the
water droplet. The average air pressure is about zero (ambient pressure) due to the water droplet
detachment from the surface during the rebound stage.
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Fig. 11 Time evolution of (a) D*, (b) h* and (c) average pressure of air pocket (We 7.26).

4. Experimental validation
Experiments were carried out to validate the simulated contact angles. Specimens (referred
Table 2) were prepared by nanosecond pulsed laser machining process. These specimens were
processed

in

a

vacuum

oven

using

silane

reagents

(1H,

1H,

2H,

2H-

Perfluorooctyltriethoxysilane, 97%, Alfa Aesar Ltd) at 100 °C for 12 hours to reduce their
surface free energies. The laser ablation parameters are listed in Table 4.
Table 4 Laser ablation parameters
Laser power (W)

Pitch (μm)

4-14

110, 150

Pulse repetition

Feed rate

Duration time

rate (kHz)

(mm/min)

(s)

100

200

0.4

Surface topography was measured by an optical 3D surface measurement device (i.e. Alicona
G4), while the contact angle was measured by a drop shape analyser DSA25B (Kruss Ltd.) in
a set-up shown in Fig. 12 (a) after the silanization process. The selected water droplet volume
was 5 μL. For each specimen, the apparent contact angle of the water droplet was measured

three times and the average value was adopted. A high-speed camera (Phantom v2012) (shown
in Fig. 12 (b)) was used to capture images of the dynamic impacting process of water droplets
on smooth and superhydrophobic substrates. The frame rate was set at 1000 fps in this test, the
water droplets were released from certain distances as shown in Table 5 to the surface to
achieve contact impacting velocities of 0.5 m/s and 1 m/s respectively.
Syringe
Industry camera

High-speed
camera

Illumination
Droplet Sample

(a)

(b)

Fig. 12 Phantom v2012 high-speed camera.
Table 5 Conditions of high-speed camera test.
Volume of water

Distance (mm)

droplet (μL)

Impacting velocity

Weber number

(m/s)

5

12.7

0.5

7.26

5

51

1

29

4.1 Static contact angle and profiles
Fig. 13 show comparisons between the experimental and designed profile of microstructures
and 3D morphologies of laser ablated specimens. In all specimens, the specimen P150-14 W
has a most similar profile with the designed specimen P150 (revised). The specimen P110-14
W has a most similar profile with the designed specimen P110 (optimised). However, not all
the designed profile can be obtained in the experiments. There are no specimens have similar
dimensions with P150 (optimised).
For specimens P150 (revised) and P110 (optimized), the actual width of Gaussian hole is
smaller than the optimised value 6c, which results in an increased fraction of solid-liquid
contact area (f). Consequently, the actual contact angle is smaller than the predicted value, as
shown in Fig. 14.
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Fig. 13 Comparison of design profile and experiments for specimens with pitches of (a) 150
μm and (c) 110 μm；(b) and (d): 3D morphologies of P150-14 W and P110-14W.
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Fig. 14 Comparison between the simulated and measured contact angles.
Fig. 15 shows the captured image of the droplets in the contact angle measurements. For P11014W specimen (i.e. P110 (optimized)), light passes below the droplet, indicating that air
pockets exist, so that the droplet is in the Cassie–Baxter state.
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Fig. 15 Water droplet shapes for different specimens.
4.2 High-speed camera test results
The sequential images of a simulated water droplet with a Weber number of 7.26 impacting on
the P150 (revised) specimen were compared with the test results of a high-speed camera on
specimen P150-14 W. As presented in Fig. 16, the shapes of the simulated water droplet are in
good agreement with the high-speed camera observation results from 0 to 6 ms. This is because
that the water droplet is in the spreading and initial recoiling stages between 0 and 6 ms, and
the inertia of water droplet dominated the motion. However, unlike the simulation results, the
water droplet in the experiment did not detach from the substrate at 16 ms. The actual laser
ablated specimen is rougher than the 3D geometry model due to the existing slags and recast
layers on the surface, as shown in Fig. 13 (a), which results in larger solid-liquid contact area
than the simulation. In the impacting process, the kinetic energy was gradually dissipated by
the adhesion force between the solid and liquid and by the viscous force during the recoiling
stage. Hence, more kinetic energy is dissipated in the recoiling process and there is insufficient
kinetic energy to raise the water droplet from the substrate in the experiments.
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17 ms

(b)

Fig. 16 Time evolution of water drops with impacting velocity 0.5 m/s: (a) simulation results
of P150 (revised) and (b) captured images of P150-14 W.
Similarly, the simulated and experimental images of a water droplet with a Weber number of
7.26 impacting the P110 (optimised) specimen are presented in Fig. 17. The results also show
good agreement in the spreading and recoiling stages. Based on the simulation results (Fig. 17
(a)), it can know that the water droplet would rebound from the substrate at 12 ms. However,
the high-speed camera experiment shows that the time of detachment is 16ms. This minor
deviation (i.e. 4 ms difference of detachment time) also resulted from the rougher morphology
of laser ablated specimen than the ideal geometry model. Furthermore, water droplet has
horizontal momentum when bounces upwards at 16 ms in the experiments. Unlike that
observed in VOF simulation, the shape of water droplet has the trend towards the left side and
is not symmetrical as a result of some imperfections (e.g. debris, recast layer) on the laser
ablated surface. In addition, after the water droplet detached from the substrate, both the
simulated and the experimental results indicate that the water droplet shows a secondary
oscillation in the air. At 16-19 ms in the experiment, the bottom region of the droplet continues
to move upward under the inﬂuence of inertia and surface tension. The bottom surface has a
higher upward velocity than top surface, which results in oscillation of water droplet. Similar
behaviour can be found in simulation between 12 and 17 ms also as shown in Fig 17 (a).

0 ms

(a)

2 ms

4 ms

7 ms

16 ms

19 ms

(b)

Fig. 17 Time evolution of water drops with impacting velocity 0.5 m/s: (a) simulation results
of P110 (optimised) and (b) captured images of P110-14 W.
To further investigate the adhesion capability of a water droplet on the superhydrophobic
substrate, a higher impacting velocity of 1 m/s (We = 29) was conducted on the specimen P15014 W (hydrophobic substrate) and the specimen P110-14 W (superhydrophobic substrate). As
shown in Fig. 18, the water droplet did not detach from the specimen P150-14 W; however,
the droplet rebounded from the specimen P110-14 W at 35 ms and 75 ms. Therefore, the laser
ablated superhydrophobic surface has a shorter contact time with water droplet than the
hydrophobic substrate. It also means the laser ablated superhydrophobic surface has a lower
adhesion force to the water droplet than the hydrophobic surface. The low adhesion force to
the water droplet will help superhydrophobic surface to be used in practical applications. For
instance, the corrosion resistance was remarkably improved by the low water adhesion of the
substrate [36]; the decreasing adhesion on superhydrophobic surfaces help drag reduction, and
the greatest drag-reduction ratio is 30%–40% at low adhesion [8].
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Fig. 18 High-speed camera captured images under impacting velocity 1 m/s of (a) P150-14 W
and (b) P110-14 W.
The above results of measurement of static contact angle and high speed camera test proved
the effectiveness of VOF simulation at Weber number of 0.026 and 7.26 to study
hydrophobicity of different microstructures. VOF simulations can provide detailed information
about the interaction among gas, liquid and solid phases, such as contact angle, air pocket’s
pressure, kinetic and potential energy of water droplet. The static contact angle test proved that
VOF simulation can be used as a design-assisted tool to predict the contact angle of different
designed structures. Thus, VOF simulation can capture the key features of water droplet during
dynamic impacting process with real length and time scales, i.e. millimetre level and ms level
although the geometry model does not consider the micro/nano asperities.

Conclusions
In this study, CFD simulation was conducted to predict the hydrophobicity of different
substrates and to explore the underlying mechanism of different wetting states. Moreover, the
laser ablation experiments and high-speed camera test were conducted to validate the
simulation results. The conclusions are as follows:
1. In a quasi-static impacting process (We = 0.026), the air pockets’ pressure shows a declining
trend for hydrophobic substrate P150 (revised). However, the superhydrophobic substrates
P150 (optimised) and P110 (optimised) trapped a large volume of air with high pressure
resulting in a stable intermediate state and a Cassie-Baxter state, respectively.
2. The superhydrophobic substrate has the maximum potential energy and kinetic energy,
which helps explain its low adhesion and self-cleaning properties.
3. In the impacting process at a Weber number of 7.26, with the increase of the three specimens’
hydrophobicity, the water droplet detachment occurs earlier, varying from 16 ms to 12 ms.
Superhydrophobicity results in smaller dimensionless diameter, larger dimensionless height,
shorter recoiling time and longer rebound time than the hydrophobic substrate.
4. The simulated and measured contact angles have minor deviations from the experimental
value, as the machined specimens P150-14 W and P110-14 W have similar dimensions with
the designed substrates P150 (revised)) and P110 (optimised)) respectively.
5. The dynamic impacting behaviour of a water droplet at a Weber number of 7.26 and 29
proved that the laser ablated superhydrophobic surface has a lower adhesion force to the water
droplet than hydrophobic surface.
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