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Abstract: Micro-scale fluids are tiny droplets that adhere to the surface of an object as a result of
rainfall, perspiration, etc. Micro-scale fluid simulation is widely used in fields such as film and games.
The existing state-of-the-art simulation methods are not suitable for simulating water droplets moving
on a surface due to the fact that the water droplets cannot leave the texture space and their movements
always depend on the continuous UV region. In this study, a novel method for simulating water
droplets moving on a surface is proposed. We divide the droplets into two types: (1) two-dimensional
droplets and (2) three-dimensional droplets and we implement the transformation between two-
dimensional droplets in the texture space and three-dimensional droplets in the physical space. In
the preprocessing phase, jump textures, coordinate transform textures and force field textures are
generated in the non-continuous UV regions on a 3D object’s surface. In the process of simulation,
water droplets are treated as rigid particles. The Velocity-Verlet-based method is adopted to solve the
motion trajectory equation, and the boundary droplet transport algorithm is implemented based on
jump texture. In the process of rendering, the height map is generated according to the simulation
in the texture space and then the liquid bridge phenomenon between the droplets is simulated
based on the Gaussian blur and the color rank algorithm. Finally, they are converted into normal
texture-rendering droplets. The experimental result shows that the proposed method works well
when simulating the movements of water droplets on a surface in a real-time manner, and it makes
the movement simulation of dimension-reducing water droplets no longer depend on the continuous
surface and continuous UV region. Moreover, the simulation efficiency of the proposed method is
two times higher than that of the Smoothed Particle Hydrodynamics (SPH) method.

Keywords: fluid simulation; water droplet; coordinate space transformation; normal map; liquid
bridge; animation simulation

1. Introduction

Fluid simulation, as a key technology to enhance the sense of the reality of 3D objects,
is a hot research topic in the field of physics. Micro-scale fluids are tiny droplets that
adhere to the surface of an object as a result of rainfall, perspiration, etc. In large-scale
fluid simulations (e.g., wave simulations, dam failure simulations), the volume of the fluid
is usually similar to or larger than the object being interacted with. In micro-scale fluid
simulations, the fluid is usually in the form of droplets, which are much smaller than the
object they interact with. Questions such as how the droplets adsorb to the surface of the
object and the loss of mass of the droplets themselves during the interaction are of concern.

Micro-scale fluid simulation is widely used in fields such as film and television, games,
and transportation, e.g., by introducing micro-scale fluid simulation, raindrops can interact
realistically with the surface of objects in 3D game scenes, which will greatly enhance the
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realism of 3D scenes. In addition, micro-scale fluid simulation can be used to generate
street scenes with realistic windscreen raindrops. Existing methods for fluid simulation can
be grouped into two categories: three-dimensional simulation methods and dimensional
reduction simulation methods. The former simulates the movement of water droplets in
a three-dimensional space, uses a 3D grid to render water droplets, and the simulation
efficiency is low due to the expensive computing cost. The latter simulates the movement
of water droplets in a two-dimensional space and uses normal mapping to render the water
droplets. The simulation efficiency is excellent but the water droplets cannot leave the
texture space and the water drop motion depends on the continuous UV region.

In order to address these issues, we propose a three-dimensional and two-dimensional
combined method to simulate the movement of water droplets on a surface, which realizes
the transformation of two types of water droplets based on coordinate space transformation.
After transformation, the water droplets inherit the position, mass and speed of the original
droplets. Three-dimensional water droplets are rendered by a three-dimensional grid,
while two-dimensional water droplets in the texture space are rendered by a normal map.
The main contribution of this paper can be summarized as:

(1) The paper proposes a new method of downscaling micro-scale fluid simulation, which
enables the droplet to be lossless transformed and continuously simulated in the 3D
world space and 2D texture space, keeping the physical properties and motion of the
droplet unchanged before and after the transformation, with realistic simulation effect
and higher simulation efficiency than the existing downscaling simulation methods;

(2) The paper proposes a jump texture, which enables the downscaled fluid simulation
method to be carried out between discontinuous UV islands so that the user does not
need to ensure the continuity of UV division, which is more convenient to use;

(3) The paper proposes a 2D image processing algorithm-based liquid bridge simulation
method between droplets, which is simple, efficient and easy to use, with intuitive
parameters for user adjustment.

The remainder of this article is organized as follows: In Section 2, we present the
related works. In Section 3, we detail the proposed method. In Section 4, we present the
experiment and analyze the experimental result. In Section 5, we conclude the study.

2. Related Work

There are three types of methods for fluid simulation: the eulerian method [1–5], the
Lagrangian method [6–10] and the mixed method [11–14]. All of these methods are based
on Navier–Stokes equations and work well in large-scale water simulations without regard
to the water droplets’ adhesion force, surface tension and other factors. However, the
low efficiency is the main shortcoming while applying these methods to micro-scale fluid
simulation (e.g., the movement of water droplets on 3D object surfaces).

Aiming to address the above-mentioned issues, particle-based methods [15] and
image-based screen post-processing methods [16] are proposed. However, these two
types of methods suffer from the issue that the simulated raindrops cannot interact with
objects in the scene in a real-time manner, hence a number of methods were proposed,
e.g., Chen [17] et al. proposed a heuristic simulation method of water droplet movement
based on lattice points on glass plates. However, this method can only apply to the water
droplet movements on a plane. Zhang [18] et al. simulated the solid–liquid interaction
of droplets based on the display surface method, which realized the interaction between
the droplets and the surfaces of any shaped object. However, the procedure was very
complex. Xu [19] et al. introduced surface tension and viscosity with the Smoothed Particle
Hydrodynamics (SPH) model, which addressed the problem that the SPH model cannot be
directly applied to the simulation of droplet movements. Yang [20] et al. proposed a new
SPH fluid simulation formula to simulate the surface tension of micro-scale droplets, which
successfully simulated the impact animation of droplets and the water surface. However,
the method was complex and had low efficiency.
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Lin [21] et al. simulated tear animation of virtual characters by developing an inde-
pendent three-dimensional grid for the wake of teardrop movements. Alkawaz [22] et al.
used the improved SPH method in a similar way as [19] to simulate a virtual human’s
tears and perspiration. However, the above two methods still suffer from the problem
of high computing costs. Xiao [23] et al. proposed an SPH-based dimensional reduction
simulation method for tear animation, which transformed the physical simulation to a
two-dimensional space using tangent space transformation and completely avoided the
problem of point-plane collision in the three-dimensional space. However, these methods
still suffer from two shortcomings: (1) These existing methods for downscaled micro-scale
fluid simulation assume that the raindrops will not leave the texture space and once they
do, they will be removed directly. This results in the inability of these methods to perform
continuous fluid simulations between the 3D space and the texture space; (2) these existing
methods do not take into account the effect that discontinuous UV regions (UV island,
which is translated as UV Region in the text and can be replaced in bulk) have on the conti-
nuity of downscaled simulations, and therefore cannot be used to UV divide discontinuous
model surfaces.

3. Method

In this study, we divided water droplets into two types: three-dimensional droplets
and two-dimensional droplets, and water droplets can transform each other and inherit
physical properties. When the three-dimensional water droplet collides with the object’s
surface, it will be transformed into a two-dimensional water drop. When the critical
condition is reached, the two-dimensional droplet is transformed into a three-dimensional
one. The workflows of the transformation are shown in Figure 1a,b.
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Figure 1. Transformation Process: (a) 3D droplet transformed to 2D droplet; (b) 2D droplet trans-
formed to 3D droplet; (c) the water droplet process in UV boundary; (d) water droplet Simulation
Flow in 2D Texture Space.

These existing dimension-reduction methods record tangent space force, which is
used for force field texture for physical simulation computation and generation of normal
textures. However, if there exists non-continuous division UV area on the three-dimension
surface when the water droplets move through the UV boundaries, the simulation method
cannot work as expected. In order to solve this problem, a jump texture of a discontinuous
UV region is introduced in the phase of pre-computation, which records the actual contigu-
ous position of discontinuous UV edges. In the phase of physical simulation, when the
two-dimensional water droplets in the tangent space move to these UV boundaries, the
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continuous water droplet motion simulation can be correctly executed through the method
proposed in this paper. The workflow of the water droplets process in UV boundary is
shown in Figure 1c.

For simulations of the phenomenon of integration, separation, and other details
among water droplets, the simulation efficiency of surface display method [18] and SPH
method [19,20,22,23] significantly decreases when water droplets increase. The proposed
method treats the physics simulation of the droplet particles as a rigid body and then
processes texture images to obtain detailed effects. The workflow of processing two-
dimensional water droplets in texture space is shown in Figure 1d.

3.1. Preprocessing

In the preprocessing phase, we pre-compute the physical properties of the model
surface and bake them into the map to speed up the runtime computation. The process of
the physical properties obtained in the precomputed mapping and their baking process are
described as follows.

As shown in Figure 2a, there are two different modes of three-dimensional surface
UV expansion. All surface edges in Figure 2b are in the continuous texture space, while
the flattened three-dimensional surface in Figure 2c is divided into discontinuous UV
regions in texture space. In the UV expansion of complex models, the latter is a common
UV expansion method that can avoid overlapping UV. However, this expansion method
cannot work in the reduced-dimensional fluid simulation without non-continuous UV
boundary jump.
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To solve such a problem, we calculate a non-continuous UV region jump texture, which
records UV boundary relations on a map in RGB format. As shown in Figure 2d, when PA1
and PA2 (two endpoints of UV edge A) have the same local spatial coordinate PB1 and PB
(two endpoints of UV edge B), A and B can be regarded as the same edge in the local space.
At this point, all pixel coordinate positions on line segments PA1 and PA2 are recorded into
the corresponding pixel values of line segments PB1 and PB2. Since all vertices’ coordinates
in the texture space are two-dimensional coordinates in the range [0, 1], R and G channels
of the jump texture are used to record the corresponding jump values. Meanwhile, B
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channel is used to record whether the corresponding local space coordinates of the pixel
point are on the three-dimensional surface.

The coordinate transformation texture records the correspondence between the pixel
position in the texture space and the local space position on the model surface on a map in
RGBA format. Prior to calculating the corresponding local spatial coordinates of any point
in the texture space, its triangle index should be retrieved. For any point Pin ∆ABC, the
area of ∆ABC and three small areas of the triangle (∆ABP, ∆BPC and ∆CPA), which are
divided by P point, can be calculated. The area of the triangles can be treated as the three
vertices’ “contribution” for point P, therefore the corresponding local space coordinates of
point P are calculated as:

Pmodel = Amodel ×
A∆ABP

A∆ABC
+ Bmodel ×

A∆BPC

A∆ABC
+ Cmodel ×

A∆CPA

A∆ABC
(1)

The coordinates of point A are recorded into the texture map once they are calculated.
The three-dimensional coordinate components in local space may be larger than [0, 1],
therefore the coordinates need to be compressed to the range that the texture format can be
described. Assuming that the absolute value of the maximum component of all vertices’
three-dimensional coordinates in the model’s local space is vmax, the coordinate value
recorded in the texture is:

Pcompressed(x,y,z) = (
x

vmax
,

y
vmax

,
z

vmax
) (2)

Among them, R channel corresponds to the absolute value of its x component, G
channel corresponds to the absolute value of its y component, and B channel corresponds
to the absolute value of its z component. A channel is used to describe the negative values
of coordinate components and the corresponding relations are shown in Table 1.

Table 1. Negative mapping.

Negative Bit Alpha Value
X Y Z

+ + + [0.1, 0.19]
+ + − [0.2, 0.29]
+ − + [0.3, 0.39]
+ − − [0.4, 0.49]
− + + [0.5, 0.59]
− + − [0.6, 0.69]
− − + [0.7, 0.79]
− − − [0.8, 0.90]

Finally, the force field texture records the information of external forces that will be
received by a droplet at a particular pixel position within the texture space.

3.2. Droplet Type Conversion

We first convert the world space coordinates to texture space coordinates. The world
coordinate of the model surface is obtained by the operations of rotation, translation and
scaling of its local spatial coordinates. Therefore, for one point in the world coordinate, the
corresponding local spatial coordinates can be obtained by inverse transformation. For any
point (x, y, z)−1 in the world space, an extra dimension is added and the coordinates of
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it turn to homogeneous coordinates (x, y, z, 1)−1. Then, the transformation matrix of the
model along the X, Y and Z coordinate axes is calculated as:

Mt =


1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1

 (3)

The transformation matrix after the model rotates θ Angle around the X-axis is calcu-
lated as:

Rx(θ) =


1 0 0 0
0 cos θ sin θ 0
0 − sin θ cos θ 0
0 0 0 0

 (4)

The transformation matrix after the model rotates θ Angle around the Y-axis is calcu-
lated as:

Ry(θ) =


cos θ 0 − sin θ 0

0 1 0 0
sin θ 0 cos θ 0

0 0 0 0

 (5)

The transformation matrix after the model rotates θ Angle around the Z-axis is calcu-
lated as:

Rz(θ) =


cos θ sin θ 0 0
− sin θ cos θ 0 0

0 0 1 0
0 0 0 0

 (6)

Let Mr = Rx·Ry·Rz, and Mr be the rotation transformation matrix. Finally, for the
zoom transformation matrix, the model scales kx, ky and kz times along the X, Y and Z axes,
respectively, and the zoom transformation matrix is calculated as:

Ms =


kx 0 0 0
0 ky 0 0
0 0 kz 0
0 0 0 1

 (7)

Therefore, for the point Pw = (x, y, z, 1)−1, where the water droplet collides with the
surface in the world space, the collision point Pl in local space can be obtained:

Pl = Mt·Mr·Ms·Pw (8)

The corresponding UV coordinate point Pu = (u, v) can be queried through Pl. In this
way, the transformation from object surface coordinates in world space to corresponding
texture space coordinates is completed. Then, we need to reduce the dimension of the
physical simulation of water droplets to ensure we can solve it in texture space, an operation
of Tangent space transformation is carried out to the external forces in world space. The
force under local space is composed of α, β and γ—three components along three coordinate
axes of local coordinate system. Therefore, the transformation matrix from local space to
world space is:

Mw =

αx αx αx
βy βy βy
γz γz γz

 (9)



Separations 2022, 9, 451 7 of 21

Texture space is divided by triangular faces, which corresponds to the tangential T
and B components of each triangular face surface of the model surface, therefore its normal
vector can be obtained:

N = T× B (10)

Therefore, the transformation matrix from texture space to local space is:

Mm =

Tx Ty Tz
Bx By Bz
Nx Ny Nz

 (11)

For the gravity G and wind Fw in world space, the above transformation matrix can
be obtained to the external force Fe = G + Fw can be transformed into texture space:[

Fu Fv Fn
]−1

= M−1
m·M−1

w·Fe (12)

Since the wind force does not affect the back of the model, its size is mapped to zero
when calculating the wind force Fw with its direction parallel to the normal direction of a
specific position on the model surface. In summary, the gravity and wind field in texture
space is FWG(u,v) = (Fu, Fv), and the pressure field is FN(u,v) = Fn.

With the completion of the conversion on the water droplet coordinates, the speed
and force of water droplet need to be converted too. In world space, three-dimensional
water droplets are subjected to gravity, wind force, air resistance and air buoyancy, etc.
With the transformation into texture space, two-dimensional water droplets are affected
by gravity, wind force, pressure, friction between water droplets and the object surface,
adsorption force and water droplet’s own surface tension. For initial velocity, when three-
dimensional water droplets enter texture space, three velocity components can be obtained
from transformation matrix.[

Vu Vv Vn
]−1

= M−1
m·M−1

w·Vw (13)

Thus, the initial velocity of the two-dimensional water droplet obtained after conver-
sion is:

Vuv(0) = Vu + Vv (14)

For a two-dimensional water droplet entering the world space, its normal velocity
component needs to be calculated during conversion, that is, the initial velocity of the
three-dimensional water droplet after conversion is:

Vw(0) = Vu·
T
|T| + Vv·

B
|B| +

FN

m
· N
|N| ·dt (15)

3.3. The Trajectory Equation of Water Droplets

The water droplet motion simulation is on a surface or a texture space. The physical
computing process is as follows: for water droplets in a given size of two dimension texture
space, given the initial position vector X(0), initial velocity V(0), their own quality m, the
adsorption Fa on the surface of the object, surface tension Ft, the static friction force Fs,
friction coefficient µ, the acceleration of gravity g, gravity and wind field FWG(u,v), with
the time step defined as dt, try to solve the locus equation of water droplets on the two-
dimensional facade. Among them, X(0) is determined by the collision point between the
three-dimensional water drop and the object; V(0) denotes the tangential component of the
water drop instant velocity on the object’s surface.

Figure 3 illustrates a water droplet on surface of an object. FN denotes the force along
normal direction in the tangent space of object surface, namely the pressure on the water
droplet; Ff denotes the friction force; Fu and Fv are the two components of gravity and
wind in the tangential direction of the tangent space.
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In FN, the pressure direction, the water droplet is affected by the adsorption force
between surface and itself, its own surface tension and pressure field are calculated as:

FN = Fa + Ft + Fn (16)

Ft = k/|∇ρ| denotes the surface tension between the water drop and the surface due
to the bending trend, where k is the surface tension coefficient of the liquid, which is related
to the type of liquid; ∇ρ represents the curvature of contact surface. Thus, the sliding
friction force of the water drop is obtained:

|Ff|= µ|FN| (17)

If the speed of the water drop is v, the direction of Ff is −v
|v| and the combined force of

the water drop in the texture space is Fe(u,v). Therefore, the combined force of the water
drop in the y and z planes at the moment t is calculated as:

Fe(u,v) = Fu + Fv + Ff (18)

According to Equation (7), the tangential acceleration of the water droplet is:

a(t) =
Fe(u,v)

m
(19)

When the droplet particles reach the critical state, the droplet will leave the texture
space and enters the three-dimensional space. The critical state includes two cases: (1) when
the droplet particles move in the texture space, they go beyond the boundary of unbounded
UV; (2) the pressure FN on the droplet particles is negative.

Finally, velocity-Verlet integral is used to calculate the trajectory equation of water
droplets. The velocity expression is:

v(t+dt) = v(t) +
a(t) + a(t+dt)

2
dt (20)

The position can be described as:

x(t+dt) = x(t) + v(t)dt +
a(t)

2
dt2 (21)



Separations 2022, 9, 451 9 of 21

Equations (18) and (19) were substituted into Equations (20) and (21), and then the
expression of water drop velocity and position at the moment are obtained, respectively:

v(t+dt) = v(t) +
Fu + Fv − µ·|Fa + Fn + k

|∇ρ| |·
v
|v|

m
dt (22)

x(t+dt) = x(t) + v(t)dt +
Fu + Fv − µ·|Fa + Fn + k

|∇ρ| |·
v
|v|

2m
dt2 (23)

The position of water droplet at any time can be obtained through the position of water
droplet at the previous time, while the speed and position of water droplets at zero time
are known. Therefore, Equation (23) is the trajectory equation of water droplet particles.

3.4. Boundary Water Droplet Transmission

We transform the position of the water droplet. As shown in Figure 4, in each step of
physical simulation, a new water droplet movement position is pre-computed. When water
droplets move out from a UV region, it should be checked whether droplets’ motion path
surpasses the boundary. We set the droplet to move from point A to point B, and passed
point P on UV boundary, which was a point on path AB, and queried the corresponding
jump information P′ in the jump texture. If P′ exists, the water droplets should be moved
to the location.

B′ = P′ + B− P (24)
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If P′ does not exist, the droplet reached the critical condition and transformed into a
three-dimensional droplet.

As shown in Figure 5a, when the droplet location is directly transferred and the droplet
particles have not completely left the UV region, part of the droplet volume outside the UV
region will not be correctly rendered to the 3D surface, therefore it is necessary to transfer
the droplet volume separately.
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As shown in Figure 5a, for the droplet’s volume point V , which is outside the UV
region, point P, the intersection of VC, which is the linkage between V and the droplet
central point C should be calculated. Then, the corresponding jump information P′ in the
jump texture will be queried. If P′ exists, the position of the pixel is drawn as:

V′ = P′ + V− P (25)

If P′ does not exist, the point will not be drawn (as shown in Figure 5b).

3.5. Separation and Coalescence of Water Droplets

In [17], when the speed of sliding water droplet exceeds a certain value and moves
to the next position, a small water drop will be generated at the original position to form
the wake of water drop movement. The mass of sliding water drops reduces the mass of
the small water droplet. However, it is usually impossible to form a continuous stream or
obtain trail detail only relying on the small water droplets after the separation of the bigger
water droplet. Therefore, we increase wake interpolation subdivision by inserting 2n − 1
small water droplets according to the subdivision value n between the original position
and the new location of the dynamic water droplet through the dichotomy. As shown in
Figure 6a, a higher segmentation value can make the trail look more like a continuous flow.
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In [17], the merging phenomenon between droplets is realized by making the droplets
move first to lattice points with higher wetting degree. In [24], a spherical collider is
established for each three-dimensional droplet. By increasing the attraction between the
collision drops when collision occurs, the water drops move closer to each other and merge.
Since physical simulation in this paper is mapped to two-dimensional space, collision
detection is also carried out in two-dimensional space. As shown in Figure 6b, each droplet
contains a two-dimensional circular collider, which is used to quickly detect the collision
between droplets. When two water droplets collide, both of the two water droplets will
become close to each other due to mutual attraction. When the distance between two water
droplets’ centers is less than a certain value, they will merge into one water droplet and
continue the movement of the force [25–27].

3.6. Liquid Bridge Simulation

As shown in Figure 6b, when one drop touches another, a phenomenon of siphoning
will occur between these two drops to produce a liquid bridge [28–31]. In [18], the complex
curved surface operation is used to simulate the liquid bridge. In [19], the direct physical
method is used to simulate. As the number of water droplets increases, these methods
suffer more computing costs. Therefore, in this study, Gaussian blur and color scale are
adopted to process the whole texture, which contains all current water drops to obtain
the final results quickly. The process consists of: (a): conducting Gaussian blur [32] on
the Alpha channel of the whole texture; (b) conducting color order on the Alpha channel;
and (c) mixing the processed Alpha channel and RGB color channel. Figure 7a is the
Alpha channel of the original texture; Figure 7b is the result with a fuzzy radius of 4 pixels
by Gaussian blur; Figure 7c shows the processed result of color order. The color order
parameters include: (1) brightness: 11; (2) gray: 2.35 and (3) dark: 255.

Separations 2022, 9, x FOR PEER REVIEW 12 of 22 
 

 

Gaussian blur; Figure 7c shows the processed result of color order. The color order pa-
rameters include: (1) brightness: 11; (2) gray: 2.35 and (3) dark: 255. 

 
Figure 7. Quick-Liquid Bridge Simulation of water droplets: (a) alpha channel of the original texture; 
(b) Gaussian blur processing results; (c) color order processing results. 

3.7. Water Droplets Rendering 
For two-dimensional water droplets, the normal texture is generated based on the 

calculated data of water droplets in texture space. In this paper, first the height map is 
generated, and then it will be transformed into normal texture. The radius and normal 
height of the droplet are determined by the mass of the droplet. Let the maximum droplet 
radius be Rm and the mass be mm, and then the radius of any droplet is calculated as: 

m
m

m
R mR ⋅=

 
(26) 

If the central coordinate of a water drop is C, when drawing height map, the gray 
value of a point V on the water drop is calculated as: 

gg
|| H

R
CVV ⋅

−
=

 
(27) 

Hg denotes the gray value of the central point of the droplet: 

m
g m

mH =
 

(28) 

We substitute Equations (26) and (28) into Equation (27) and obtain: 

m
g R

|| CVV −
=

 
(29) 

The height map is then converted into a normal texture and the RGBA value for any 
pixel in the texture space is: ( x∆ , y∆ , 1, 1). Among them: 

2
1gg +−

=∆
rlx

 
(30) 

2
1gg +−

=∆
duy

 
(31) 

Figure 7. Quick-Liquid Bridge Simulation of water droplets: (a) alpha channel of the original texture;
(b) Gaussian blur processing results; (c) color order processing results.

3.7. Water Droplets Rendering

For two-dimensional water droplets, the normal texture is generated based on the
calculated data of water droplets in texture space. In this paper, first the height map is
generated, and then it will be transformed into normal texture. The radius and normal
height of the droplet are determined by the mass of the droplet. Let the maximum droplet
radius be Rm and the mass be mm, and then the radius of any droplet is calculated as:

R = Rm·
m

mm
(26)
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If the central coordinate of a water drop is C, when drawing height map, the gray
value of a point V on the water drop is calculated as:

Vg =
|V − C|

R
·Hg (27)

Hg denotes the gray value of the central point of the droplet:

Hg =
m

mm
(28)

We substitute Equations (26) and (28) into Equation (27) and obtain:

Vg =
|V − C|

Rm
(29)

The height map is then converted into a normal texture and the RGBA value for any
pixel in the texture space is: (∆x, ∆y, 1, 1). Among them:

∆x =
lg − rg + 1

2
(30)

∆y =
ug − dg + 1

2
(31)

lg, rg, ug, dg are the gray values of the pixels up and down around this pixel point
respectively. The reflection and refraction effects of water droplets are rendered by cap-
turing the screen background screenshots; warping and deflecting their UV based on
normal maps.

4. Experiment
4.1. Experimental Settings

The experiment was carried out based on the Unity 3D engine. The system ran on
a computer equipped with an Intel Core i7-7700hq CPU @2.80ghz eight-core CPU and
NVIDIA GTX 1050 graphics card. The Unity 3D version was 5.3.4f1 (64-bit). The resolution
of two dimension water droplets is 512 × 512 pixels.

4.2. Experimental Procedures

The experimental system consists of two parts. The first part is designed for the
physical simulation and rendering of three-dimensional water droplets, and the second part
is designed for the physical simulation and rendering of two-dimensional water droplets.
The general process of the first part is shown in Figure 8a. In the pretreatment stage, three-
dimensional water droplets of different masses are produced. The three-dimensional grid
of water droplets used in the experiment is a square surface. The three-dimensional water
droplets fall to the surface of the object through physical simulation and are converted into
a two-dimensional water droplet in the texture space at the collision point.

The full workflow of the second part is shown in Figure 8b. The mass size and speed
of the three-dimensional droplets are inherited by the two-dimensional drops and the
data conversion is completed in the preprocessing stage. Then, the droplets continue to
carry out a physical simulation in the texture space. The droplets leave the texture space
on the surface of the object after reaching the critical condition and are converted into
three-dimensional droplets again.
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4.3. Experimental Result

Figures 9 and 10 show the pre-computed texture results of the three-dimensional facets
and the rabbit model surface with discontinuous UV expansion, in which the field texture
contains the gravity field.

Separations 2022, 9, x FOR PEER REVIEW 14 of 22 
 

 

Figures 9 and 10 show the pre-computed texture results of the three-dimensional fac-
ets and the rabbit model surface with discontinuous UV expansion, in which the field 
texture contains the gravity field. 

 
Figure 9. Pre-Computed textures of a simple 3D facet. 

 
Figure 10. Pre-Computed textures of the Stanford Rabbit. 

Figure 11 shows the calculation results of the droplet texture on the surface of three-
dimensional surface slices and the rabbit model. The entire droplets move in the UV re-
gion and the two-dimensional droplets in the tangent space obtain the correct rendering 
results on the surface of the model. 

 
Figure 11. Water Droplets Movement: (a) rendering Result (on the 3D Facet Surface); (b) wireframe 
Rendering Result (on the 3D Facet Surface); (c) water droplet Texture (on the 3D Facet Surface); (d) 
rendering Result (on the Surface of Rabbit Model); (e) wireframe Rendering Result (on the Surface 
of Rabbit Model); (f) water droplet Texture (on the Surface of Rabbit Model). 

Figure 9. Pre-Computed textures of a simple 3D facet.

Separations 2022, 9, x FOR PEER REVIEW 14 of 22 
 

 

Figures 9 and 10 show the pre-computed texture results of the three-dimensional fac-
ets and the rabbit model surface with discontinuous UV expansion, in which the field 
texture contains the gravity field. 

 
Figure 9. Pre-Computed textures of a simple 3D facet. 

 
Figure 10. Pre-Computed textures of the Stanford Rabbit. 

Figure 11 shows the calculation results of the droplet texture on the surface of three-
dimensional surface slices and the rabbit model. The entire droplets move in the UV re-
gion and the two-dimensional droplets in the tangent space obtain the correct rendering 
results on the surface of the model. 

 
Figure 11. Water Droplets Movement: (a) rendering Result (on the 3D Facet Surface); (b) wireframe 
Rendering Result (on the 3D Facet Surface); (c) water droplet Texture (on the 3D Facet Surface); (d) 
rendering Result (on the Surface of Rabbit Model); (e) wireframe Rendering Result (on the Surface 
of Rabbit Model); (f) water droplet Texture (on the Surface of Rabbit Model). 

Figure 10. Pre-Computed textures of the Stanford Rabbit.

Figure 11 shows the calculation results of the droplet texture on the surface of three-
dimensional surface slices and the rabbit model. The entire droplets move in the UV region
and the two-dimensional droplets in the tangent space obtain the correct rendering results
on the surface of the model.
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Figure 12 shows the simulation results of a water droplet’s movement on a discon-
tinuous surface. In the scene, only gravity is concerned. During the dropping process,
the water droplet passed through two discontinuous 3D surfaces and underwent four
transformations. After sliding across the first surface, the droplet lost its mass due to
leaving behind its wake. Its volume became smaller when it was converted from surface
one to a three-dimensional drop and its volume reached its minimum when it was finally
converted from surface two to another three-dimensional drop. Figure 13 shows the texture
image simulation results of the two surfaces where the wake left by the movement of water
droplets on the two surfaces can be seen.
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Figure 12. Drop from Discontinuous Surface: (a) a 3D Water droplet Dropping; (b) colliding with
Surface; (c) transforming to a 2D water droplet and dropping; (d) transforming to a 3D Water Droplet
and Leaving Surface; (e) continuing to drop; (f) colliding with Surface 2; (g) transforming to a 2D
water droplet and dropping; (h) transforming to a 3D water droplet and dropping.
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Figure 13. Texture Mapping Simulation Results of the Two Surfaces. (a) Texture of the First Surface;
(b) Texture of the Second Surface.

4.4. Analysis and Discussion

Figure 14 shows the comparison between the simulation results achieved by this
method and the real photos.
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As shown in Figure 15, there is a comparison of water droplet motion simulations on
a sphere surface using different methods. The ordinary three-dimensional SPH method
will cause error simulation results because, without viscosity and surface tension items,
water droplet particles cannot slide down along the curved surface when the water droplet
particles collide with the sphere surface. After introducing the viscosity and surface tension
to the improved SPH method, the correct three-dimensional simulation results can be
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obtained. In the dimension reduction SPH simulation method, the water drop is drawn on
the normal texture and rendered in texture mode. The water drop can slip along the surface
but cannot leave the texture space. In the simulation results of the proposed method, the
droplet particles are divided into two types. The droplet particles outside the texture space
are rendered with a three-dimensional grid, while the droplet particles within the texture
space of the object surface are rendered with a normal map. The correct trajectory of the
water droplets can be generated and the water droplets can also leave the texture space.
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Figure 15. Simulation Results of Spherical Surface: (a) 3D SPH Method Simulation Result; (b) im-
proved 3D SPH Method Simulation Result; (c) dimension Reduction SPH Method Simulation Result;
(d) simulation Result produced by Proposed Method.

Figure 16 shows the simulation results of dimensional reduction SPH and the proposed
method applied for the division of the three-dimensional surface of the non-continuous
UV region division. The white wireframe in the simulation texture is the range of the UV
region. Because the dimension reduction SPH did not process the discontinuous UV region,
a large number of droplet particles move out of the UV region in the simulation process,
which causes a negative simulation result.
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As shown in Figures 17–19, in the comparison of the simulation result of different
methods for virtual flow tears in different wind conditions, the proposed method achieved
almost the same performance as that of the improved 3D SPH with the introduction of
viscous and surface tension terms [19] and the reduced dimensional SPH method [23].
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As shown in Figure 20, the simulation of the liquid bridge phenomenon by the
fusion of water droplets with different methods was carried out. In the explicit surface-
based simulation method, the two drops are simply superimposed, whereas the method
proposed in this paper enables the drops to produce a good liquid bridge effect during the
fusion process.
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Table 2 shows the efficiency of the proposed method compared to the 3D SPH and
reduced dimensional SPH for different particle numbers, with more than 10,000 triangular
slices used in the experiments. Table 3 and Figure 21 show the comparison of the efficiency
of the different methods for different numbers of triangular slices on the surface, the
maximum number of particles used in the experiments is 5000. The experimental result
shows that the simulation efficiency of the proposed method is two times and five times
higher than that of the SPH-based 2D and 3D simulation methods, respectively.

Table 2. Average frame rate of each method with different particle numbers (unit: frame/s).

Method 500 Particles 1000 Particles 5000 Particles 10,000 Particles

3D SPH 35 24 15 8
Dimensional

reduction SPH 80 35 15 8

The proposed
method 200 143 85 65

Table 3. Average frame rates of each method on the surface of different models (unit: frame/s).

Method 200 Triangles 1000 Triangles 12,000 Triangles 23,000 Triangles

3D SPH 15 10 3 1
Dimensional

reduction SPH 20 18 15 14

The proposed
method 85 85 81 79
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The experimental result indicates that the proposed method is more efficient than other
existing methods. In terms of rendering effect, the water droplets are simply superimposed
in the display surface-based simulation method, while the SPH-based method and the
proposed method achieve a good liquid bridge effect between water droplets. None of
these downscaled raindrop simulation methods could achieve continuous raindrop trails
on the surface using the discontinuous UV model, and the trails usually break at the UV
cut edge. The plain 3D SPH method does not include the viscosity and surface tension
terms in the simulation and the water droplet particles cannot slide down the surface
after colliding with the sphere, resulting in incorrect simulation results. With downscaled
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simulation methods, water droplets are usually drawn on a normal texture and rendered
as a texture, and the droplets can slide down the surface but cannot leave the texture
space. The proposed method takes the effects of viscosity and surface tension terms into
consideration and is able to simulate continuous fluid motion in both the 2D and 3D
space. Meanwhile, it ensures that the motion of the droplet is consistent whether the
transformation is introduced or not.

In addition, the proposed method achieves good flexibility, e.g., by inserting new
drops based on the dichotomy in the two drops on the same trails generated in the two
frames before and after, it is possible to simulate the water trails under different rain
magnitudes. These existing methods often make it difficult to distinguish whether two
drops belong to the same tail or not, and a large number of parameters need to be adjusted
to generate water trails with different rainfall levels.

5. Conclusions

In this paper, a novel method for the real-time simulation of water droplet movement
on a surface was proposed. Moreover, a comparison of simulation performance between the
proposed method and the existing methods was carried out. The proposed method-based
real-time simulation was easily obtained and three-dimensional and two-dimensional
droplets could be transformed into each other. The proposed method solved the problem
that water drops cannot leave the texture space in the existing dimensional reduction
simulation methods.

The proposed method achieved a more than two-fold increase in computing effi-
ciency while achieving almost the same result as the SPH method. Compared with other
reduced-dimensional simulation methods, the proposed method performed continuous
fluid simulation on the surface of a model with discontinuous UV division, which was
of wider adoption and enabled 3D and 2D droplets to be converted to each other in any
case, addressing the problem that droplets could not leave the texture space in downscaled
simulation methods. Furthermore, we simulated liquid bridges between droplets with sig-
nificantly higher simulation efficiency while achieving similar simulation quality compared
to the existing methods.

However, the physical simulation of three-dimensional water droplets in the air was
not detailed in this paper, and the simulation was not accelerated using GPU, which could
be improved in the future.
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