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Abstract 
 

In this study, we propose a new method for simulating water responding to human motion. 
Motion data obtained from motion-capture devices are represented as a jointed skeleton, 
which interacts with the velocity field in the water simulation. To integrate the motion data 
into the water simulation space, it is necessary to establish a mapping relationship between 
two fields with different properties. However, there can be severe numerical instability if the 
mapping breaks down, with the realism of the human–water interaction being adversely 
affected. To address this problem, our method extends the joint velocity mapped to each grid 
point to neighboring nodes. We refine these extended velocities to enable increased robustness 
in the water solver. Our experimental results demonstrate that water animation can be made to 
respond to human motions such as walking and jumping. 
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1. Introduction 

Video scenes increasingly include virtual avatar characters that can be manipulated via 
motion capture. To facilitate these manipulations, very expensive capture devices are usually 
required to extract suitable human motion data. Furthermore, labor-intensive postprocessing 
needs to be performed to refine the captured motion data. For example, Park and Hodgins [6] 
proposed a data-driven modeling method for capturing high-resolution motions that deform 
the skin and muscles. Hong et al. [3] proposed a data-driven segmentation method for 
resolving the twisted artifacts that occur in joints with complex topology, such as the shoulder 
joint. However, because these methods focused on capturing human motion in an accurate 
manner, their computational costs were too great to allow their use in interactive applications. 
 

 
Fig. 1. Overview of our proposed method. 

 
In addition, many real-time motion-capture applications have been proposed. Lange et al. 

[5] developed a Kinect-based game for rehabilitation and Tseng et al. [8] proposed a 
Kinect-based rehabilitation system for virtual scenes. These methods aimed to facilitate 
rehabilitation in the home or other places that might lack appropriate facilities. 

Martinovikj and Ackovska [1] proposed a gesture-based presentation-control system for 
analyzing human motions, as an alternative to using a mouse and keyboard. This method 
analyzed hand gestures, with only two gestures being considered: swipe-left and swipe-right. 
Tam and Li [7] proposed a gesture recognition system using quick-response codes for mobile 
devices. In addition, visual simulation techniques that enable interaction with human motion 
data have been developed. In particular, Kwatra et al. [4] aimed to represent the swimming 
motions of an articulated body by addressing water–body coupling issues. 

In this study, we focus on the response of water to the motion of an actor (see Fig. 1). The 
velocity of each joint is mapped onto the grid space and extended to compensate for the 
coupling forces. The robustness of the simulation is increased by combining a velocity 
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refinement method, which is derived from a smoothed particle hydrodynamics kernel, with the 
coupling process. An overview of our algorithm is shown in Fig. 1. 

We propose a novel volumetric structure for coupling water with an actor. In particular, the 
main contributions of this study are as follows. 

 Isotropic mapping of the grid velocity: the velocity of each joint is extended to its 
neighboring grid points to compensate for the coupling forces lost during the 
point-based velocity mapping. 

 Clamped Gaussian refinement: a robust coupling result is obtained by adjusting the 
magnitude of the velocity for each grid point in inverse proportion to the distance 
from a joint. 

 User controllability enhancement: a weight is assigned to control the intensity of the 
water’s response to human motion. A variety of water motions can be obtained at 
different scales by controlling this weight. 

 

2. Related Work 
The first simulation of the fully three-dimensional Navier–Stokes equation for animating 
liquids [10] was based on the marker-and-cell method [11] from computational fluid dynamics. 
Foster and Metaxas [10] used explicit finite differencing for advection and viscosity, 
successive over-relaxation (SOR) for pressure projection and incompressibility, and massless 
marker particles for surface representation. Explicit integration methods were subsequently 
replaced by implicit methods [12] such as semi-Lagrangian advection and implicit viscosity 
integration, which greatly increased the numerical stability of fluid simulators both for liquid 
and gas, and making them easier to implement. Later [13], SOR was replaced by more 
efficient linear solvers, such as the conjugate gradient method, and the particle-based surface 
representation was reinforced by implicit level-set surfaces, which greatly improved the 
smoothness of liquid surfaces and their robustness under topological changes. This hybrid 
surface representation was enhanced by the particle level-set method [14], which has a much 
improved mass conservation. 

While free-surface animation techniques for liquid animation have been extensively 
developed, for which both the environmental and the enclosed air are ignored, the dynamics of 
multiphase fluids have received less attention. Takahashi et al. [15] reported on a multiphase 
fluid simulator that could handle liquid and gas simultaneously but ignored the dynamic 
characteristics of liquid–gas interactions. On the other hand, Hong and Kim [16] mainly 
focused on buoyancy and surface tension in their animation of bubbles in liquids. Although 
their results showed the interesting characteristics of multiphase fluids containing bubbles, it 
is not clear that their heuristic implementation of surface tension would be generally useful. 
Furthermore, the effect of viscosity differences was not considered, in spite of the large 
influence of viscosity on bubble shape. Carlson et al. and Rasmussen et al. [17, 18] used a 
variational viscosity method to handle thermal changes of viscosity, but they ignored the large 
changes that can occur across interfaces. Song et al. [19] focused on the small-scale features of 
multiphase fluids. They demonstrated the characteristics of enclosed air and modeled surface 
tension using a continuum surface force model [20] that had been used widely in 
computational fluid dynamics but commented that surface-tension effects were not visually 
significant in their work. We believe that was because they had replaced small-scale features 
by undeformable particles instead of simulating them directly. Similarly, Greenwood and 
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House [21] used escaped particles within a particle level-set method to represent air bubbles. 
A breakthrough was made by Losasso et al. [22], who animated the crown phenomenon 
exhibited by milk droplets via accurate simulation of the surface tension of free surfaces. They 
could use a sufficiently large grid (5123) that they did not lose small-scale details. However, 
neither surface tension in bubble surfaces nor viscosity was considered. Their fluid simulator 
was based on an octree data structure, which is also the basis of the work reported in this paper. 

In computational physics, extensive studies have been undertaken to simulate multiphase 
fluids. There are several good surveys [23, 24, 25], and their references are also recommended. 
Although it is difficult to evaluate the techniques reported in these papers from the viewpoint 
of computer graphics, the work of Kang et al. [26] is the most compatible with the 
liquid-simulation techniques widely used in computer graphics, such as the particle level-set 
method [14]. The methods used by Kang et al. [26] are motivated by the ghost fluid method 
[27], and were developed using the variable-coefficient Poisson equation [28]. In computer 
graphics, this method has been used for the physics-based modeling of fire [29]. 

3. Underlying Water Simulation 
The Navier–Stokes equation for an incompressible viscous fluid is 
 

𝒖𝑡 = −(𝒖 ∙ ∇)𝒖+ ∇ ∙ (𝜇∇𝒖)− ∇𝑝
𝜌

+ 𝒇,  (1) 

∇ ∙ 𝒖 = 0,     (2) 
 
where 𝒖 = {𝑢, 𝑣,𝑤} is the velocity, 𝜌 is the density and 𝜇 is the (kinematic) viscosity, which 
is the ratio of the absolute viscosity to the density. The term 𝒇 can be used to add external 
forces such as gravity, buoyancy [30], surface-tension force [16, 19], and control forces [31, 
32, 33, 34]. 

The numerical simulation of Equations 1 and 2 proceeds by updating the value of 𝒖 at the 
nth time step, 𝒖𝑛, to 𝒖𝑛+1 during a finite interval ∆𝑡. Following Chorin’s projection method 
[35], we discretize Equation 1 by splitting it into two equations with an intermediate status 𝒖∗, 
giving 
 

𝒖∗−𝒖𝑛

∆𝑡
= −(𝒖𝑛 ∙ ∇)𝒖𝑛 + ∇ ∙ (𝜇∇𝒖𝑛) + 𝒇, (3) 

𝒖𝑛+1−𝒖∗

∆𝑡
= −∇𝑝

𝜌
.     (4) 

 
To obtain 𝒖∗ from 𝒖𝑛, we compute the advection term −(𝒖𝑛 ∙ ∇)𝒖𝑛 using a semi-Lagrangian 
method [12], and the viscosity term ∇ ∙ (𝜇∇𝒖𝑛) using explicit finite differencing or an implicit 
variable-viscosity formulation [17]. 

The final step is determining 𝒖𝑛+1 from 𝒖∗. We can write the divergence of Equation 4 as 
a form of Poisson’s equation, giving 
 

∇2𝑝 = 𝜌
∆𝑡
∇ ∙ 𝒖∗,     (5) 

 
because Equation 2 indicates that ∇ ∙ 𝒖𝑛+1  should be zero. After the pressure profile is 
determined by solving Equation 5, we obtain the final velocity profile as 
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𝒖𝑛+1 = 𝒖∗ − ∆𝑡

𝜌
∇𝑝.    (6) 

 
Buoyancy can be implemented in a simple way by exerting buoyant forces using a spatial 

constant 𝜌 [30] or, more accurately, by allowing for the fact that 𝜌 = 𝜌(𝑥) in the solution of 
Equation 4 [19]. Instead of exerting continuous surface-tension forces [19] using 𝒇, we use the 
discontinuity of 𝑝 in solving Equation 5 to model surface-tension effects, thereby obtaining 
subgrid accuracy. Viscosity changes across the interfaces are also considered in solving 
Equation 3. 

Another issue to be considered is the interface tracking method. We use a signed distance 
function ∅ to represent (implicitly) the interfaces of two immiscible fluids, at least one of 
which is a liquid. The advection of ∅, driven by 𝒖, can be described by the level-set equation 
 

∅𝑡 + 𝒖 ∙ ∇∅ = 0.    (7) 
 
To solve Equation 7 numerically, we use the semi-Lagrangian particle level-set method [36]. 
 

4. Coupling Simulation 
To combine the motion of a human being with the external forces in water, the velocity of each 
joint in the skeleton must be mapped onto the grid in the water simulation space. Occasionally, 
the response of the water may be expressed indistinctly, even if the velocity is mapped 
accurately. In addition to the magnitude of the human motion, the velocity of the joint is scaled 
freely according to a user-specified threshold to obtain a specific water-response level (see Fig. 
1c). The threshold is reflected by the weight used in the equation that controls the velocity of 
each joint, namely 
 

𝑣𝑡+∆𝑡 = �𝑝𝑡+∆𝑡−𝑝𝑡
∆𝑡

�𝑤0,    (8) 

 
where 𝑝 denotes the position of a joint, 𝑣 denotes its velocity, and 𝑤0 denotes the constant 
weight specified by the user. During this mapping process, each joint is represented as a single 
point, rather than a regional entity (see Fig. 1a), and the coupling force is limited locally 
around the mapped grid point (see Fig. 1b). To extend the influence of the velocity to its 
neighborhood, we map its velocity isotropically around the grid point (see Fig. 1c). 

First, the velocity 𝑢(𝑥)  of each grid point 𝑥  is calculated using smoothed particle 
hydrodynamics, giving 
 

𝑢(𝑥) = ∑ 𝑚𝑖𝑣𝑖𝑊(𝑝𝑖−𝑥,ℎ)𝑖
∑ 𝑚𝑖𝑊(𝑝𝑖−𝑥,ℎ)𝑖

,    (9) 

 
where ℎ denotes the kernel radius, 𝑚𝑖 denotes the mass of each joint 𝑖 and 𝑊(𝑟,ℎ) is used to 
compute the average quantities for the neighboring joints. That is, 
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𝑊(𝑟,ℎ) = �1 − ‖𝑟‖2

ℎ2
           0 ≤ ‖𝑟‖ ≤ ℎ

0                         otherwise
�.  (10) 

 
After calculating the velocities, the velocity of each grid point is extended to the neighboring 
grid points inside a circle of a specific radius. The radius of the extension is determined as a 
proportion of the magnitude of the velocity (see Fig. 2c). 
 

 
Fig. 2. Overview of our isotropic velocity-mapping method. (a): Motion skeleton and the captured 

velocity of a joint. (b): Velocity mapped onto a simulation grid point. (c): Isotropically mapped 
velocities around the grid point. (d): Clamped velocities, where the velocity of each grid is color-coded 

from red (high) to blue (low) according to the magnitude of the velocity. 
 
The isotropic velocity-mapping method compensates very well for the locally limited 

coupling effect, but the robustness of the simulation is reduced because the dramatically 
magnified velocities can generate numerically unstable motions compared with those in the 
neighborhood. To reduce this instability, we refine the velocities using a clamped Gaussian 
equation based on the weighted isotropic kernel (see Fig. 2d). 

The results obtained after clamped Gaussian refinement are shown in Fig. 3, where each 
velocity field is represented as a spherical shape with a radius that varies according to the 
velocity of each joint and the magnitude of the velocity is represented in inverse proportion to 
the distance from the joint. The refined velocity field in Fig. 3b is much smoother than that 
shown in Fig. 3a and it generates numerically stable simulation results, even for noisy motion 
data. The refinement procedure is given by 
 

𝒖∗ = 𝑤1�(𝑥 − 𝑝)/ℎ��1− �(𝑥 − 𝑝)/ℎ�
2�

2
𝒖�������������������������

𝑐𝑙𝑎𝑚𝑝𝑒𝑑 𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛

,  (11) 

 
where 𝑢∗  denotes the refined velocity and 𝑤1  denotes a Gaussian constant. The refined 
velocity field given by Equation 11 is inserted into the external forces of the fluid simulation 
framework and the Navier–Stokes equation can be rewritten as 
 

𝒖𝑛+1−𝒖𝑛

𝑑𝑡
= −(𝒖𝑛 ∙ ∇)𝒖𝑛 + ∇ ∙ (𝜇∇𝒖𝒏) − ∇𝑝

𝜌
+ 𝒇

𝜌
+ 𝒖∗, (12) 
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Fig. 3. Results obtained after clamped Gaussian refinement. 

 
where 𝒖𝑛  and 𝒖𝑛+1  denote the velocity at the current time step and the next time step, 
respectively. In this study, a splitting scheme is used to solve each term in Equation 12 [2], 
with these terms being defined as 
 

𝒖� = 𝒖𝑛 − 𝑑𝑡(𝒖𝑛 ∙ ∇)𝒖𝑛 ,    (13) 
�́� = 𝒖� + 𝑑𝑡

𝜌
𝒇 + 𝒖∗,     (14) 

𝒖� = �́� + 𝑑𝑡∇ ∙ (𝜇∇�́�),     (15) 
𝒖𝑛+1 = 𝒖� − 𝑑𝑡

𝜌
∇𝑝.     (16) 

 
Equation 12 can generate fluid animations that respond dynamically to human motion 

because of its divergence-free condition. Fig. 4 shows the results obtained after coupling the 
velocity field of the water simulation and a human motion field. 

 

5. Experimental Results and Discussion 
We performed the simulations using an Intel i7-2600k 3.40 GHz CPU with 16 GB of RAM 
and an NVIDIA GeForce GTX 580 graphics card. To show the robustness of our algorithm, 
we analyzed our method under various scenarios, using the configurations summarized in 
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Table 1. As seen from this table, the user can create these various results by changing the 
values for 𝑤0 and 𝑤1. 
 

 
Fig. 4. Results obtained for the interactions between human motion and falling water. 

 
The falling-water scene in Fig. 4 shows very well the interactive features of our method. In 

this scene, the time step was set to 0.001 s and 250,000 water particles were used. In these 
results, our coupling method shows a natural interaction with the opened arms of the human 
character. 

Fig. 5 simulates water responding to a jumping motion by a human character. In the real 
world, the water flow is changed even by a small jump. However, previous methods usually 
fail to show the interaction for these small motions. As mentioned earlier, this is a significant 
issue for interactive applications. Fig. 5 shows that the proposed method can generate the 
water waves resulting from even small jumping motions. 
 

 
Fig. 5. Results obtained for the interactions between jumping motions and water. 

 
Fig. 6a shows the results obtained after coupling water particles generated using a 

fluid-implicit-particle method [9] with motion data. As described earlier, the coupling force 
was varied in proportion to the magnitude of the human motion to generate realistic water 
interactions. Fig. 6b shows the realistic water surfaces reconstructed by the marching-cubes 
algorithm [37], as well as splash effects. Fig. 6c shows the high-quality rendering results 
achieved by ray tracing. 
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Fig. 6. Simulation results obtained for water interacting with human motion. The color denotes the 

magnitude of the velocity (red: high, blue: low). 
 

 
Fig. 7. Results obtained (top view) after coupling water particles with human motion data. This scene 
shows the movement of water interacting with the feet of an avatar. As the jumping becomes stronger, 

the disturbance of the water becomes more intense. 
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Fig. 7 shows a top view of results obtained after coupling water particles with human 
motion data. Fig. 8 shows some of the secondary effects generated, i.e., water splashes. Splash 
particles are generated when the coupling force exceeds the user-specified threshold and more 
detailed water components are included. Using the proposed method, the water interacting 
with human motion expresses splash effects naturally. 
 

 
Fig. 8. Water splashes produced during interaction with human motion (blue: water particles, white: 
splash particles). Splash effects are represented by the water interacting with the motion of the avatar. 

6. Conclusion 
In this study, we have proposed a water–motion coupling method for generating a detailed 
animation of water interacting with human motion. Because general motion data are 
represented as points, it is difficult to couple them with a conventional water solver. Our 
method involves calculating the velocity field for the motion data and then applying clamped 
Gaussian refinement. Our experiments show that this generates effective and realistic water 
animation, even with noisy motion data and at low grid resolutions. In future research, we will 
track human motion more accurately by modeling anisotropic joint motion. We also aim to 
design a more accurate coupling solver that considers continuous collision detection among 
adjacent joints. 
 

Table 1. Parameter values for our example scenes. 
Figure # of water 

particles 
# of splash 
particles 

∆𝒕 𝒘𝟎 𝒘𝟏 

4 250,000 - 0.001 3.5 0.9 
5 250,000 - 0.001 3.5 0.9 
6 400,000 - 0.001 3.5 0.9 
7 152,000 - 0.001 3.5 0.9 
8 152,000 43,000 0.001 3.5 0.9 
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