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Abstract. Based on the Smoothed Particle Hydrodynamics (SPH) and
Finite Element Method (FEM) model, we propose a method for real-
time simulation of fluid with deformable bodies. The two-way coupling
method for the fluid with deformable bodies is processed by the ray-
traced collision detection method instead of the ghost particles. Using
the forward ray-tracing method for both velocity and position, different
normal and tangential conditions can be realized even for the cloth-like
thin solids. The coupling forces are calculated based on the conservation
of momentum and kinetic energy. In order to take full advantage of the
computational power in modern GPUs, we implement our method in
NVIDIA CUDA and OptiX. The simulation results are analyzed and
discussed to show the efficiency of our method.
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1 Introduction

Physics-based simulation has been widely used in virtual reality applications,
such as computer games, virtual surgeries and visual effects in movies. However,
the computational burden is very high in the physics-based simulations which
involve the interaction of an amount of objects with realistic motion.

Many researchers have presented methods of modeling physical behaviors of a
single object, and achieved good results. Studies have then been started to focus
on simulating the interaction of multiple objects. Such a simulation often includes
multiple objects with complex geometries and different forms of interactions.
Therefore, techniques to accelerate the simulation are required. Simulations of
interaction systems with high complexity come with higher computational costs,
which limit the scale and accuracy with which the models can be simulated.
One way to solve this issue is to explore and exploit the computational power
of specialized hardware, such as Graphics Processing Unit (GPU). By using
the parallelism of GPUs, it is possible to create and develop novel solutions
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that better suit specific problems. In particular, the real-time simulations of
interaction systems can be obtained by dividing and computing multiple parts
in parallel, thus achieving much greater performance.

In this paper, a real-time simulation method for fluid interacting with
deformable bodies is proposed. In our method, the behaviors of the liquid and the
soft objects are simulated based on the Smoothed Particle Hydrodynamics (SPH)
and the co-rotated Finite Element Method (FEM), respectively. A novel method
is proposed to efficiently and robustly compute the coupling forces during the
interaction of the fluid and the deformable bodies without the complex coupling
handling of the fluid-deformable bodies.

The overall simulation performance is accelerated by the GPU. We use the
NVIDIA CUDA to exploit the power inherent in the modern GPU. CUDA con-
tains modularized components which can ease the development of GPU-based
simulations. Moreover, a coupling-force analyzing method according to physical
laws is presented. Our contributions can be summarized as follows:

– A scheme of the ray-traced collision detection method is proposed and imple-
mented on OptiX. No additional auxiliary particles are required in processing
the interaction. Therefore, it can reduce the workload and make the simulation
more stable.

– Bases on the conservation of momentum and kinetic energy, a novel method to
compute the coupling forces between fluid and deformable bodies is proposed.

– The parallel algorithms of the two-way coupling simulation of the fluid and
deformable bodies are presented by NVIDIA CUDA and OptiX on GPU.

2 Related Work

In the two-way coupling of the fluid-deformable bodies simulation, the actual
forces that exerted on the solid body have been considered and simulated. In [1]
and [7], the ghost particles were generated to process the interaction between
the solid and fluid particles. The coupling force was computed after comparing
the interactions between those particles. Although the ghost particles can easily
solve many collision problems, it is hard to generate the ghost particles prop-
erly when the topological structure is quite complex. This method usually gives
rise to the problem of particle stacking around the fluid surfaces. In [5], Müller
et al. still had to allocate the properties of the generated particles, which were
used in the exchange of momentum, from the mesh-based models. Yang et al.
[9] proposed a coupling method which can handle the perfectly inelastic or per-
fectly elastic cases, and non-slip collision or free to slip cases. Furthermore, the
properties of generated particles were finally retrieved back to the mesh-based
model. Recently, Parker et al. [6] introduced the collision detection which was
implemented by the ray-tracing method on GPU. It provides more reliable infor-
mation about the colliding particles and related solid meshes for the coupling
computation.
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3 Method

Our method is summarized as follows:

Simulation of the Behaviors Respectively. To simulate the dynamic behav-
iors of the fluid and soft object by the SPH and FEM models, respectively.
The dynamic behaviors are updated based on the result of the last time-
step without considering the interaction between the fluid and deformable
bodies.

Collision Detection in Both Frameworks. To apply ray-traced collision
detection to each fluid particle and deformable body surface based on the
current position.

Position and Penetration Handling. To combine the internal states with
the external conditions in order to update the positions of the particles and
deformable body surfaces, and to avoid the penetration occurred in forward
checking.

Interaction of Coupling Velocities. To compute the two-way coupling veloc-
ities according to the conservation of momentum and kinetic energy about
the inelastic collision and slip friction motions.

Rendering and Preparation. To render the fluid and soft bodies based on the
current position and to prepare for the computation of the next iteration.

3.1 Fluid Simulation by SPH

In the SPH method, the fluid is represented by a finite number of sampled
particles. The Navier-Stokes equation for incompressible fluid can be simplified
as follows,

∇v = 0 (1)

ρa = ρ

(
∂v

∂t
+ v · ∇v

)
= −∇p + μ∇2v + f (2)

where ρ is the density, v is the velocity, p is the internal pressure and μ is the
viscosity coefficient. The fluid properties can be expressed by discrete particles
as follows,

Ai =
∑

j

Aj
mj

ρj
ω (‖r i − r j‖ , h) (3)

where Ai is the attribute of particle i, such as mass, density and force, r is the
current position, j indicates the index of all the neighboring particles within the
support domain h of particle i, and ω (‖r i − r j‖ , h) is the smoothing kernel for
the fluid simulator. The support domain h is a spherical space with an effective
radius of the smoothing length. Commonly, these kernel functions have a “bell
curve” shape and certain kernels offer better results in liquid simulation [2,3].
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3.2 Deformable Body by FEM

In Finite Element Method (FEM), the complex continuum is meshed into a set
of volume tetrahedrons which are connected by a topological map. The internal
elastic force in each element can be calculated by

f e = Ke (x − p) (4)

where x is the current node position and p is the original node position of each
tetrahedron, and Ke is the stiffness matrix. Considering the performance and
robustness for the nonlinear FEM, the co-rotated FEM [4] was utilized in our
method. The global force can be calculated as follows,

f e = ReKe

(
RT

e x − p
)

(5)

where Re is the orthogonal rotation matrix which can be obtained by Gram-
Schmidt method. Furthermore, if the original state of the deformable body is
static and the topological structure is unchanged during the simulation, Ke can
be pre-computed initially.

3.3 Penetration Handling

The forward ray-tracing method can accurately find the intersection point. Each
particle emits a ray from its current position along its velocity direction. If a
particle collides with a triangle, the distance between this particle and the nearest
intersection point can be easily computed. Therefore, we can effectively avoid
the penetration which depends on the displacement and the collision distance as
follows,

p+Δt
i = pi + min

(
v iΔt,

v i

‖v i‖disi

)
(6)

where pi is the position of particle i, disi is the distance between particle i and
the nearest colliding point.

forw
ard

displacem
ent

distance

Fig. 1. Update the particle position to avoid penetration.
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As shown in Fig. 1, after the forward tracing, the current yellow particle has
moved to the red position. By comparing its forward displacement to the nearest
colliding distance, the penetration can be avoided by replacing the red position
with the green position. The coupling velocity at the green position is calculated.

4 Inelastic Collision

For incompressible fluid, the pressure force is proportional to the particle density.
Since a higher fluid density often occurs around the body boundary, it results
in the hydraulic pressure that may affect the body motion. According to the
conservation of momentum law, the total momentum in the whole physical sys-
tem is constant and the mass of the fluid particles in SPH doesn’t change. Thus,
the energy transfer between all boundary faces and colliding particles can be
calculated as follows,

E+Δt
face + E+Δt

particle = Eface + Eparticle (7)

where Eface and Eparticle are the momentum of the face and momentum of the
corresponding colliding particles, respectively. We obtain Eface as follows,

Eface = mfacevface (8)

where mface = average {mi} and vface = average {v i}, i is the index of the
nodes connecting to the corresponding face. And, we obtain Eparticle as follows,

Eparticle = ΣKmkvk (9)

where K is the number of particles that have collided with the triangular faces,
and k is the index of the collided particle in the current coupling time step,

4.1 Elastic and Shearing Effects

In order to model the boundary conditions, which are essential to implement the
elastic and shear effects, the coupling velocity should be projected to the normal
and tangential direction as vnormal = n (v · n) and v tangent = v − vnormal at
first, here n is the normal vector of the intersection face. According to [9], the
coefficients of the restitution and slip can be determined by

Crestitution = −Δv+Δt
normal

Δvnormal
(10)

Cslip =
Δv+Δt

tangent

Δv tangent
(11)

where Δvnormal and Δv tengent are the normal and tangential velocity of Δv ,
respectively. In general, a triangle face may collide with more than one particle
at the same time, so Δv can be obtained by

Δv = vface − vparticle = vface − ΣKmkvk

ΣKmk
(12)
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Various boundary conditions including perfect elastic and free slip effects can be
simulated by controlling the coefficients of the restitution and slip in the range
of [0.0, 1.0].

4.2 Energy Transfer

The velocity of the colliding face can be obtained as follows,

v+Δt
face =

Eface + Eparticle − C (Mparticlevface − Eparticle)
mface + Mparticle

(13)

where Mparticle = ΣKmk is the total mass of the colliding particles, and v+Δt
face

is the intermediate velocity which must be redistributed to the related nodes.
Since one particle cannot collide with more than one triangular face at a time,
the velocity of the colliding particles can be calculated by

v+Δt
i =

E i + Eface − C (mfacev i − Eface)
mi + mface

, i = 1, 2 . . . k (14)

where mi, v i and E i are the mass, velocity and momentum of particle i, respec-
tively. C is Crestitution or Cslip corresponding to the normal or tangential direc-
tion in Eqs. 13 and 14. Thus, the final coupling velocity of all colliding objects
is v = vnormal + v tangent.

4.3 Colliding Particle Searching

Each surface triangle may collide with more than one SPH particle at a time
during the coupling interaction. In order to efficiently searching the colliding
particles on each face, two index arrays were used to search the colliding particles
of the face.

As shown in Fig. 2, one array stores the index of the face which is collided
by particles. Another array stores the sorted index of the particles relevant to
the corresponding faces. A parallel radix sorting algorithm was employed, and
the sorting performance is O (n log n). Based on these two arrays, the first index
and the number of colliding particles per face can be obtained.

5 Implementation and Experimental Results

The proposed method has been implemented on the PC with Intel(R) Xeon(R)
CPU X5647 @ 2.93 GHz, 12.0 GB memory and NVIDIA Quadro 6000. The SPH,
FEM and the coupling method were implemented by CUDA 6.5. The ray-traced
collision detection was implemented by OptiX on GPU. The fluid was rendered
by the screen space fluid rendering method [8];
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Fig. 2. Flow chart of searching the colliding particles.

(a) high ρ, high K (b) low ρ, high K (c) high ρ, low K (d) low ρ, low K

Fig. 3. The liquid is poured on to soft tubes with different density and stiffness.

5.1 Experimental Results and Discussion

We tested our method by several scenarios.
As shown in Fig. 3, the fluid interacts with a soft tube in the box, in Fig. 3a

and b, the tube has the high stiffness. The interactive force by fluid did not
significantly change the shape of the tube. In Fig. 3c and d, a large deformation
can be observed because of the low stiffness of the tube. Moreover, the tube
with low density in Fig. 3b and d is pushed to the side by the spray liquid.
The experimental results show that our method can naturally handle the energy
transfer between both materials without additional conditions.

As shown in Fig. 4, the liquid is poured onto the cloth. The deformation of
the cloth was simulated by FEM not the Mass-Spring System. This experiment
has shown that the penetration can be successfully avoided by our proposed
method in cloth-liked object during the interaction.
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(a) Meshes and particles (b) Screen Space Fluid Rendering

Fig. 4. The coupling of cloth-like object and liquid.

(a) t = 3.0s (b) t = 9.0s (c) t = 12.0s (d) t = 15.0s

Fig. 5. The liquid is poured into a soft cup.

(a) t = 5.0s (b) t = 10.0s (c) t = 15.0s

(d) t = 20.0s (e) t = 25.0s (f) t = 30.0s

Fig. 6. The liquid is poured onto a soft bunny with high density and low stiffness.
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As shown in Fig. 5, the cup has obvious deformed while the liquid exerting
pressure on it. It can be handled robustly with co-rotated FEM model, and these
SPH particles can be stable staying inside this cup.

(a) t = 5.0s (b) t = 15.0s (c) t = 25.0s

Fig. 7. The liquid is poured onto a soft dragon.

As shown in Figs. 5, 6 and 7, the fluid interacting with the large deformable
objects can be simulated in real time. The results show that our method can
be used in the fluid interaction with highly complex and mesh-based large
deformable bodies. The time performance of the experimental results is shown
in Table 1.

Table 1. Time performance.

Soft object Number of Paralleled Ray-tracing

Elements Particles FEM (ms) SPH (ms) Coupling (ms)

Cloth 1.9k 65535 11.5 17.9 8.0

Cup 2.1k 11.9 8.1

Tube 6.4k 12.0 8.3

Bunny 22.0k 25.6 26.6

Dragon 34.2k 36.4 41.8

5.2 Comparison

The comparison of our method and the methods using the boundary particles
in [5,9] is shown in Fig. 8. Compared with [9], a speedup of nearly 10% ∼ 15%
can be reached. It also shows that our performance is quite similar to [5], but
our method can avoid the penetration effectively.
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Fig. 8. The comparison of our method and the methods using the boundary particles
in [5,9].

6 Conclusion and Future Work

We have presented a novel coupling method for simulating a wide variety of fluid-
deformable body interaction. The ray-traced collision detection method has been
presented to handle the interaction of the fluid particles and deformable models.
Furthermore, the particle-face collecting and coupling energy transfer methods
have been introduced. The experimental results showed that our method can
reach nearly 10% ∼ 15% faster than the coupling method by the boundary
particles.

However, one of the main limitations of our approach is that the fluid pene-
tration may occur if the large deformation is involved, since the precision of the
calculation by CUDA is not high enough to detect some very close collisions. It
may cause some data loss or unstable coupling during the interaction. In order
to avoid this problem, either a smaller time-step or a more suitable constraint is
required. It is also interesting to extend our method to simulate the interactions
with multiple types of fluid.
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