Versatile Rigid-Fluid Coupling for Incompressible SPH
Nadir Akinci∗
University of Freiburg

Markus Ihmsen∗
University of Freiburg

Gizem Akinci∗
University of Freiburg

Barbara Solenthaler†
Matthias Teschner∗
ETH Zürich
University of Freiburg

Figure 1: Fluid-rigid interaction in a large-scale setting. A boat with ragdolls passes a bridge (left). A second boat with ragdolls collides
with the bridge due to an increased flow rate and the bridge is released (middle and right).

Abstract

1

We propose a momentum-conserving two-way coupling method
of SPH fluids and arbitrary rigid objects based on hydrodynamic
forces. Our approach samples the surface of rigid bodies with
boundary particles that interact with the fluid, preventing deficiency
issues and both spatial and temporal discontinuities. The problem
of inhomogeneous boundary sampling is addressed by considering
the relative contribution of a boundary particle to a physical quantity. This facilitates not only the initialization process but also allows the simulation of multiple dynamic objects. Thin structures
consisting of only one layer or one line of boundary particles, and
also non-manifold geometries can be handled without any additional treatment. We have integrated our approach into WCSPH
and PCISPH, and demonstrate its stability and flexibility with several scenarios including multiphase flow.
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Introduction

Lagrangian fluid simulation is a popular topic in computer animation. Its particle-based nature allows simulating small scale
phenomena, while mass conservation is trivially satisfied. Recent
works have addressed the performance issues of incompressible
simulations, turning SPH into a competitive tool to model hydrodynamic effects. For instance, [Solenthaler and Pajarola 2009] has
presented a prediction-correction method to eliminate compression
artifacts efficiently. Other improvements in this context have been
presented in [Bodin et al. 2011; Raveendran et al. 2011]. In addition, the efficiency of SPH can be further improved by including multi-scale concepts [Adams et al. 2007; Solenthaler and Gross
2011] and elaborated data structures for neighbor queries [Ihmsen
et al. 2011].
The interesting fluid behavior, however, emerges when rigid objects are added to a simulation (see Figure 1). While the two-way
coupling of particle-based fluids and solids seems to be straightforward, there is no general agreement how this should be handled.
On one hand, the coupling has to cope with particle deficiency issues at the boundary in order to prevent spatial and temporal discontinuities of physical properties of the particles and sticking artifacts [Ihmsen et al. 2010] (see Figure 2). On the other hand, lower
dimensional geometries, e.g. thin structures and non-manifold surfaces, as well as constrained rigid bodies should be supported. This
work addresses these open issues. In the remainder of this section,
we first discuss existing methods for treating boundaries in SPH
(Section 1.1) as well as for rigid-fluid coupling (Section 1.2), and
then highlight our contribution (Section 1.3).

1.1

Boundary Handling in SPH

For SPH boundary handling, distance-based penalty methods with
boundary particles have been commonly used [Müller et al. 2004;
Monaghan 2005; Harada et al. 2007; Monaghan and Kajtar 2009].
These approaches, however, require large penalty forces that restrict
the time step. Furthermore, particles tend to stick to the boundary
due to the lack of fluid neighbors. In [Harada et al. 2007], this
problem is alleviated by employing a wall weight function for approximating density contributions for planar boundaries.
The sticking of particles is avoided with frozen and ghost particles

based models, e.g. [Libersky and Petschek 1991; Hu and Adams
2006]. Frozen particles are fluid particles which are constrained
to static positions, whereas ghost particles are mirrored across the
boundary on the fly. In order to guarantee non-penetration, either
more than one layer of frozen particles should be used [Dalrymple
and Knio 2001], or the positions of penetrating particles should be
corrected [Ihmsen et al. 2010]. Since this class of methods samples
the boundary with fluid particles, the relevant field variables can be
well approximated with SPH. This results in continuous pressure
gradients, which consequently prevents sticking of fluid particles
to the boundaries. However, handling the interaction of the fluid
with thin shells is problematic in these approaches since the elevated density on one side of a boundary particle affects potential
fluid particles on the other side. The interaction of fluids with deformable thin shells has been demonstrated in [Lenaerts and Dutré
2008] with additional distance-based non-symmetric forces to prevent the penetration of fluid particles.
Alternative to particles, boundaries can also be efficiently represented with triangles. In this case, however, it is challenging to
handle discontinuous surface normals and non-manifold structures
that cause spatial and temporal discontinuities of the fluid properties.

1.2

Two-Way Fluid-Rigid Coupling in SPH

For the two-way coupling of SPH fluids and rigid bodies, only few
approaches have been proposed so far. In [Clavet et al. 2005], the
fluid is considered as a collection of rigid spheres exchanging impulses with surrounding rigid bodies. In [Oger et al. 2006; Keiser
et al. 2006], the pressure at the boundary is taken into account for
two-way coupled fluid-rigid interaction. In those models, however, dynamic forces, e.g. viscosity, are neglected. More recently,
an impulse-based approach for simulating the two-way coupling
of SPH fluids with particle-based rigid bodies has been proposed
in [Oh et al. 2009]. This approach, however, is not purely based on
hydrodynamic forces, relies on normal information for rigid bodies,
and does not guarantee non-penetration for thin shells.
In [Becker et al. 2009b], direct forcing has been employed for
both one- and two-way fluid-rigid coupling. This method uses a
predictor-corrector scheme to compute forces that constrain particle
positions and velocities to specific values. Non-penetration is guaranteed by using position correction. Different slip conditions are
realized by including a non-symmetric friction model. The position
correction and the non-symmetric friction forces are, however, not
momentum-conserving. Another issue is that timestep-dependent
operations are used that require careful parameter evaluation for
each setup. Finally, it requires two additional neighbor queries for
two-way coupling, which is rather expensive. This method has not
yet been extended to handle the interaction of a particular fluid particle with multiple rigid bodies or the simultaneous contact among
the bodies.
Particle-based fluid and deformable object interaction has been presented in [Müller et al. 2004] where the coupling has been realized
with the Lennard-Jones potential, but without hydrodynamic forces.
Boundary particles are automatically generated per triangle based
on Gaussian quadrature. Deformations can also be computed with
SPH as shown in e.g. [Solenthaler et al. 2007; Lenaerts and Dutré
2008; Becker et al. 2009a]. This has been extended to simulate
porous flow in [Lenaerts et al. 2008]. Further, fluid-deformable interaction on GPUs has also been briefly discussed in [Allard et al.
2011].
There exist impressive two-way coupling approaches for Eulerian
and semi-Lagrangian schemes (e.g. [Carlson et al. 2004; Guendelman et al. 2005; Chentanez et al. 2006; Batty et al. 2007; Robinson-

Figure 2: Pressure profile of a box filled with particles where the
front side is clipped for illustration purposes. The fluid particle
pressures are color-coded and proportional to their red saturation. Black particles denote boundary particles. While [Becker
et al. 2009b] leads to pressure noise and sticking artifacts (left),
our method avoids these problems (right).

Mosher et al. 2008]), as well as for 2D heightfield models (e.g.
[Chentanez and Müller 2010]). A thorough discussion of these
methods is, however, beyond the scope of our paper.

1.3

Contributions

We present a novel, versatile method for the two-way coupling of
SPH fluids and rigid bodies. We use boundary particles to sample the surface of rigid objects, which has several benefits. First,
the use of particles allows us to derive a model that can cope with
different shapes, including lower-dimensional rigid bodies consisting of one layer (referred to as thin shells) or one line of boundary
particles (referred to as rods), as well as non-manifold geometries.
Second, the inclusion of boundary particles successfully alleviates
the particle deficiency problem of SPH near boundaries, preventing
density (and consequently pressure) discontinuities at the boundary
and particle sticking artifacts.
Our model addresses the problem of inhomogeneous particle sampling at the boundary by deriving new equations that consider the
relative contribution of a boundary particle to a physical quantity.
This does not only facilitate the particle initialization at complex
boundaries, but also enables the use of multiple dynamic objects
where the boundary sampling in the neighborhood may change due
to contacts. A friction model is additionally included to simulate
various slip conditions and drag effects. All pressure and viscous forces that are applied between fluid and boundary particles
are symmetric, conserving linear and angular momentum. The approach is designed such that even very large density ratios between
fluids and rigid bodies can be handled.

2

Fluid-Rigid Coupling

This section starts with a brief introduction of SPH in Section 2.1,
followed by a description of our scheme for a corrected density
computation at the rigid-fluid interface in Section 2.2. Sections
2.3 and 2.4 describe novel pressure and friction forces for pairs of
boundary and fluid particles, while Section 2.5 discusses the overall
forces and the symmetry of these forces.

2.1

SPH Concept

In SPH, a generic field variable A at position xi is approximated
using a finite set of sampling points xj located within a distance
kxi − xj k < h as
A(xi ) =

X
j

Vj Aj W (xi − xj , h),

(1)

where Vj is the volume represented at xj and W (xi − xj , h), also
written as Wij , denotes a Gaussian like kernel function with support radius h. The derivatives of A can be computed by using the
derivatives of W in the interpolation.
In SPH simulations, density is one of the essential field variables
that is used to compute pressure and viscosity forces. For this purpose, the density summation approach is commonly used, which
reads as
X
X
ρi =
Vj ρj Wij =
mj Wij .
(2)
j

j

In order to compute the pressure from the density, we either employ PCISPH [Solenthaler and Pajarola 2009] or WCSPH [Monaghan 2005; Becker and Teschner 2007]. The employed pressure
and viscosity forces are based on [Monaghan 2005]. For generating surface tension effects, we rely on [Becker and Teschner 2007].
Finally, for simulating multiphase fluids, we use [Solenthaler and
Pajarola 2008].

2.2

Corrected Density Computation

The density summation approach (2) approximates the density of a
fluid particle correctly only if a particle is spherically surrounded by
particles with the same initial density. Therefore, densities of fluid
particles near the boundaries are underestimated. In order to alleviate this underestimation, we apply the Shepard filter [Panizzo 2004]
to the density field. Even though this simple correction scheme significantly improves the situation, the density gradient still remains
discontinuous near the boundaries. Additionally, since the particles near the boundaries do not have neighbors that spherically surround them, forces on such particles constrain their movements to
the boundaries, which causes sticking artifacts. To avoid this problem, we take the neighboring boundary particles into account when
computing densities and forces for fluid particles, similar to [Ihmsen et al. 2010].
Since we focus on the interaction of fluids with non-deformable
rigid bodies without melting effects, particles do not necessarily
need to be generated inside a rigid. Therefore, we generate particles as a single layer at the surface similar to [Bell et al. 2005;
Becker et al. 2009a; Ihmsen et al. 2010]. This approach saves
memory and improves performance. The particle representations
of rigid bodies in the framework are computed either directly (e.g.
for analytical shapes) or from mesh representations. Particle representations of triangle meshes are generated based on [Bell et al.
2005], which permits placing particles at an arbitrary offset to the
surface mesh and yields a quite homogenous sampling. However,
at high-curvature regions of the mesh, the particle distribution usually remains non-homogenous, resulting in a denser sampling in
such areas (e.g., see Figure 3). We observed similar issues using
the remeshing algorithm of [Botsch and Kobbelt 2004] and placing
particles at the vertex positions. Fortunately, neither of the algorithms results in undersampled regions. Now, we can say that each
boundary particle bi represents a volume Vbi at the surface of a
rigid:
mbi
mbi
Vbi =
= P
,
ρ bi
m
bk Wik
k
where k denotes boundary particle neighbors. In [Solenthaler and
Pajarola 2008], it has been shown that the density summation approach in (2) causes stability issues for large density ratios due to
erroneous density estimations for particles at the interface. Therefore, the density of a fluid particle can be written as
ρfi = mfi

X
j

Wij + mfi

X
k

Wik ,

(3)

Figure 3: A frigate is sailing on wavy sea. The right image shows
the irregular sampling of boundary particles.

where j denotes fluid particle neighbors. Applying this idea to the
volume of a boundary particle results in
Vbi =

mbi

m
Pbi

k Wik

=

1
,
δbi

(4)

P
with δbi =
k Wik . Finally, (4) implies that the volume of a
boundary particle gets smaller for densely sampled areas and larger
for sparsely sampled areas. We now derive the fluid density computation based on the boundary particle volume Vbi .
Even though (3) addresses discontinuities for uniformly sampled
particles, it does not account for a variable sampling of particles.
Therefore, since the homogeneity of rigid sampling is not guaranteed, (3) causes fluid particles to get large contributions from overly
sampled regions. Those overestimated densities cause large pressure forces and therefore stability issues. This is due to the fact that
the contribution of boundary particles in (3) does not consider the
volume of a particle. This contradicts with the SPH concept, where
the contribution of a particle in the approximation of any field variable should be governed by its volume (see (1)). Therefore, we
write the contribution of a boundary particle to a fluid particle by
taking the volume of the boundary particle into account as
Ψbi (ρ0 ) = ρ0 Vbi ,

(5)

where ρ0 denotes the rest density of the fluid that the rigid is interacting with. Finally, the corrected density of a fluid particle can be
written in the form
X
X
ρfi = mfi
Wij +
(6)
Ψbk (ρ0i )Wik ,
j

k

which computes the densities correctly regardless of the boundary particle sampling. Note that Ψb increases the contributions of
boundary particles by the amount of the volume ratio of boundary and fluid particles in a uniformly sampled case (by a factor of
∼ 1.4). Since Gaussian like kernels are commonly used for SPH
simulations, the weight of the next layer of particles is significantly
lower compared to the closer layer. Therefore, using a single layer
of boundary particles with (6) and taking the missing particles into
account in (5) is a decent approximation in practice. See Figure
4 for an illustration of the particle contributions. Our approach updates the contributions of boundary particles for changing boundary
configurations with a minimal influence on the fluid particles that
are in contact with the boundary. We experimentally verified that
even dynamically moving and overlapping boundaries can be handled, which is illustrated in the video corresponding to Figure 5,
left.
Even though boundary particles are precomputed, a boundary particle is included in the simulation only if it is in the neighborhood of
a fluid particle, similar to [Ihmsen et al. 2010]. For moving boundary particles and all neighboring boundary particles, the represented

Figure 5: Handling of overlapping boundaries (left). The negligible interaction of fluid particles on opposite sides of a thin shell
(right). Pressures on particles are proportional to their red saturation, black particles denote boundary particles, front side of the
box is clipped to make the fluid visible.
Figure 4: Color-coded contributions of boundary particles for two
ragdolls with different poses. Black and white particles represent
large and small contributions, respectively. The contribution is
defined by the particular sampling density. Please note, e.g., the
smaller contribution of rigid parts in contact.

particle volumes are recomputed for handling the case of overlapping object parts or objects in close proximity (e.g. for dynamic or
kinematic rigid bodies).

2.3

Boundary-Fluid Pressure Force

In SPH, the pressure force between two particles can be directly
derived as


pj
Fpi←j = −mi mj
∇Wij ,
(7)
ρi ρj
where p denotes pressure of a particle [Monaghan 2005]. For purely
incompressible flow one can say that,
lim (ρi − ρj ) = 0

η→0

and

lim (pi − pj ) = 0

η→0

where η denotes the density fluctuation of the fluid. Therefore, for
weakly compressible fluids, we can assume that ρi ≈ ρj and pi ≈
pj . Consequently, (7) can be approximated as
 
px
∇Wij ,
(8)
Fpi←j = −mi mj
ρ2x
where x can be either i or j. A similar assumption has been also
used in the derivation of PCISPH [Solenthaler and Pajarola 2009].
In practice, the applied pressure from fluid to some region of the
rigid does not have any kinematic influence on the nearby fluid particles. Based on this fact, we write the pressure force applied from
a boundary particle bj to a fluid particle fi as
!
pfi
p
Ffi ←bj = −mfi Ψbj (ρ0i )
∇Wij ,
(9)
ρ2fi
by substituting mj with Ψbj (ρ0i ) as done in (6), and using the fluid
particle’s density and pressure only. The symmetric pressure force
from a fluid particle to a boundary particle is
Fpbj ←fi = −Fpfi ←bj .

(10)

In (9) and (10), the idea is making use of a fluid particle’s own
pressure when computing the boundary force. Magnitudes of the
boundary forces are based on the pressure of the fluid particle,
which increases as the particle gets closer to a boundary. Since the
pressure of a fluid particle near a boundary would result in a pressure force to the boundary, that force can be counteracted by a force
that is proportional to the pressure of the fluid particle. Therefore,

this formulation eliminates sticking artifacts and prevents penetration of fluid particles to the boundaries without using extra forces
or position correction. It also eliminates the need for normal information for our boundary particles. Additionally, densities and
pressures for boundary particles are not required.

2.4

Boundary-Fluid Friction Force

Inspired by the viscosity-based friction model proposed in [Müller
et al. 2004], friction between interacting fluid and boundary particles is generated by employing the laminar artificial viscosity model
used in [Monaghan 2005; Becker and Teschner 2007]. It is written
as


max(vij · xij , 0)
Πij = −ν
,
(11)
|xij |2 + h2
s
with the viscous factor ν = ρ2αhc
, where α is the viscosity coni +ρj
stant, cs denotes the speed of the numerical propagation, vij =
vi − vj , xij = xi − xj , and  = 0.01 is used to avoid singularities
for |xij | = 0. Finally, the viscosity force between two particles can
be computed as

Fvi←j = −mi mj Πij ∇Wij .

(12)

Based on (12), we define the viscosity force from a boundary particle to a fluid particle as
Fvfi ←bj = −mfi Ψbj (ρ0i )Πij ∇Wij ,

(13)

with the reformulated viscous factor
ν=

σhcs
,
2ρfi

(14)

where σ is the viscosity coefficient between fluid and rigid. From
(14), ρbi is eliminated based on the same assumption that was used
when deriving (9). When computing the viscosity force, the velocity of a boundary particle can be easily computed based on the
kinematic properties of the rigid body it belongs to.
The symmetric friction force from a fluid particle to a boundary
particle can be written as
Fvbj ←fi = −Fvfi ←bj .

(15)

(15) results in drag effects on the rigid (see Figure 6). This idea was
also presented in [Becker et al. 2009b]. However, in their work,
friction forces are not momentum-conserving.

2.5

Total Force and Force Symmetry

Our boundary particles are transformed based on the position and
orientation returned by the rigid solver before computing all relevant forces. Based on the derived forces, the total boundary force

Figure 6: Two spheres with different fluid viscosities (σ = 0 for
yellow and σ = 8 for red) are dragged differently by the vortex.
Fluid particles are colored according to speed where blue denotes
slow particles. The curves visualize the trajectories of the spheres.

acting on a fluid particle and the total force acting on a boundary
particle from its fluid neighbors can be written as
Ftotal
fi

=

X

=

X


Fpfi ←bj + Fvfi ←bj ,

j

Ftotal
bi

Algorithm 1 Simulation update with our boundary handling model
1: while animating do
2:
foreach moving-rigid-body i do
3:
synchronize boundary particles with rigid body state
4:
foreach fluid-particle i do
5:
find fluid and boundary neighbors
6:
activate neighboring boundary particles
7:
foreach fluid-particle i do
8:
compute density ρi (t)
9:
compute pressure pi (t) (e.g. WCSPH, PCISPH)
10:
foreach fluid-particle i do
11:
add fluid forces Fp,ν,c,ext
(t)
i
12:
add forces exerted by boundary particles Ftotal
fi
13:
foreach active-boundary-particle i do
total
14:
add forces exerted by fluid particles Fbi
15:
foreach rigid-body i do
16:
compute the total force exerted by fluids Frigidi
17:
compute the total torque exerted by fluids τrigidi
18:
foreach fluid-particle i do
19:
update xi , vi
20:
update rigid bodies (e.g. Bullet)
21: end while


Fpbi ←fj + Fvbi ←fj .

j

4
Since the pairwise forces between particles are symmetric (i.e.
Fpfi ←bj + Fpbi ←fj = 0 and Fvfi ←bj + Fvbi ←fj = 0), the
total
Pand viscosity forces are symmetric as well, i.e.
P boundary
total
.
= i Ftotal
bi
i Ffi
Afterwards, for each boundary particle i which belongs to a dynamic rigid and has a fluid neighborhood, Ftotal
is converted to
bi
total force and torque for the rigid body as
Frigid

=

X

=

X
(xi − xcm ) × Ftotal
,
bi

Ftotal
,
bi

i

τrigid

i

where xcm is the center of mass of the rigid body, and xi is the position of a boundary particle. Finally, Frigid and τrigid are applied
to the rigid body.

3

Implementation Details

For the SPH interpolations, we employ the cubic spline kernel [Monaghan 2005]. We use the Euler-Cromer scheme for time
integration. We further employ the adaptive time-stepping schemes
explained in [Monaghan and Kos 1999] for WCSPH, and [Ihmsen
et al. 2010] for PCISPH, where the shock handling criteria in the
latter is also added to the former. We also included the velocities of
boundary particles inside the time step estimation criteria so as to
prevent fluid particles from passing through (i.e. tunnelling). Even
though we presented all underlying equations based on Monaghan’s
pressure and viscosity terms [Monaghan 2005], the same assumptions that we used in our derivations can be applied to different
formulations as well, e.g. the force terms in [Müller et al. 2003].
We used Bullet [Coumans 2011] for simulating rigid bodies. However, because of the clear fluid-rigid solver decoupling, any rigid
solver might be used as well. For finding neighboring particles,
we employed compact hashing as proposed in [Ihmsen et al. 2011].
The application of our two-way coupling approach to SPH is presented in Algorithm 1.

Results

In this section, we demonstrate the versatility of our approach
in various simulation settings. If not stated otherwise, we used
PCISPH [Solenthaler and Pajarola 2009] as the basic fluid simulation model, where the maximum permissible degree of compression was kept at 1%. In our simulations, we used different particle
radii r for different scenarios. The SPH smoothing length was always chosen as 4r. All simulated fluids had low laminar viscosity
(α = 0.01) and surface tension (κ = 0.05), which were determined
experimentally to approach the behavior of water. The employed
adaptive time-stepping schemes produced time steps roughly between 10−2 and 10−4 . For all scenes, the computation overhead of
the rigid-fluid coupling was mainly between 5-10%. The overhead
varied based on the number of fluid-boundary particle pairs. The
overhead of the rigid body simulation was usually below 1%. Fluid
surfaces were generated using a parallelized implementation [Akinci et al. 2012] of the method proposed in [Solenthaler et al.
2007]. Renderings were done using mental ray v3.9.4 [NVIDIA
ARC 2011]. The simulations and renderings were run on an Intel Xeon X5690 with 12 GB RAM. Average computation time per
frame (note that for one frame several simulation steps are computed) was 1 second to 1.5 minutes depending on the complexity of
the presented scene. These timings exclude surface reconstruction
and rendering.
We firstly compare our approach to [Becker et al. 2009b] in a simple
kg
setting where a cube with density 400 m
3 was dropped into a conkg
tainer with 200K fluid particles that have a rest density of 1000 m
3.
We used WCSPH in this example. In contrast to [Becker et al.
2009b], our pairwise forces are symmetric. One frame could be
computed in 6 seconds on average with our model, compared to 36
seconds with [Becker et al. 2009b]. The reasons are twofold; our
boundary handling allows to use larger time steps (in this experiment three times larger on average), and it does not require additional neighbor queries. This experiment is included in the video
corresponding to Figure 7, top-left.
Our viscosity model can simulate drag effects. This is shown in
Figure 6 where two spheres with different fluid viscosities were
dropped into a whirlpool. The sphere with zero viscosity moved
faster to the center of the vortex, while the sphere with high vis-

Figure 8: Handling of lower dimensional objects. The right image shows the underlying particles. Note that planes and rods are
modeled with single particle layers.

Figure 7: The simulation setting used for the comparison
to [Becker et al. 2009b], where a cube is dropped into water (topleft). The setting for testing different slip conditions (top-right). Six
balls with different densities were included in a multi-fluid simulation (bottom-left). Thin shells of different densities, each of them
represented by a single particle layer (bottom-right) .

cosity was dragged by the velocity field of the fluid. In the video
corresponding to Figure 7, top-right, we further show in a simple
setting that the symmetric force can be used to generate friction on
the fluid particles.
One main advantage of our method is that the interaction with lower
dimensional rigid bodies can be simulated. Figure 8 shows an example where rods and planes, sampled by a single layer of boundary particles, were dropped into a fluid with 300K particles. Further, we dropped ragdolls that are modeled by multiple capsules
connected with different constraints. Even in such challenging scenarios, our two-way coupling approach produces plausible results.
Related to the previous example, Figure 7, bottom-right, shows that
our approach is able to interact with shell-like structures without
interpenetration. In this scene, three cylindrical shells with different densities (which were represented with one layer of boundary
particles) interacted with 200K fluid particles.
In order to show that our approach works with multiphase fluids, we
simulated two fluids with a density ratio of 1:3 and several spheres
with different densities (see Figure 7, bottom-left).

Figure 9: From left to right, the density of a sphere was slowly
kg
kg
increased from 1 m
3 to 50000 m3 .
kg
kg
600 m
3 and 1500 m3 , respectively. Due to their different densities,
primitives interacted differently with the flow that was simulated
with up to 2.5M particles (see Figure 11). Finally we show a
complex scenario with various rigid objects (see Figure 1). In this
scene, two boats filled with ragdolls were dropped into a river like
flow. While the second boat was floating, we collapsed the bridge
by removing the constraints on both sides of the bridge. Up to 6M
fluid particles were used in this simulation.

5

Discussion and Future Work

In our simulations, we generated boundary particles for all rigid
bodies including static planar objects (e.g. water containers). For
such regions, it would be more efficient to use a wall weight function to approximate the density and force contributions, as done in
[Harada et al. 2007]. For complex boundaries with varying triangle
size or in non-manifold regions, however, defining a wall weight
function is difficult. In those cases, the triangle mesh should be
remeshed to get a nearly isotropic triangle distribution. Our boundary particles can be related to such an isotropic triangle mesh, without topology and normal information.
Our approach computes boundary forces based on the pressure of

Our approach can handle large density ratios between fluid and rigid
bodies. A scene is illustrated in Figure 9, where a sphere with variable density interacted with 90K fluid particles. The density of the
kg
kg
kg
kg
sphere was changed from 1 m
3 to 10 m3 , 100 m3 and 500 m3 . Note
that at this point of the sequence, exactly half of the sphere was below the water surface. Finally, the sphere density was changed to
kg
50000 m
3.
A more complex ragdoll example is shown in Figure 10 where 2M
fluid particles were used. Due to the dynamics of the individual
rigid parts of the ragdoll, the boundary particle sampling can dynamically change in the neighborhood of a fluid particle. The sampling density is, however, considered in our equations so that discontinuities and large forces are prevented. Furthermore, we show
a non-uniformly sampled frigate traveling on wavy sea that was
simulated using 4M particles (see Figure 3).
In another high resolution example, two towers were modeled using cubes and cylinders. Each cylinder and cube had a density of

Figure 10: Dynamically moving rigid bodies in close proximity can
change the sampling density in neighborhood of a fluid particle.
Since our method takes variable boundary sampling into account,
discontinuous forces are prevented.

Figure 11: The approaching water collapses two towers that were modeled by individual cylinders and cubes of different densities.

fluid particles. While the boundary forces are appropriate for incompressible and weakly compressible fluids, the forces might not
be sufficient to prevent interpenetrations when used with compressible fluids. This is particularly the case, if the computed pressure
based on a certain density is much smaller for a compressible fluid
compared to an incompressible fluid. Further, our approach is limited in terms of a minimal object size that can be handled. The
diameter of rods and the thickness of shells cannot be smaller than
the diameter of a fluid particle. Thus, the minimum possible object size is defined by the fluid particle resolution. Another issue of
our approach is the interaction of fluid particles on opposite sides
of thin boundaries. Due to the coupling of minimal thickness of
boundaries and particle resolution, these interactions hardly influence the behavior of the fluid as demonstrated in the video corresponding to Figure 5, right. For improperly large time steps (that
are larger than what is estimated by the employed adaptive timestepping schemes), fluid particle tunneling may occur. However,
this is a general problem that also exists for fluid-fluid interaction.

fluid-rigid coupling. While particle-based solvers offer the benefit that complex boundaries can be handled in a simple way, there is
no general agreement how solid-fluid interaction should be handled.
Compared to existing techniques like frozen or ghost particles, direct mesh interaction, or penalty forces, our method offers several
benefits: Sampling the solids with our proposed boundary particles allows including thin and non-manifold geometries into simulations, since normal information is not needed. Our method does
not require a uniform boundary sampling, which facilitates the particle initialization, especially when dealing with complex geometries. Our solution does not only account for the inhomogeneous
sampling, but also considers density (and consequently pressure)
discontinuities at the boundary as well as symmetry of the forces.
Overall, our method adheres to the concept of SPH, is efficient to
compute, and allows versatile fluid-rigid coupling.

We generated the boundary particles such that they are completely
enclosed by the rigid. Generating boundary particles exactly at the
surface would cause stability issues when fluid particles stuck between two layers of overlapping boundary particles. These issues
could be prevented by detecting such fluid particles and treating
them differently. In our approach, fluid particles are not immediately updated after the collisions in the final rigid update of Algorithm 1. However, in the next iteration, based on the updated
position of the rigid, forces are generated, and the fluid particles
are updated. Although our approach outperforms the global approach in [Becker et al. 2009b], we believe that the investigation of
alternative global approaches for a simultaneous coupling similar
to [Chentanez et al. 2006] is a very promising direction for future
research in particle-based fluids.

This project is supported by the German Research Foundation
(DFG) under contract numbers SFB TR8 and TE 632/1. We would
like to thank NVIDIA ARC GmbH for their support, Jens Cornelis
for his various helps during the project and the reviewers for valuable suggestions that helped to improve the manuscript. The frigate
model is courtesy of www.thefree3dmodels.com.

Our method could also be integrated into previously presented SPH
frameworks. One way to employ our approach in [Solenthaler
and Gross 2011] would be using two boundary samplings, one
for the low resolution simulation and another for the high resolution simulation. Our approach could further be extended to model
the two-way coupling of SPH and deformable objects. In case of
large deformations, however, potential sampling gaps have to be
addressed. Existing unified SPH models such as [Solenthaler et al.
2007; Lenaerts and Dutré 2008] could be used in combination with
our model to simulate the interaction of fluid, rigid and deformable
models, including thin shells such as cloth.
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Conclusion

We presented a novel boundary handling method for incompressible SPH fluids that is applicable to both one-way and two-way
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