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Abstract. We develop a coupling method to solve airbag deployment problems where
a large-deformable thin structure moves in a high-speed flow field and inflation of the
airbag influences variation of the interior and exterior fluid pressures. We have proposed
a partitioned-solution coupling method based on a fixed Eulerian mesh with the level set
function to predict the interior pressure distribution of an airbag. However it is necessary
to include the effect of the exterior air because passenger’s eardrum-splitting results from
rapid variation of the exterior pressure. As a large-deformation fluid-structure interaction
problem, we deal with a coupled problem of a gas flow and an unfolded airbag. It is
confirmed that the moving airbag decreases the exterior fluid pressure and the vertical
velocity of the airbag becomes larger accordingly.

1 INTRODUCTION

Highly accurate analyses of mechanical interactions such as fluid-structure interactions
(FSI) are important for elucidating complex physical phenomena in fields such as au-
tomotive engineering, civil engineering, aerodynamics, and biomechanics. Various FSI
simulation methods have recently been developed and applied1. This study describes a
fluid-structure coupling method for application to large-deformation FSI problems such as
airbag deployment simulations where accurate simulation is necessary for human safety.
After car impact, a high-speed inviscid compressible air flow, with high density and high
pressure, enters an airbag rapidly and inflates it due to aerodynamic force.
We have proposed a partitioned-solution (iterative-staggered) coupling method based

on a fixed Eulerian mesh with the level set function to predict the interior pressure distri-
bution of an airbag2. Various Lagrangian-Eulerian coupling methods have recently been
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developed3,4,5,6. As the difference from these methods, our algorithm has characteristics
of generation of the accurate level set function and application of Dirichlet boundary
conditions for the fluid solver by using the level set function and the derivatives so as to
satisfy the kinematic condition.
It is necessary to include the effect of the exterior air because passenger’s eardrum-

splitting results from rapid variation of the exterior pressure. In this study, we develop
a coupling method to solve airbag deployment problems where a large-deformable thin
structure moves in a high-speed flow field and inflation of the airbag influences variation
of the interior and exterior fluid pressures.

2 GOVERNING EQUATIONS

The structure is assumed to be compressible and elastic. The equations of motion,
using a Lagrangian description, are employed to obtain the displacement u, velocity v,
and acceleration a. The material is specified by giving the second Piola-Kirchhoff stress
tensor according to the constitutive law for St. Venant-Kirchhoff materials.
The fluid is assumed to be a compressible, inviscid, and adiabatic ideal gas. The conti-

nuity equation, equations of motion, and pressure equation, using an Eulerian description,
are employed to obtain the density ρ, velocity v, and pressure p. In this study, it is nec-
essary to obtain the derivatives of these fluid variables to enable use of the constrained
interpolation profile finite element method (CIP-FEM)7.
The boundary conditions at the fluid-structure interface are kinematic and dynamic

coupling conditions. Because no mass flow across the interface is assumed, the normal
velocities at the interface must match. The kinematic condition is

n · vf = n · dus
dt

(1)

where n is the unit vector normal to the interface, vf is the fluid velocity, and us is the
structural displacement. It is necessary for the traction vectors to be equal so as to enforce
equilibrium of forces at the fluid-structure interface. The dynamic conditions are

−pn = n · T s (2)

where T s is the structural Cauchy stress tensor.

3 COMPUTATIONAL METHODS

Figure 1 shows a schematic diagram of the computational domains and meshes. The
computational domains consist of the involved physical fluid domain Ωf, structural domain
Ωs, and the void (that is, fictitious fluid) domain Ωv. In the void domain, the Dirichlet
boundary conditions for the fluid variables are applied to satisfy the kinematic condition.
The computational meshes are divided into an overlapping, moving Lagrangian mesh for
the structural domain and a fixed Eulerian mesh for the fluid and void domains. As a
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Figure 1: Computational domains and meshes

structural mesh, we use the 4-node mixed interpolation of tensorial components (MITC)
shell elements by Dvorkin and Bathe8. As a fluid mesh, we use 8-node hexahedral elements
for the CIP-FEM7. Because the structure is assumed to be sufficiently thin, the mid-
surface of the structure corresponds to the fluid-structure interface Γi. The geometrical
shapes of the deformable mid-surface are represented as a zero isosurface of the level set
function φ(x) on the fluid mesh. In addition, the edges of the structure are always located
on the outside boundary of the fixed Eulerian mesh. Then the fluid domain Ωf and void
domain Ωv correspond to Ω+ and Ω− respectively.

φ(x) > 0 ∀x ∈ Ω+
φ(x) = 0 ∀x ∈ Γi
φ(x) < 0 ∀x ∈ Ω−

(3)

The algorithm uses block Gauss-Seidel coupling iterations and combines advanced Eu-
lerian fluid and Lagrangian structure solvers–specifically, the CIP method for the ad-
vection term of a fluid and the MITC shell elements for a large-deformable thin elastic
structure.
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Figure 2: Partitioned-solution coupling method (n: time step; (m): iteration)

We express the large-deformable interface as a zero isosurface of the level set function and
introduce an interface treatment technique to enforce the interfacial kinematic condition
for interior fluid domains. Figure 2 shows the algorithm of our conventional method2,
which is summarized as follows:

(A1) Obtain the traction

n · T s = −pn (4)

as the Neumann boundary conditions for the structural variables by interpolating
from the fluid pressures p(xIs ) at structural nodes x

I
s . The fluid pressures at the

structural nodes are

p(xIs ) '
(
ph(x

I
s ) on the fluid side

pv on the void side
(5)
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Figure 3: Computational domains

where ph(x
I
s ) denotes the moving least squares (MLS) approximation from the sam-

pling data of fluid pressure pJ , and pv is the pressure in the void domain. Compute
the structural displacement u, velocity v, and acceleration a.

(A2) Generate the level set function φ(x) on the fluid mesh and apply the Dirichlet
boundary conditions for the fluid variables in the void domain using the level set
function and the derivatives.

(A3) Compute the fluid density ρ, velocity v, and pressure p.

(A4) If the velocities at all fluid and structural nodes converge, proceed to the next time
step.

In this study, we handle the fluid domains on both sides of the structure (Fig. 3, upper
figure) so that we can predict pressure variation on the outside. Computation for the
fluid domains is separated into interior and exterior fluid steps (Fig. 3, lower figures). To
obtain the fluid variables on the inside of the structure, we follow the above-mentioned
coupling method. To obtain the fluid variables on the outside of the structure, we reverse
the sign of the level set function that has been already obtained (−φ(x)→ φ(x)) and the
Dirichlet boundary conditions for the exterior fluid variables are provided in the interior
void domain. As shown in Fig. 4, two steps (B4) and (B5) are added to Fig. 2. The
algorithm of the new coupling method is summarized as follows:

(B1) Obtain the traction as the Neumann boundary conditions for the structural variables
by interpolating from the fluid pressures p(xIs ) at structural nodes x

I
s . The fluid
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Figure 4: Partitioned-solution coupling method (n: time step; (m): iteration)

pressures at the structural nodes are

p(xIs ) '
(
(pin)h(x

I
s ) on the fluid side

(pex)h(x
I
s ) on the void side

(6)

where (pin)h(x
I
s ) and (pex)h(x

I
s ) denote the MLS approximations from the sampling

data of interior and exterior fluid pressures pJ respectively. Compute the structural

6



Gaku Hashimoto and Kenji Ono

Figure 5: 3D analysis models of an air/thin-elastic-structure (airbag) system

displacement u, velocity v, and acceleration a.

(B2) Generate the level set function φ(x) on the fluid mesh and apply the Dirichlet
boundary conditions for the interior fluid variables in the exterior void domain
using the level set function.

(B3) Compute the interior fluid density ρ, velocity v, and pressure p.

(B4) Reverse the sign of the level set function φ(x) on the fluid mesh and apply the
Dirichlet boundary conditions for the exterior fluid variables in the interior void
domain using the level set function and the derivatives.

(B5) Compute the exterior fluid density ρ, velocity v, and pressure p.

(B6) If the velocities at all fluid and structural nodes converge, proceed to the next time
step.

3.1 NUMERICAL RESULTS AND DISCUSSION

Figure 5 shows 3D analysis models of stationary air and a flat airbag. Case 1 is an
analysis model for the fluid domain on the inside of the airbag (Fig. 5, upper figure), and
Case 2 is an analysis model for the fluid domains on both sides of the airbag (Fig. 5,
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Symbol Meaning Value
0ρ Initial density 1.3 kg/m3
0p Initial pressure 1.0 atm
κ Specific heat ratio 1.4

ρinlet Inlet density 16.0 kg/m3

vinlet Inlet velocity 73.0 m/s
pinlet Inlet pressure 12.0 atm

Table 1: Parameters of air

Symbol Meaning Value
0ρ Initial density 1.0× 103 kg/m3
a Thickness 7.3× 10−4 m
E Young’s modulus 6.0× 109 Pa
ν Poisson’s ratio 0.3

Table 2: Parameters of elastic structure

Figure 6: Pressure contours and zero level set on the fluid mesh in Case 2 (the present method including

the effect of outside air)

lower figure). An air flow with high density and high pressure enters the flat airbag from
a bottom inlet. We set the geometry of this model and the parameters by referring to
the model data of 3D unfolded airbag deployment simulation by Cirak and Radovitzky3.
A symmetric boundary condition is applied on the left and front boundaries and a slip
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condition is applied on the bottom boundary except at the inlet. Tables 1 and 2 show the
parameters for the compressible inviscid air and a thin elastic structure. The void pressure
is 1.0 atm for Case 1. Figure 6 shows the pressure contours with a zero isoline of the level
set function on the fluid mesh for Case 2. The airbag inflates because aerodynamic force
acts on the top wall, and the side wall moves toward the center of the airbag. In Case 2,
an outflow of the exterior air decreases the exterior fluid pressure. As a result, the vertical
velocity at the center point of the airbag for Case 2 becomes larger than for Case 1.

4 CONCLUSIONS

We developed a partitioned-solution (iterative-staggered) coupling method to solve
airbag deployment problems where a large-deformable thin structure moves in a high-
speed flow field and inflation of the airbag influences variation of the interior and exterior
fluid pressures. In the coupled problem of a gas flow and an unfolded airbag, we confirmed
that the moving airbag decreases the exterior fluid pressure and the vertical velocity of
the airbag becomes larger accordingly.
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