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Development and Validation of an Air Spring
Multiphysical Model

F. Renno, S. Strano, M. Terzo

Abstract—This paper presents a multiphysical model of a
reversible sleeve air spring to be employed for design and
simulation purpose. A multiphysical approach, combining fluid
flow with solid mechanics, has been considered to study the
interaction between the fluid and the solid structure of the air
spring under different pressure conditions. Experimental tests
have been developed applying several compression loads to the
air spring and measuring the deformation and the reaction
force for different values of the initial pressure. An
experimental validation has been executed analyzing and
comparing the mechanical behaviour of the actual prototype
and the virtual model. In particular, the 3D deformation of the
air spring has been acquired by means of the Reverse
Engineering techniques and the results have been compared
with the simulated ones. Moreover, the experimental and
simulated air spring vertical stiffness have been matched in
order to verify the accuracy of the multiphysical model. The
validation procedure demonstrated that the simulation results
fitted the experimental ones for different testing conditions.

Index Terms— Air Spring, Multiphysics, CFD, Structural
Analysis, Reverse Engineering, FEM, Elastomers, Mooney-
Rivlin model

1. INTRODUCTION

NEUMATIC components, such as air springs, have long

been used as vibration isolation and levelling devices.
They are typically used when a higher spring rate in a
smaller package than can be provided by an equivalent steel
spring is required. Moreover, they represent a valid solution
for load levelling functions by adding or removing air. Air
Springs (AS) can be found in many types of vehicles, such
as automobiles, railway vehicles, buses, construction and
agricultural vehicles for which active and semi-active
vibration control systems are often adopted [1-2]. In large
truck applications, AS can be used for cab and seat
suspensions in addition to truck and trailer chassis
suspensions. An accurate air spring model represents a tool
functional to simulate and analyze the characteristics of air
springs under different load conditions and when they are
equipped in complex multibody systems [3-5]. Various
attempts have been done to build a more accurate model. A
nonlinear one dimensional air spring model, used for railway
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vehicles, was proposed by Berg [6, 7]. The empirical
formulas of various air springs [8-10] can be deduced by
means of a graphical method and related assumptions. But,
the accuracy of this method is too low due to the complex
geometry, the structure and the material. Currently, the
stiffness of an air spring is obtained mostly through
experiments. In recent years, several approaches [11-13]
have been used to analyze air springs [14]. Starting from
them, a Finite Element (FE) method to develop a new AS
model and a double validation procedure has been utilized
and described in this paper. The first has been a
“geometrical validation™ carried out by means of a Reverse
Engineering (RE) procedure. The second has been an
“experimental validation” performed with reference to the
vertical stiffness of the air spring.

Main target was to obtain an accurate Digital Mock-Up
(DMU) to be used in virtual environments to set and perform
multiphysical analyses. The Virtual Prototyping (VP)
techniques allow to create realistic and helpful models for
many types of simulations. Therefore, they are used in a lot
of fields such as computer graphics (videogames and
renderings), industrial, educational and medical. In the last
years, they are becoming very important for the design and
the development of the nuclear fusion plants [15-25]. One of
the most important among the VP techniques is the CAD
modeling that makes it easy to generate the leading actor for
each kind of simulation i.e. a virtual model characterized by
physical and mechanical properties. When it is not possible
to count on the original CAD model the RE techniques allow
to acquire the shapes of 3D objects and reconstruct them in
digital format. If their successive modification is needed (i.e.
to perform FEM analyses and optimizations), a complex
feature recognition phase, not free from errors, is required
[10]. According to the targets (i.e. quickness, precision, low
costs) it is possible to use contact or contactless systems.

So, the shape of a real air spring has been acquired,
reconstructed and matched with the FE model developed to
detect differences and similarities. Successively, the force-
displacement curves have been compared.

II. CASE STUDY

A. Air Spring Description

Air springs are designed and manufactured in various
shapes and sizes to meet a wide variety of applications. Two
common types are the convoluted or bellows and the
reversible sleeve or rolling lobe. A convoluted air spring
contains one or more lobes. A reversible sleeve type air
spring contains a piston on which the elastomeric material
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moves as the height of the air spring changes in relation to
load variations. In this work, a reversible sleeve air spring
has been considered for the multiphysical analysis.

DIAMETER

RUBBER
BELLOWS

AIR
INLET

Fig. 1. Air Spring scheme.

B. CFD and Multiphysical Approach

Computational Fluid Dynamics (CFD) allows to analyze
and, in some cases, solve problems that involve fluid flows.
It is used to simulate the interaction between liquids and
gases with surfaces by means of the definition of adequate
boundary conditions [26, 27]. The motion of fluids is ruled
by the Navier-Stokes equations (1). They link the fluid
viscosity (u), the fluid pressure (p), the fluid density (p), and
the fluid dynamic viscosity (#). The Navier-Stokes equations
were derived by Navier, Poisson, Saint-Venant, and Stokes
between 1827 and 1845 [28]. These equations are always
solved together with the continuity equation (2).

p(Z—?+u-Vu): —Vp+v-(u(Vu+(Vu)T)—§p(V-u)l+F o
dp
- +V-(pu) =0
at (ow) 2)

The Navier-Stokes equations represent the conservation of
momentum, whereas the continuity equation represents the
conservation of mass. The solution of these equations (if
possible) for a particular set of boundary conditions (such as
inlets, outlets, and walls) predicts the fluid velocity and its
pressure in a given geometry. Because of their complexity,
they only admit a limited number of analytical solutions.
However, several hypotheses on the compressibility or the
turbulence of flow can be assumed to simplify these
equations [26, 27]. For instance, when the Mach number is
very low, it is possible to assume that the flow is
incompressible i.e. the density is assumed to be constant and
the continuity equation becomes V-u = 0. Otherwise, for
more complex geometries it is needed to solve it
numerically. Besides, when it is necessary to consider the
deformations that a fluid can cause on an elastic structure,

multiphysical analyses can provide very interesting results.
A typical approach is based firstly on the computation of the
loads generated by the fluid and then to its application to the
elastic structure to determine its deformation. Otherwise, the
Fluid-Structure Interaction (FSI) study combines the laws of
fluid dynamics and structural mechanics allowing to study
the bi-directional influences between the fluid and the
object. So, when a structure is subject to a fluid flow, it can
be deformed by the stresses and strains generated. The
extension of these deformations, that depends on the
pressure and on the velocity of the flow, can be quite small
or in some cases very large [26, 27]. Besides, the material
used for the structure can strongly affect the results. In fact,
if it is characterized by a hyperelastic behaviour large
deformations are to be considered. Furthermore, it is
possible to analyze and define the effects of the

deformations of the structure on the fluid in order to
complete the evaluation of the behaviour of the whole
system.

III. CAD AND MULTIPHYSICAL MODELLING OF THE AIR
SPRING

A. RE of the Case Study

Starting point of the process was the 3D acquisition of the
air spring used as case study at atmospheric pressure to get
the original shape in a file format compatible with the CAD
and multiphysical environments. Thus, a set of laser
acquisitions was realized and the 3D CAD model of the air
spring was obtained (Fig.2).

(@) | (b) I

Fig. 2. Original (a) and reconstructed (b) models of the Air Spring used as
case study.

The system used for the RE process is a low-cost laser
scanner but it guaranteed the accuracy (* 0.5 mm) and the
resolution (0.9 mm) needed for the comparison of the results
obtained in different load conditions.

[l 30 AcauisiTioN
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PROFILE EXTRACTION
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Fig. 3. RE process for the reconstruction of the 3D model of the Air Spring.
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According to a typical RE process, after the digitizing phase
the point clouds were imported in a RE dedicated software.
The tessellated model was created and successively NURBS
surfaces were used to properly fit the acquired point clouds.
So, it was possible to create an accurate skin of the air spring
and then to define the needed references (points, axes and
datum planes) to extract the curves related to the profile of
the rubber bellows. In this way, the CAD model of the air
spring was created counting on accurate guide lines for the
sketch phase and for the successive solid modelling step
(Fig. 3). Particularly detailed was the reconstruction of the
rubber bellows. In fact, the correct analysis of the results
was based on the comparison between the original profile
and the deformed ones. This approach allowed to get a very
realistic  shape of the rubber bellows (without
approximations) and to improve the CAD and, especially,
the multiphysical modelling.

B. Multiphysical Model

A multiphysical approach, combining fluid flow with
solid mechanics, was considered to study the interaction
between the fluid and the solid structure of an air spring
suspension under different pressure conditions (Fluid-
Structure Interaction). Main target was to define how a fluid
(air) flow can deform the rubber bellows. The use of the
arbitrary Lagrangian-Eulerian (ALE) technique allows to
solve the problem for the flow in a continuously deforming
geometry. The fluid flow was formulated by means of an
Eulerian description, whereas the other components (studied
with solid mechanics), in particular the rubber bellows, were
expressed starting from a Lagrangian description [26]. To
simplify the problem a Single-phase Newtonian fluid and an
incompressible flow were considered. So, the fluid flow was
described by the incompressible Navier-Stokes equations for
the velocity field, u = (u, v), and the pressure p in the spatial
(deformed) moving coordinate system:

du

i [—pI + n(Vu+ (Vu))] + p((u—w,,) - V)u=F

(3)
-V-u=0 4)

In these equations, I is the unit diagonal matrix and F is the
volume force affecting the fluid. F=0 because no gravitation
or other volume forces on the fluid were considered. The
coordinate system velocity is um = (um, vm). The ALE
method handles the dynamics of the deforming geometry and
the moving boundaries with a moving grid. New mesh
coordinates are computed on the area based on the
movement of the structure’s boundaries and mesh smoothing
[26]. The Navier-Stokes equations that solve the flow are
formulated for these moving coordinates. The structural
mechanics portion of the model does not require the ALE
method, and it is solved in a fixed coordinate system as
usual. The structural deformations are solved by means of
elastic and nonlinear geometry formulations to allow large
deformations [26]. All the object boundaries are subject to a
load from the fluid given by:

Fr= —n- (—pl +n(Vu+ (Vu)” (5)

where n is the normal vector to the boundary. This load
represents a sum of pressure and viscous forces. So, the
Navier-Stokes equations are solved on a freely moving
deformed mesh, which constitutes the fluid domain. The
deformation of this mesh relative to the initial shape of the
domain is computed by means of the Winslow smoothing
[26].

Therefore, the Fluid-Structure Interaction (FSI) module of
the COMSOL Multiphysics software was used to determine
numerically the deformation of the rubber bellows of the air
spring, and then to compare it to the experimental solution
given by the RE techniques. A multiphysical model was
realized assuming a steady state study.

The CAD model created by means of the RE acquisitions
was imported into the COMSOL environment. Afterwards,
the selection of the materials was very important. For the
base and the top parts of the air spring, plastic was set and
the elastic behaviour was considered. As the rubber bellows
of the air spring is typically an elastomer and is subjected to
large deformations, a hyperelastic behaviour was simulated
for it according to the Mooney-Rivlin model (two
parameters) that is recommended in case of AS suspensions.
This kind of model describes the material’s stress-strain
relationship as a function of two empirically determined
constants. The knowledge of the Mooney-Rivlin constants
for a material is very important to perform finite element
modelling of elastomers. However, the determination of
these constants requires biaxial deformation of the material
and a measurement system to evaluate stress and strain in
this configuration [26].

Hyperelastic constitutive laws are recommended for
model materials that respond elastically when subjected to
very large strains. They are mainly used to model rubber-like
behaviour of polymers and foams subjected to reversible
deformations. Typical examples include rubber seals and
elastomer parts of shock and vibration control systems [27,
30] whose mathematical model are usually validated by
means of suitable experimental test rig [31-35].

The Navier-Stokes equations are characterized by a non-
linear term that is responsible for the transfer of kinetic
energy to the turbulent cascade. Only in some cases, such as
for the one-dimensional flow, they can be reduced to linear
equations. The nonlinearity, most of the time, causes the
difficulty or the impossibility to solve these equations. For
instance, even very small variations of pressure can
determine the “explosion” of the solution. In these cases, the
convergence is not possible. To try to avoid this problem it
is recommended to set up the multiphysics model
adequately, i.e. to build regular and detailed meshes, to use
appropriate solvers, to define the boundary conditions
properly and to choose the most suitable method to describe
and study the (elastic and hyperelastic) behaviour of the
materials.

So, the meshes realized in the COMSOL environment (Fig.
4(b)) were optimized and refined for fluid dynamic
problems.
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(a) (b)

Fig. 4. CAD model (a) and 3D mesh (b) of the Air Spring.

C. Multiphysical Analysis Results

Hereafter three kind of models are described and used for
the cases studied:

-- the (initial) “CAD model” i.e. the Digital Mock-Up of
the air spring;

--the “RE models” reconstructed by means of RE
processes starting from the acquisition of the air spring
deformed under different load conditions;

-- the “FEM models” obtained thanks to the multiphysics
approach defined in the COMSOL environment.

The CAD model described in the previous paragraph was
used to study the behaviour of the air spring under different
boundary conditions. It allowed to evaluate the von Mises
stresses and to determine the max deformation of the rubber
bellows at p = 2, 3, 4 bar respectively (Figs. 5-7).

At p = 2 bar there was the 0.9635 mm max deformation
depicted in Fig. 5. The black line shows the inner profile of
the (initial) CAD model of the rubber bellows used for the
analyses in the COMSOL environment.
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Fig. 5. Max displacement in x direction at p = 2 bar. Numerical result by
COMSOL multiphysics software. Shape deformation of the rubber bellows
evaluated respect to the CAD model of the Air Spring.

At p = 3 bar the 1.3784 max deformation shown in Fig. 6
was detected.
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Fig. 6. Max displacement in x direction at p = 3 bar. Numerical result by
COMSOL multiphysics software. Shape deformation of the rubber bellows
evaluated respect to the CAD model of the Air Spring.

At p = 4 bar the 1.7517 max deformation shown in Fig. 7
was detected. These values, calculated thanks to the
numerical approach followed in COMSOL multiphysics
software, will be then compared to the measurements of the
real profile of the air spring done by means of the RE
techniques to validate the results obtained.
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Fig. 7. Max displacement in x direction at p = 4 bar. Numerical result by

COMSOL multiphysics software. Shape deformation of the rubber bellows
evaluated respect to the CAD model of the Air Spring.

IV. MODEL VALIDATION AND RESULTS

A. Test Bench Description

Experimental tests have been developed with a specific
test bench that has allowed to apply a compression load to
the air spring, by measuring the deformation and the force
for different values of the initial pressure. Fig. 8 shows the
air spring (detailed view in Fig. 9), the hydraulic actuator
and the load cell for the compression force measurement. An
air compressor has been used for the initial pressure
regulation.

(Advance online publication: 24 May 2017)



Engineering Letters, 25:2, EL._25 2 10

Fig. 9. Detailed view of the test rig realized for the experimental analyses.

B. Evaluation of the deformation of the Rubber Bellows by
means of RE techniques

Three main analyses were set up. Starting from different
load conditions (p = 2, 3, 4 bar) the deformation of the
rubber bellows was acquired by means of the RE techniques.
The top and the bottom parts of the air spring were
constrained to the test rig in order to have an assigned
distance between it. The use of a portable laser scan allowed
to reach each zone of interest with an acceptable accuracy.

Fig. 10(a) shows the real profile of the air spring (p = 4
bar). Fig. 10(b) presents its deformed shape acquired by
means of the RE techniques. So, the measurement of the
deformation of the rubber bellows for different load
conditions allowed to obtain very accurate data for the
successive comparison with the numerical results given by
the multiphysical analysis.

(a) (b)

Fig. 10. Comparison between the real profile (a) of the air spring and the
model reconstructed (b) by means of the RE techniques.

To validate the procedure ideated the comparison between
the original shape (CAD model) of the rubber bellows and
the deformed profile was needed. The top and the bottom
part of the air spring on the test rig were constrained in order
to avoid their displacements in x, y, z directions and to
evaluate the “pure” deformation of the rubber bellows under
different load conditions. So, firstly the RE techniques were
used to digitalize the shape of the air spring without loads on
it except the atmospheric pressure (starting conditions), and
then to measure the deformation of the rubber bellows under
different load conditions (2, 3 and 4 bar). Afterwards, the
RE models were realized and the starting profile and the
reconstructed one were imported into the CAD environment
to calculate the distance between them. As an example, the
max distance evaluated by means of Rhinoceros software
between the reconstructed curve (blue) of the external
profile of the air spring and the original one (black) is shown
in Fig. 11, considering the p = 4 bar loading condition. So,
it was possible to estimate the max deformation value
(2.0979 mm) of the rubber bellows in the x direction (Fig.
11).
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X .
Fig. 11. Comparison realized in CAD environment between the

reconstructed curve (blue line) of the real profile of the air spring (p = 4
bar) and the original one.

Furthermore, the 3D comparison between the results of
the FEM analyses and the models reconstructed by means of
the Reverse Engineering techniques was realized to
complete the study. Fig. 12 shows the 3D models of the
configuration measured by means of the RE techniques and

(Advance online publication: 24 May 2017)



Engineering Letters, 25:2, EL._25 2 10

the FEM model obtained thanks to the multiphysics
approach. The 3D check allows to analyze the deviation
between the Measured Data and the Reference (gray model),
i.e. the FEM results, by projecting all paired points (point
clouds obtained by means of the RE process) onto the
Reference Data. So, the deviation is displayed with a color
map which helps to detect negative and positive peaks.

(a) (b)

Fig.12. “RE model” and “FEM model” used for the comparison between
the “measured” and the “calculated” geometries at the p = 4 bar pressure
condition.

Fig. 13 shows the distances between the entities of the
“FEM model” (gray) and of the “RE model” by means of
colours at the p = 4 bar condition. The detected gaps are
acceptable in terms of similarity of shapes and values
calculated and measured respectively, demonstrating the
validity of the procedure adopted and of the starting
hypotheses.

Fig. 13. Comparison realized in CAD environment between the FEM
model (gray) and the “RE model” of the air spring at p = 4 bar.

Similar results were obtained for the other pressure
conditions (2 and 3 bar) but for the sake of simplicity only
the outcomes obtained at p = 4 bar are shown.

C. Validation of Vertical Stiffness

The experimental measurements for the validation of the air
spring vertical stiffness provided by the numerical model
have been obtained with a load cell positioned between the

spring and the hydraulic actuator, a displacement sensor and
a pressure sensor for the air spring internal pressure
measurement. The simulated and experimental vertical
stiffness of the air spring have been compared in order to
verify the accuracy of the model. In particular, the model
validation has been realized considering the vertical static
stiffness, which represents the spring behaviour under static
load. Figs. 14-16 show the force-displacement curves of the
air spring obtained under different given initial air pressures.
In these curves, the tangential direction in each point
represents the corresponding vertical stiffness of the
corresponding displacement. The spring is compressed in the
range [45, 95] mm.
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Fig. 14. Comparison of vertical stiffness (initial air pressure = 2 bar).
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Fig. 15. Comparison of vertical stiffness (initial air pressure = 3 bar).
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Fig. 16. Comparison of vertical stiffness (initial air pressure = 4 bar).

The simulated results of Figs. 14-16 illustrate that the
numerical model approximately fits the experimental results
in all the given strokes and initial air pressures. Indeed,
under all the given initial air pressures, the trend of the
numerical model is generally consistent with the experiment
results. The differences between the numerical force-
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displacement curves and the experimental ones are higher
for the 4-bar initial pressure. This error could be due to
geometric nonlinearity, material nonlinearity and to some
factors that have not been considered in the numerical
model. Nevertheless, the vertical stiffness of the proposed
numerical model has a good agreement with the experiment
results.

V. CONCLUSION

A multiphysical model of an air spring has been realized to
perform simulations in several conditions. A gas-solid
coupling and the boundary definition have been considered
in order to model the Fluid-Structure Interaction that
represents a fundamental phenomenon in air spring. A
validation procedure has been executed to show the
performance of the proposed model, functional for
predictive analysis and optimal design. In particular, it was
possible thanks to the combined use of RE techniques and
Multiphysics approach in order to perform meaningful
comparisons between numerical and measured results.
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