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ABSTRACT-In this study, the effects of flexible bodies in vehicle suspension components were investigated to enhance
the accuracy of multibody dynamic simulation results. Front and rear suspension components were investigated. Sub-
frames, a stabilizer bar, a tie rod, a front lower control arm, a front knuckle, and front struts were selected. Reverse
engineering techniques were used to construct a virtual vehicle model. Hard points and inertia data of the components
were measured with surface scanning equipment. The mechanical characteristics of bushings and dampers were obtained
from experiments. Reaction forces calculated from the multibody dynamics simulations were compared with test results
at the ball joint of the lower control arm in both time-history and range-pair counting plots. Simulation results showed that
the flexibility of the strut component had considerable influence on the lateral reaction force. Among the suspension
components, the flexibility of the sub-frame, steering knuckle and upper strut resulted in better correlations with test

results while the other flexible bodies could be neglected.
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1. INTRODUCTION

Virtual engineering is one of the powerful design metho-
dologies in the automotive industry because it reduces the
cost and period of vehicle development. The multibody
dynamics model of a vehicle has much utility in the
virtual design process. Although it can be applied to the
design of crashworthy structures, ride-handling and
durability are the major fields of applications (Dias and
Pereira, 2004; Kim et al., 1996; Yi, 2000). The reaction
force on each component can be evaluated under various
driving conditions and, hence, it is possible to predict the
durability of automotive parts at a very early design
stage. However, a more rigorous and accurate reaction
force should be guaranteed for the durability evaluation
than the one for the ride and handling analysis since the
amplitude of the load history is very sensitive to the
fatigue life of an automotive part; see Ellyn (1997). The
multibody dynamics model of a vehicle consists of rigid
bodies connected to each other with non-linear force
elements and joint constraints that limit the motion of the
rigid bodies. The proper mechanical characteristics of the
force elements, such as dampers and elastomeric
bushings, need to be taken into account in the model. Cho

*Corresponding author. e-mail: wikang @katech.re kr

745

and Choi (2007) analyzed the ride quality according to
the non-linearities of suspension parameters and found
the effect of the dynamic viscosity of oil.

Virtual technology in a point of vehicle durability can
be divided into two categories: Virtual Testing Laboratory
(VTL) and Virtual Proving Ground (VPG). The primary
difference between the two is the method for the gene-
ration of wheel forces in the vehicle model. The former
needs the direct input of wheel forces acquired from
driving tests while the latter calculates the wheel forces at
the contact interfaces between the tires and road. Although
the VTL concept has the disadvantage of measuring or
estimating wheel forces, the results are much more
reliable than that of the VPG concept, which needs an
accurate tire model as well as road surfaces. Mousseau et
al. (1999) coupled the multibody dynamics model of a
vehicle with a finite element tire model by a parallel
processing algorithm for the VPG Figure 1 shows ex-
amples of the two methodologies.

For fast computation as well as fast modeling of a
virtual vehicle, it is generally useful to consider suspen-
sion components as rigid bodies since the elastic defor-
mations of the components are small in comparison with
elastomeric components. However, some errors can
possibly be imposed on the simulation results if elastic
bodies are taken as rigid bodies which have no elastic
deformations and vibrations.
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Figure 1. The examples of VTL and VPG concepts: (a)
VTL; (b) VPG.

Moon and Oh (2003) reported that better correlations
could be achieved when the flexibility of the body frame
in a truck was considered in a multibody dynamics
model. Since the simulation of a flexible model needs
much more computation time than that of a rigid body
model, Pan and Haug (1999) suggested optimal lumped
inertia matrices for a flexible multibody dynamics simu-
lation. Simeon (2006) applied the Lagrange multiplier
technique to treat the constraints in flexible multibody
systems.

In this study, the effects of the flexibilities of auto-
motive suspension parts were studied in order to acquire
reaction forces which are better-correlated with experi-
ments. A full vehicle multibody dynamics model was
constructed with the aids of reverse engineering techni-
ques and simulated with wheel forces measured from
driving tests on proving grounds. The mechanical beha-
viors of non-linear force elements were obtained from
experiments and considered in the model. The compu-
tation times, with regard to the number of attached
flexible bodies were also compared to suggest an optimal
modeling strategy.

2. MULTIBODY DYNAMICS MODEL

2.1. Construction of a Vehicle Model

The vehicle model developed in this study is of SUVs
that adopt the McPherson strut system in both the front
and rear suspensions. Geometric information, such as
hard points and the shapes of components, was acquired
by a 3D optical measurement device. A total 135 hard
points on 52 components were measured to build a full
vehicle model. Surface data of the sub-frames, a knuckle
and arms were also obtained and imported by CAD
software to produce inertia data as well as FE models.
Figure 2 illustrates the hard points of the vehicle and
surface models of the sub-frames.

The measured suspension parts are connected to each
other by appropriate joints and force elements such as
springs, dampers, and elastomeric bushings in order to
constrain kinematic behavior. The topology of the front
left suspension model is displayed in Figure 3.

(®) ©
Figure 2. Geometric data for the virtual vehicle model
generation: (a) hard points; (b) front sub-frame; (c) rear
sub-frame.

Figure 3. The topology of the front left suspension
system.

Since non-linear force elements such as bushings and
dampers affect the accuracy of simulation results, a wide
range of static and dynamic tests were carried out and the
results were imported into the model. In general, elasto-
meric bushings in a vehicle play a role in isolating com-
ponents from unexpected impacts and vibrations from the
road or the engine. It can be seen from experiments, that
bushings show hyperelastic behavior, as displayed in
Figure 4(a). The non-linear stiffness was considered in
the model construction by a representative spline func-
tion; see Figure 4(b). In the full vehicle model, ten kinds
of bushings were installed and each non-linearity was
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Figure 4. Behavior of a rubber bushing: (a) a lower arm
G-bush; (b) non-linear stiffness modeling.

considered. A damper is also an important suspension
component that enhances the ride and handling perfor-
mance by reducing the vibrations of unsprung masses in
a vehicle. It behaves according to a nonlinear relation
between the reaction force and the relative velocity of the
struts. In this study, an optimized numerical model was
adopted to describe the damping behavior of each sus-
pension strut instead of a polynomial model. The
numerical model can express well the scatter of damping
characteristics (Kim et al., 2006).

The connections between parts should be made
appropriately to describe the actual kinematic behavior of
vehicle components. Between the lower control arms and
knuckles, knuckles and tie rods, and lower struts and a
stabilizer bar, spherical joints are mounted to constrain
the relative translational movements. Fixed joints are
mounted between knuckles and lower struts, which
eliminate all relative movements between the two parts.
Relative movements between lower struts and upper
struts are modeled with cylindrical joints. Other than the
joints simply getting rid of degrees of freedom, the lower
control arms and sub-frames, as well as the car body and
sub-frames, are connected with rubber bushing elements.
Spring elements mounted between lower struts and upper
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Figure 5. Equipment for driving tests.

struts are modeled with preload conditions such that they
are only deformed above permitted values. In the rear
suspension, spherical joints between lateral arms and
knuckles, lower struts and a stabilizer bar, fixed joints
between knuckles and lower struts, and translational
joints between lower struts and upper struts are used.

2.2. Wheel Forces and Boundary Conditions
Wheel forces, which were measured by driving tests with
wheel force transducers, were imposed on the center of
each corresponding wheel. Therefore, a tire model can be
excluded from the current multibody dynamics simu-
lations. Figure 5 displays equipment used for the driving
tests to acquire wheel forces, body accelerations, and the
reaction force of each suspension component. The
MEGADAC data acquisition system was used in the
measurement of signals from a total of 44 channels. Ten
components, including a ball joint of the lower control
arm, were monitored by strain gauges and installed in the
test vehicle after calibration processes. Linear relations
between strain signals and corresponding applied loads
were found in all sensorized components. Reaction forces
measured during driving tests were compared to the
simulation results of the virtual vehicle model.
Boundary conditions were imposed on the model to
achieve stable simulation results. It is almost impossible
to equilibrate the full vehicle model with the wheel forces
measured on the proving ground without exact accor-
dance with masses and mass moment of inertias of
sprung masses. Furthermore, it is also difficult to mea-
sure the exact inertia property of the sprung mass includ-
ing a body-in-white. Although a statistical value can be
used for the inertia of the sprung mass, it leads to
convergence problems with the measured wheel forces.
In this study, instead of finding the exact inertia property,
vertical accelerations of body-in-white were measured
during driving tests with accelerometers attached to the
bottom points of B-pillars. The signals were converted
into displacements and imposed as boundary conditions



748 1-Y. LIM, W.-J. KANG, D.-S. KIM and G.-H. KIM

0 - —LEFT
e RIGHT

Vertical Body Displacement(mm)

Time(sec.)

Figure 6. Body displacements to constrain the roll motion
measured on a Belgian road at 20 km/h.

Figure 7. Virtual vehicle model with boundary and
loading conditions.

on the vehicle model. Therefore, the roll motion of the
sprung mass as well as the vertical translational motion
could be determined from the experiment (Figure 6). The
pitch and yaw motions were ignored due to their small
values compared to the roll motion. The slippage of the
vehicle in the longitudinal and lateral directions was also
fixed at the center of gravity, which is reasonable
considering that the actual values are not large enough.

With these boundary conditions, the mass moment of
inertia of the sprung mass is not important and, thus, the
total weight and weight of the unsprung masses are the
only effective parameter in the simulation, which can be
easily measured. Figure 7 shows the full vehicle model
constructed in this study with the boundary conditions
and the wheel forces as loading conditions.

3. FLEXIBLE BODY ANALYSIS AND
RESULTS

3.1. Introduction to the Flexible Body Model
When the wheel forces are applied to the wheel center,

Table 1. First natural frequencies of suspension compo-
nents.

components First natural frequency [Hz]
Front Sub-frame 98
Rear Sub-frame 105
Stabilizer bar 55
Tie rod 460
Lower control arm 993
Knuckle 1621
Lower strut 1537
Upper strut 499

Front Subframe Rear Subframe Stabilizer bar

J

Knuckle

Lower Arm

Figure 8. Finite element models of the selected flexible
bodies.

suspension components can be elastically deformed with
respect to the transferred loads. The deformation is small
and, thus, flexibility is neglected in general. As a result,
each suspension component is assumed to be a rigid
body. However, the assumption of the rigid bodies may
have some errors and, hence, the rigid body model can
possibly affect the accuracy of simulation results. In this
study, the suspension components, such as front and rear
sub-frames, front lower control arms, a stabilizer bar, tie
rods, knuckles and strut components in the full vehicle
model, were investigated to verify the effect of flexibility.
Each finite element model of the suspension component
is displayed in Figure 8. Normal mode analyses of
components were carried out, and the lowest natural
frequencies are summarized in Table 1. It should be noted
that the lowest natural frequencies of the front and the
rear sub-frame, as well as the stabilizer bar, were below
about 100 Hz. Power spectral densities of wheel forces
are plotted in Figure 9. The major power spectral den-
sities of wheel forces range below about 30 Hz on the
standard rough road. However, the power spectral density
still has some values up to 100 Hz, even though the value
is very small. Thus, it is desirable to investigate reson-
ance effects between wheel forces and suspension com-
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Figure 9. Power spectral densities of wheel forces
measured on the standard rough road.

ponents up to this frequency.

In multibody dynamics simulations, nodal coordinates
or modal coordinate systems can be applied in order to
represent deformations (Geradin and Cardona, 2001).
When using the nodal coordinate system, a large memory
space and computation time may be required, depending
on the size of the finite element model. A natural mode
superposition is used in the modal coordinate system to
represent elastic deformation (Suh, 2001). It needs
relatively little memory space and computation time, but
the solution can be affected by the number of the selected
natural modes. To obtain better local deformation behavior,
static correction modes can be used (Yoo, 1986). In this
study, the mode superposition method was used to
represent the elastic deformation of each suspension
component. In order to incorporate the flexible body
effects into the rigid body model, a finite element analy-
sis on each component should be performed in advance
to create a modal neutral file (MNF) (see NASTRAN
user’s manual). Then, the newly created data of MNF
replaces the rigid body in the mulitibody dynamics model,

Table 2. Nomination of the flexible models.

Model Flexible component

Rigid Rigid

Flex-1(Flex base) Front & rear sub-frame
Flex-2 Flex-1+stabilizer bar
Flex-3 Flex-2+tie rod

Flex-4 Flex-3+lower arm
Flex-5 Flex-4+knuckle

Flex-6 Flex-1+lower strut
Flex-7 Flex-1+upper strut
Flex-8 Flex-1+lower/upper strut

which is solved in ADAMS (2006).

Models for parametric studies are nominated in Table
2. A total eight flexible models were simulated with
ADAMS. The rigid model has no flexible bodies, and the
flexibilities of the front and rear sub-frames were consi-
dered in all the other models. The reason to select the
sub-frames as major flexible components is that the
components have the lowest values of the natural frequ-
ency among the considered parts.

3.2. Comparison between the Rigid Body Model and the
Flexible Body Model

Reaction forces in the rigid model (Rigid) and the flexi-
ble body model (Flex-1 model) were compared with each
other together with test results at the ball joint of the front
lower control arm. The front and rear sub-frame were
modeled as flexible bodies in the Flex-1 model, while all
components were assumed to be rigid bodies in the Rigid
model. Time histories of the reaction forces at the ball
joint are represented in Figure 10. The driving condition
is a constant speed of 20 km/h on the cobblestone road.
The fluctuation pattern of the test result is simulated well
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Figure 10. Comparison of the reaction forces at the ball
joint on a cobblestone road at 20 km/h: (a) x directional
force; (b) y directional force.
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Figure 11. Range pair counts of reaction forces at the ball
joint on a cobblestone road at 20 km/h: (a) x directional
force; (b) y directional force.

in both models, but the discrepancy between simulation
results is not clear in the time history plot. The range-pair
cycle counting plot is shown in Figure 11, which has a
meaning in the fatigue life evaluation. In this plot, a
significant difference can be observed and it will lead to a
significant fatigue life deviation.

When the sub-frames are considered as flexible bodies
in the multibody dynamics model, the estimated reaction
force at the ball joint is bigger than that of the rigid sub-
frame case. Although both the simulation results have
errors compared with the experiment, it can be noted here
that the result is improved by considering the flexible
effect of the sub-frames. The difference between the
simulation and experiment can be imposed from the
assumptions regarding the boundary condition or joint
stiffness (neglected in the model) as well as the flexibility
of bodies. The rigid body model can be used in the early
design state, but it leads to a longer fatigue life compared
to the flexible model and test result. Therefore, it is not

acceptable for the safe fatigue design.

3.3. The Effect of Additional Flexible Bodies in the Sus-
pension System
The other flexible components are added up to the Flex-1
model, and the effect of flexibilities are analyzed in this
section. The reaction forces at the ball joint of the lower
control arm were also investigated; the driving conditions
were that of a Belgian road at a speed of 20 km/h. Time
histories of the reaction forces are compared in Figure 12.
Significant differences in magnitudes and phases between
simulation models are not observed in the x directional
reaction forces. As shown in the range-pair plot in Figure
13(a), remarkable differences cannot be found either.
This feature is almost similar in the y directional reaction
forces if the strut members are not modeled as flexible
bodies. However, the flexible strut model has an effect on
the reaction forces in the y direction as shown in Figure
12(b) and 13(b). It can be caused from the characteristic
of the McPherson strut, such that the lateral force can be
generated due to the spring deformation.

The Flex-6 model produces the highest value of the
ball joint reaction forces, and the Flex-7 model shows
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Figure 12. Comparison of reaction forces at the ball joint
on a Belgian road at 20 km/h: (a) x directional force; (b)
y directional force.
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Figure 13. Range pair counts of reaction forces at the ball
joint on a Belgian road at 20 km/h: (a) x directional force;
(b) y directional force.

slightly improved results from the models whose strut
members are rigid. The results of the Flex-8 model are in
between those from the Flex-6 and the Flex-7 models.
This feature of the flexibility of the strut member is also
discovered in the cobblestone driving analysis, as shown
in Figure 14. The closest case to the test result is the Flex-
7 model, which considers the sub-frames and upper struts
as flexible bodies. With regard to how conservative the
fatigue design is, the results of the Flex-5 through Flex-8
models are acceptable in the design for the vehicle
durability except for the Flex-6 model. The Flex-6 model
results in the highest values, which are quite different
from the test results. Since the flexible model shows the
enhanced results of the load amplitudes, especially in the
high amplitude region, the accumulated damages calcu-
lated from the loads will be much more improved from
the point of view of a fatigue analysis.

The Flex-3 and Flex-4 models do not show much
deviation, but the computation time increases to over two
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Figure 14. Range pair counts of reaction forces at the ball
joint of the front lower control arm measured on a
cobblestone road at 20 km/h.
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times that of the rigid body model. The first natural
frequencies of the suspension components are generally
far higher than the frequencies of wheel forces or reaction
forces on components. This means that the components
are stiff enough not to allow severe flexible effects.
Nevertheless, to get accurate multibody dynamics simu-
lation results for the improved fatigue analysis, it is
recommended that the flexibilities of the sub-frames,
steering knuckles, and upper struts be considered in the
virtual vehicle model. Other components will increase the
computation cost without any significant improvements.

4. CONCLUSION

In this study, the effects of the flexibility of suspension
components in a virtual vehicle model were investigated
in order to acquire accurate reaction forces on the compo-
nents. The components, such as sub-frames, a stabilizer
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bar, lower control arms, tie rods, knuckles and strut
members, were investigated. The results of reaction forces
were analyzed in load-time history and range-pair count-
ing plots, which are meaningful for the fatigue life
analysis. The Flex-7 model, which incorporates the sub-
frames and upper struts as flexible bodies, predicted the
most accurate solution compared with the test result.
With regard to safe fatigue design, it is recommended that
the flexibilities of the sub-frames, steering knuckles, and
upper struts be considered in the virtual vehicle model.
Other components will increase the computation cost
without significant improvements.
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