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Abstract
This paper investigates the problem of how to use Computer-Aided Engineering (CAE) tools to properly
assess the influence of vehicle body stiffness on handling performance. One of the challenges in this context
is related to the accuracy of the Body-In-White (BIW) model. The amount of degrees of freedom should be
minimal without losing the necessary accuracy, especially for local stiffness modifications. A technique for
this is proposed that uses Component Mode Synthesis (CMS) methods to reduce a Finite Element (FE) model
of a BIW. The resulting reduced model of the BIW is then used in flexible Multibody (MB) simulations of
handling manoeuvres in order to investigate the influence of a changing body stiffness. For the objective
handling evaluation, conventional metrics are assessed. However, because these metrics only show small
differences for various body stiffnesses, also other quantities, such as body deformation, are proposed as a
clearer indicator of the influence of vehicle body stiffness on handling performance.

1 Introduction

CAE tools have become very important in automotive engineering. They allow to predict various aspects of
vehicle performance, such as Noise, Vibration & Harshness (NVH), ride & handling and crashworthiness.
CAE allows to obtain insight into complex design problems in an early stage of the development process,
rather than having to wait for expensive physical prototypes. This yields not only lower costs but also a
shorter time to market. Besides the growing importance of CAE tools, another trend in the automotive
industry is the striving for more fuel efficient vehicles. Progresses made in this context, however, can no
longer continue by only improving engine efficiency. This is expressed by the current tendency to make
smaller and lighter cars, as opposed to the trend seen in the previous decades, and the phenomenon of engine
downsizing.

Chassis flexibility plays an important role in vehicle design. A car is always a compromise between several
aspects (ride comfort, handling, maintainability, crashworthiness, . . . ), with many design specifications and
constraints to be met. This trade-off usually results in a car with a rather stiff body, both in torsion and
in bending. The strict relation between stiffness and mass unavoidably leads to heavier and thus more fuel
consuming cars. A question that might come to mind is then whether such a high global chassis stiffness is
really necessary for meeting the design requirements. Perhaps making some local stiffening modifications in
important locations on the body could be sufficient, allowing the global stiffness to decrease and thus making
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the car lighter.

Several studies have already empirically shown the importance of vehicle body flexibility for both ride & han-
dling and NVH performance [4, 9, 10]. Test drivers also notice definite differences in handling attributes due
to a change in body stiffness. Even though the importance of vehicle body stiffness is widely recognised, the
exact implications on overall vehicle performance are still unclear. For these reasons, there is still no general
consensus on what degree of body stiffness is required [7, 11]. Unfortunately, it is at the moment still very
challenging to assess the influence of body flexibility by using a CAE approach. For instance a flexible rep-
resentation of components of the suspension does show clear differences in simulated vehicle behaviour [2],
but vehicle dynamics simulations for body stiffness modifications hardly show any differences in the met-
rics that are typically used to objectively characterise vehicle handling performance. This in contrast to the
results of empirical studies mentioned above and the findings of test drivers.

This paper describes a method that can be used to numerically assess the influence of body stiffness on
vehicle handling performance, both based on conventional handling metrics and on other suggested quanti-
ties. One of the most important steps in this process is the reduction of the number of Degrees Of Freedom
(DOFs) modelling the body flexibility. Several methods exist for modelling vehicle behaviour, depending on
the amount of detail required for analysing the studied phenomenon. Body stiffness typically plays an im-
portant role in the non-linear region of vehicle behaviour and therefore requires a rather complex model [11].
Moreover, adequately representing both the global and local stiffness influences of the body requires a high
level of detail. This would translate in a large increase in computation time, which calls for reduction tech-
niques in order to keep simulation times acceptable.

The rest of this paper consists of three parts, followed by a conclusion. The first part briefly discusses the
basic theory about the modelling techniques that are used. Then the methodology for reducing the FE model
of the vehicle body is treated. The last part presents results of handling manoeuvres that were simulated with
a flexible MB model of the vehicle used in the study, a commercial rear-wheel drive (RWD) sedan from the
D-segment.

2 Brief Overview of the Applied Techniques

The use of multibody models is nowadays common practice in vehicle dynamics simulations [11], e.g. for
evaluating the classical handling characteristics of a vehicle. A multibody model consists of several (rigid)
bodies that are interconnected by ideal joints and force elements, such as springs, dampers and bushings. The
connection forces between the bodies in multibody simulations can then be used as input for FE simulations
to be conducted on the vehicle body (e.g. for studying NVH behaviour or local body deformations). The
body flexibility can be incorporated more accurately by coupling the rigid bodies in the multibody model to
a flexible body representing the vehicle body, resulting in a Flexible MultiBody (FMB) model of the vehicle.
In order to keep the amount of degrees of freedom representing the flexibility acceptable, the vehicle body
model can be reduced by applying CMS. These two techniques are presented in the remainder of this section.

2.1 Flexible Multibody Modelling

There are several methods for coupling flexible motion to rigid body motion. The one that is used here makes
use of a ‘floating frame of reference’. This approach gives accurate results for small deformations, which
is the case for many applications in vehicle dynamics. The method allows to compute the global motion
of any point on a flexible component as a superposition of the global motion of the body floating frame of
reference qr and a small deformation expressed by the elastic coordinates qf . The equation of motion of a
FMB system can then be written as follows [12]:{

M(q)q̈ + Kq + Cq(q)Tλ = Qe +Qv

C(q, t) = 0
(1)
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In this equation, q represents the generalised coordinates and can be written as qT =
[
qr

T qf
T
]
. M and

K are respectively the mass and stiffness matrix of the multibody system, and Cq the constraint Jacobian.
The vectors Qe and Qv represent the generalised external forces and the generalised forces that include
gyroscopic and Coriolis forces, respectively. C is the vector of constraint equations. These are added to
the force equilibrium by making use of the Lagrange multipliers λ [12]. Instead of using full FE models
to incorporate the flexibility of the components, modal-based approaches can also be used. The flexibility
is then represented by reduced mass and stiffness matrices that can be obtained by using Component Mode
Synthesis (CMS), as described in the following paragraphs.

2.2 Component Mode Synthesis

Because of the typically very large amount of DOFs in FE models, it is often impractical or even unfeasi-
ble to include full FE models in a MB model. The CMS approach proposes to divide a big structure into
several smaller substructures or components. Analyses are carried out on the smaller components, which
are approximated by mathematical models. Those mathematical models are then recombined in order to
be able to perform analyses on the entire structure [1, 6]. The original structure is now represented by an
approximate, reduced model. The division of the structure into different components is defined by a set
of juncture or interface coordinates. These are coordinates where two components are joined together, or
where external loads can enter the system. The remaining coordinates form the set of interior coordinates
and are not directly related to the coupling of components. The physical displacement of nodes of a compo-
nent can be approximated by a linear combination of a finite amount of mode shapes, resulting in a modal
transformation [1]:

uf = Ψp, (2)

where uf is the displacement vector, Ψ the matrix containing the selected mode shapes, and p the vector of
modal participation factors. The original mass and stiffness matrix m and k of the flexible component are
then reduced accordingly to a modal mass and stiffness matrix µ = ΨTmΨ and κ = ΨTkΨ, respectively.
The resulting amount of DOFs is now equal to the number of selected mode shapes. This method yields
a significantly reduced number of DOFs, while still guaranteeing an acceptable level of accuracy (in the
frequency range of interest).

Depending on the structure being investigated and the frequency range of interest, different types of mode
shapes can be used. Guyan was the first author to propose a reduction as discussed above [3]. His method
is also called the static condensation method, because it only uses static modes in the interface coordinates
for the reduction. Static mode shapes are the static displacement vectors resulting from statically imposing
unit loads (constraint modes) or unit displacements (attachment modes) to nodes of the structure. This is a
simple approach that reproduces the exact static behaviour of the structure, given that a statically complete
mode set is used [1]. Concisely, a set is statically complete if it includes static modes for every interface
DOF. Accurate results are obtained for quasi-static or low frequency dynamic behaviour. In order to include
a better representation of the dynamic behaviour of the structure, several authors have proposed methods that
use different sets of normal modes or eigenmodes, combined with static modes [1, 6]. The most popular
approach is probably the Craig-Bampton method, which uses fixed-interface normal modes in combination
with static constraint modes. The study in this paper makes use of the Craig-Chang method [1], which
incorporates free-interface normal modes with static attachment modes.

Deciding on which combination of the types of component modes to use is not straightforward and relies on
experience and engineering judgement of the Boundary Conditions (BCs) of the analysed flexible compo-
nents [13, 14]. This particularly holds for such a complicated structure as the BIW of a car. In general, stiff
BCs are represented better by using fixed-interface normal modes, while free-interface normal modes are
more suited for more compliant BCs. Static modes can have an important influence on the behaviour of the
reduced components, as they can be used to incorporate the influence of truncated higher frequency normal
modes in the lower frequency range. This is especially useful in analyses of handling manoeuvres, due to
the low frequency range of interest there, typically 0 to about 8 – 10 Hz.
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3 Reduction of the Flexible BIW Model

In this work, the starting point for integrating the flexibility of the BIW into the MB model is an industrial
FE model of the BIW of the car under study, shown in Figure 1. It is a very detailed model with more
than four million DOFs. Such models are no exception in the automotive industry. They can be very useful
for conducting static analyses, but due to the very large number of DOFs, using them in dynamic analyses
is impractical, if not unfeasible. This calls for reduction techniques. The CMS approach described in the
previous section is used for reducing the FE model of the BIW in this study. This section presents the
technique that was developed for this reduction, making use of the Craig-Chang method for CMS.

Figure 1: The FE model of the BIW used for the reduction.

3.1 Division into a Hi-fi and a Lo-fi Part

For the reduction, the BIW model is divided into two parts: a ‘hi-fi’ (high fidelity) and a ‘lo-fi’ (low fidelity)
part. The idea behind this is that the hi-fi part is kept as a more accurately modelled substructure of the BIW,
while the accuracy for the reduction of the lo-fi part is relatively lower. The reason for this is that a ‘uniform’
reduction of both parts (i.e. with the same level of accuracy throughout the entire BIW) would result in either
a too large mode set, or else an accuracy that is too low in the parts of real interest. For this reason, the BIW
is divided into two parts, with a different level of accuracy after the reduction. The hi-fi part is then also the
region that is most suited for investigating the influence of local body stiffness. It should contain as much
components as possible that contribute to the body stiffness the most. These include engine rails, upper
wing members, cross-beams, firewall, floor panel, roof panel, sills and cantrails [15]. It is also interesting to
include components of the BIW that are connected to the suspension, since it is the suspension that transmits
the tyre forces to the BIW. However, an important limitation is the size of the interface between hi-fi and lo-fi
part. A too large interface would result in a very large amount of DOFs in the reduction, strongly increasing
the computational load. Taking these considerations into account, the hi-fi part and lo-fi part in this study
are chosen as shown in Figure 2, with the lo-fi part indicated in transparent blue and the hi-fi part formed
by the opaque, coloured components. Other choices for the hi-fi and lo-fi part are also possible. When for
instance the influence of the stiffness of components at the rear of the car is being investigated, a hi-fi part
can be selected at the rear. It is also possible to work with several hi-fi parts.

3.2 The Concept of a Hi-fi Patch

The accuracy of the reduction can locally be increased further by inclusion of static modes in small regions
of the BIW model of particular interest for the study. Such a region is called a ‘hi-fi patch’. It can be
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Figure 2: The lo-fi (transparent blue) and hi-fi part chosen for the reduction.

used for zones where local stiffness modifications are present that should be represented adequately in the
reduced model. Section 4.5 shows that the presence of a hi-fi patch is necessary for accurately modelling
local stiffness modifications. Hi-fi patches can also be useful for studying local quantities such as body
deformations and stresses. Again, the size of the patch is limited by the computational power, imposing a
sufficiently low number of DOFs retained after the reduction. The hi-fi patch that is used here will be called
the ‘suspension dome patch’, situated on the top of the front right suspension dome, as shown in dark blue
in Figure 3.

Figure 3: The hi-fi part, with a close-up of the suspension dome hi-fi patch.

3.3 The Reduction Process

For the reduction, which is performed with MSC Nastran [8], a somewhat different approach than the classi-
cal CMS method is used. The latter would reduce the hi-fi part and lo-fi part separately to obtain two reduced
components of the original BIW, that can then be combined and reduced again in order to obtain a complete
reduced model of the entire BIW. However, in order to retain more information about the hi-fi part after the
final reduction, the hi-fi part is not reduced separately, but only the lo-fi part is. That reduced lo-fi part is then
combined with the full FE hi-fi part, and that assembly is reduced together, resulting in a complete reduced
model of the original, full FE model of the BIW.

Even though the hi-fi and lo-fi part shown in Figure 2 are chosen with the consideration that the interface be-
tween the two parts should be as small as possible, the interface still contains many DOFs. If left untouched,
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2472 static modes would be required to correctly model the interface between the hi-fi and lo-fi part, in order
to be able to connect the two parts. This is already a very large amount of modes, not even taking into
account other static modes and the normal modes to be included. However, by redefining some connections
between the two parts (for instance those representing spotwelds), the number of interface DOFs (and thus
also the number of static modes in the interface) can be reduced to a more reasonable 396.

The interface between hi-fi and lo-fi part is not the only region in which static modes are computed during
the reduction process. There is also an interface with the MB model, which is used to connect the reduced
model of the flexible BIW to the rigid MB model. This interface contains 27 nodes in total, each with
6 DOFs, resulting in 162 static modes. The hi-fi patch (shown in Figure 3) requires 528 static modes.
Finally 1000 normal modes are included in the final reduction of the assembly of hi-fi and reduced lo-fi part,
resulting in 1690 modes, of which 690 are static modes. For both the reduction of the lo-fi part and that
of the assembly, a Craig-Chang reduction is used. This method uses free-interface normal modes and static
attachment modes. In [1], Craig has shown that this method works particularly well for structures with a
large amount of interface DOFs and for compliant BCs. These conditions can both be applied to a BIW of a
car, although due to the complex nature of elements like connecting bushings, the true BCs are usually not
known beforehand.

The final reduced model is verified both statically and dynamically in order to ensure a good reduction
accuracy. The results are not shown here for the sake of conciseness, but the reduced model is found to be
highly accurate up to 13 Hz, which is sufficient for the frequency range of interest for handling purposes,
which goes from 0 to about 10 Hz. Given the fact that the original FE model is experimentally validated, the
quasi-static behaviour of the reduced model should accurately represent reality.

4 Simulation Results for a Step Steering Input Manoeuvre

The reduced model discussed in the previous section can be incorporated into a rigid MB model of the
studied car, in order to obtain a flexible MB model that can be used to simulate dynamic manoeuvres. These
simulations are conducted with LMS Virtual.Lab [5]. By studying the behaviour of models with different
stiffness characteristics, the influence of the body stiffness on handling performance is investigated. Three
dynamic manoeuvres were simulated: a steady-state cornering test, a step steering input test and an impulse
input steering test. For the sake of brevity, however, only the results for the step steering input are discussed
here. The trends that can be seen in these results is also found in the other simulations.

Five flexible models are investigated and compared to both each other and the model with an undeformable
BIW, yielding six stiffness variants in total. The flexible variants are obtained by reducing the original BIW
model in which for each variant either a local or a global stiffness modification is present. These modifica-
tions consist of variations of the Young’s moduli of metallic components of the BIW. Bushing stiffnesses are
not altered, in order to include only the effect of a changing body stiffness. The six stiffness variants can be
described as follows:

• Rigid variant: the rigid MB model, with an undeformable body and with the same inertia characteris-
tics as the other variants;

• 1 E variant: the flexible MB model with the original Young’s moduli for all the body parts, as provided
by the car manufacturer;

• 0.8 E variant: the flexible MB model with all the metallic body parts having a Young’s modulus of
80 % of its original value;

• 0.5 E variant: the flexible MB model with all the metallic body parts having a Young’s modulus of
50 % of its original value;
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Figure 4: Longitudinal vehicle velocity (left) and steering wheel angle input (right) for the step steer ma-
noeuvre.

• 0.1 E variant: the flexible MB model with all the metallic body parts having a Young’s modulus of
10 % of its original value;

• 0.5 E Dome variant: this variant is the same as the 1 E variant, except in the front right suspension
dome, in which a local stiffness modification is present. Here the Young’s modulus is only 50 % of its
original value.

The next parts of this section discuss some results for the step steering input simulation. First some of the
conventional handling metrics that are studied in this manoeuvre are presented. These metrics show only
small differences, though with consistent trends. Other quantities are also investigated, namely local body
deformations and bushing forces. As it is shown in this article, these quantities reflect a changing body
stiffness better than the conventional handling metrics.

4.1 The Step Steering Input Manoeuvre

The step steer manoeuvre is conducted using a maximum steering wheel angle of 50◦ and at a nominal speed
of 80 km/h. The steering wheel angle increases from zero to its peak value at a rate of 250◦/s, starting at
17 seconds into the manoeuvre. Figure 4 shows the longitudinal vehicle speed and the steering wheel angle
during the manoeuvre. Note that the speed is not kept exactly constant due to the throttle being controlled
in open loop. The deviation from the constant speed is very small, so that the steady-state assumptions still
holds.

4.2 Conventional Handling Metrics: Yaw Rate

This section compares the yaw rate during the step steer manoeuvre for the different stiffness variants. Re-
sults for other metrics, such as roll angle, lateral acceleration and slip angles, yield similar conclusions, but
are left out for the sake of conciseness.

Figure 5 shows the yaw rate response. The typical overshoot occurs at about 17.4 seconds, 400 milliseconds
after the steering wheel angle is increased. All the stiffness variants lie closely together in this figure, except
for the extremely compliant 0.1 E variant, which has a clearly slower and also smaller response. For studying
the differences better, a close-up of the graph is necessary. Figure 6 shows such a close-up in a time window
going from 17.398 to 17.402 seconds, at the peak of the yaw rate response. This is a very small time window,
merely to be able to see the differences properly, but the trend seen in this figure is found for the entire step
steer manoeuvre. The figure shows a clear trend, namely that a stiffer model yields a quicker response,
but also a higher overshoot. The discrepancies are very small however, with the differences in peak yaw rate
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response between the variants with finite stiffness (excluding the very compliant 0.1 E variant) not exceeding
0.05◦/s. It cannot be seen from the figures shown, but the time delay between the different variants is also
very small, no more than about 1 millisecond.
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Figure 5: The yaw rate response on the step steering input simulation.
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Figure 6: The peak yaw rate response on the step steering input simulation shown in a very narrow time
window (between 17.398 and 17.402 s).

4.3 Body Deformation

Because the conventional metrics do not show clear differences — although there is a clear trend, it is
interesting to look at other quantities that might reflect the influence of a changing body stiffness, such as
body deformation. Figure 7 shows, for all the stiffness variants, the vertical displacements of a point in the
suspension dome patch (cf. Figure 3), close to the connection between the BIW and the front right suspension
strut. Figure 8 shows a close-up of these displacements. The figures show that the body deformation reflects
the influence of body stiffness changes much more clearly. A stiffness reduction of 20 % (the 0.8 E variant)
yields an increase in displacement of about 20 %, and a similar trend is also seen for the other stiffness
variants. The 0.5 E Dome variant, with a local stiffness modification in the suspension dome, also shows a
definitely larger deformation, but clearly less than the 0.5 E variant, because of the remaining higher stiffness
of the rest of the body. Figure 7 shows that there is even a difference in body deformation during accelerating
(in the time window going from 5 to 15 seconds) due to a longitudinal load transfer.

It can thus be seen that the body deformation reflects the influence of body stiffness much clearer than the
conventional handling metrics. It is difficult to interpret body deformations from a design point of view and
to use it meet design specifications. An interpretation of bushing forces might help for this purpose, as they
can be related to handling performance more easily.
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Figure 7: The z-displacement of the body in a point in the suspension dome patch during the entire step
steering input simulation.
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Figure 8: A close-up of Figure 7 (on all the variants except 0.1 E).

4.4 Bushing Forces

Figure 9 shows the lateral bushing force in the bushing between the front right suspension strut and the BIW.
Figure 10 shows the same force, but in a narrower time window. These figures show again a clear trend, with
a larger bushing force for a stiffer BIW. The differences between the stiffness variants are larger than for the
conventional handling metrics, but still smaller than for the body deformation. Some other bushing forces
show larger differences, but they remain smaller than for the body deformation. Note that the bushing force
also shows the influence of a local stiffness modification, as can be seen for the 0.5 E Dome variant in Figure
10.
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Figure 9: The lateral bushing force on the bushing between the front right suspension strut and the BIW
during the step steering input.
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Figure 10: A close-up of Figure 9 between 17.54 and 17.57 s.

4.5 Verification of the Necessity of a Hi-fi Patch

This section verifies the assumption that a hi-fi patch (with inclusion of the corresponding static modes)
is necessary to accurately model local stiffness modifications. In order to do so, two extra model variants
are created and used in simulations. These variants are called the 1 E SFP variant and the 0.5 E Dome SFP
variant. ‘SFP’ stands for SubFrame Patch, because these model variants use a different hi-fi patch than the
other variants used here: it uses a hi-fi patch on the right end of the subframe (the part coloured in cyan in
Figure 3) instead of the suspension dome patch (cf. Figure 3). The stiffness characteristics of the 1 E SFP
and 0.5 E Dome SFP variant are the same as those of the 1 E and the 0.5 E Dome variant, respectively. The
only difference is the way these stiffness characteristics are modelled, due to the use of another hi-fi patch
(in the subframe instead of the suspension dome). All the models contain the same number of modes.

Figure 11 shows the peak yaw rate response (cf. Figure 6) for the rigid, the 1 E, the 0.5 E Dome and the
0.5 E Dome SFP variants. Because the 0.5 E Dome and the 0.5 E Dome SFP variants have exactly the same
stiffness characteristic (with a local stiffness modification in the front right suspension dome), they should
coincide in this figure if both variants accurately model this stiffness characteristic. However, the figure
shows that this is not the case, and that the 0.5 E Dome SFP variant coincides almost completely with the
1 E variant. This means that the 0.5 E Dome SFP variant shows the same behaviour as the 1 E variant, even
though they have different stiffness characteristics. This is due to the fact that the 0.5 E Dome SFP variant
does not include static modes in the location where a local stiffness modification is present (i.e. the front
right suspension dome). This indicates that a hi-fi patch (and thus the inclusion of static modes there) is
indeed necessary in order to accurately model a local stiffness modification (location around the hi-fi patch).
Without the inclusion of the hi-fi patch, the BIW is modelled is as if the local stiffness modification were not
present.

Additional conclusions regarding this can be drawn from Figure 12. This figure again shows the peak yaw
rate response of the step steer manoeuvre for different model and stiffness variants. This figure shows that
the 1 E and the 1 E SFP variants coincide perfectly (as opposed to the 0.5 E Dome and the 0.5 E Dome SFP
variants, as already mentioned above). Both the 1 E and the 1 E SFP variant represent a global stiffness
characteristic without local stiffness modifications. The fact that the yaw rate for these variants coincide,
indicates that taking a different hi-fi patch does not make any difference when studying a global stiffness
modification. This is also a confirmation of the accuracy of the performed model reduction.
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Figure 11: The peak yaw rate response (between 17.398 and 17.402 s) on the step steering input simulation.
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Figure 12: The peak yaw rate response (between 17.398 and 17.402 s) on the step steering input simulation.

5 Conclusion

This paper presents a methodology to obtain accurate models of a flexible BIW with a reasonable amount of
degrees of freedom to be used for handling situations. An important requirement for this methodology was
that local stiffness modifications should also be represented properly. For this purpose, component mode
synthesis techniques were applied, with Craig-Chang reduction methods. The proposed methodology has
proven to be a powerful technique that can accurately represent both global and local changes to the vehicle
body stiffness with a significant reduction of the number of degrees of freedom of the model. The use of hi-fi
patches has been shown to be crucial for including local stiffness modifications.

By making use of this flexible representation of the BIW of a sporty RWD sedan of the D-segment, flexible
MB simulations of handling manoeuvres were carried out. This paper has presented some results for a step
steer manoeuvre simulation. It has been shown that the conventional metrics typically used for objective
handling evaluation do not show large differences due to a changing body stiffness, although a definite trend
was seen. The use of body deformation as an indicator of changes in body stiffness yields clearer insights,
as do the bushing forces in the flexible MB model (but to a lesser extent than the body deformation. Because
of this, body deformations might be an interesting quantity for future design optimisation of a vehicle body.
The use of hi-fi patches allows these body deformations to be studied quite easily. Unfortunately, the inter-
pretation of body deformation for design purposes is not straightforward and should be investigated more

VEHICLE CONCEPT MODELLING 3721



thoroughly.

The presented techniques have been applied in the context of objective handling performance assessment,
but they could also be extended for ride analyses, given that the higher frequency range due to ride vibrations
is properly taken into account.
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