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Abstract. The dynamic parameters of a car body in white (BIW) are important during a new car developing. Based on the finite
element method, the model of a BIW is developed in which the welding points are treated specially as a new element type and
the vibration modes of it are calculated. In modal testing, afixed sine-sweeping exciter is used to conduct a single-point input
force for the structure, whereas the output responses are picked up at different points to identify modes. The obtained modes are
coincided both with the FE results and the practical testing.
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1. Introduction

In the designing process of a new car, it is a tedious but significant task to analyze and optimize the car body
in white (BIW) thoroughly. From the view point of the smooth,comfort and NVH consideration, the dynamic
characteristics of a BIW must meet the target requirements of dynamic properties besides sufficient strength, fatigue
life and stiffness. That is, a BIW must possess good dynamic characteristics to control vibration and noise, so that
the dynamic analysis of BIW should be achieved in early previous stage of design.

In order to obtain the vibration modes of a BIW, there are two main strategies of both calculated analysis and
experimental testing in engineering. The former is mostly based on the finite element method (FEM), and the latter
is based on the identification of structure responses excited by impulse or sine-sweep load. The FE based modes can
represent the dynamic characteristics of a BIW, on the otherhand, the tested results are necessary to verify for them.

Recently, mode analysis of BIW is well solved with the developed finite element analysis technology. Indeed,
FEM, i.e. known as computer-aideddesign and analysis, has covered almost all aspects related to vehicle performance
even for aerodynamics, crash simulation and occupant protection. Much popular commercial software provides
powerful platform in the automobile designing [1–3,14,19]. The current issues include how to solve the practical
problem in use at the design stage, how to improve the design quality, and how to shorten the developing period and
save costs [5,11]. In the same situation, there are also manyexcellent instruments and analysis systems available for
the vibration measurement and mode identification [4,6].

In this paper, the vibration modes of an automobile BIW are investigated with both finite element method and
experimental testing. The finite element model of the BIW is developed by particularly considering the welding
points with the help of the software HyperMesh firstly. Then the modal analysis is achieved based on the FEM
software of MSC.Nastran, and some important orders of the natural frequencies and corresponding vibration shapes
of the BIW are obtained. In addition, experimental modal testing is conducted following the technique of single-point
input exciting and multiple-point responses. Compared with the numerical mode results to that of the tested, they
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Table 1
Rigid cell description

Name of Description Restriction equation
rigid cell numbers (m)

PROD Pull restriction along two nodes 1
PBAR Rigidity connection between tow nodes 16 m 6 6
RTRPLT Rigidity connection among three nodes 16 m 6 12
RBE1 Rigidity connection among random quantity nodes,

the freedom numbers both independency and correlat-
ed are specified by user

m > 1

RBE2 Rigidity connection among random quantity nodes,
the independency freedom numbers are on appointed
reference point

m > 1

Table 2
Material properties of the BIW

Body material Welding material Elastic modulusN/mm2 Poisson’s ratio Mass densitykg/mm3

08AL P-GMAW 2.1e5 0.28 7.83e-12

Fig. 1. Car roof model with crossbeam.

are coincided with each other fair well.

2. FE based mode analysis and welding point description

2.1. Model description

The whole structure of a BIW is simplified and modeled mathematically by choosing appropriate finite elements
firstly. Especially, the BIW is made of so many welding parts that its model should be involved with suitable
welding elements. It is critical to simulate the connections due to welding connection among different structure
parts. Currently in the general FE software, some special kind of elements, such as pole cell, beam cell, board cell
and rigid cell are boasted to be powerful to represent the welding points [12,14,17]. A rigid cell is often used to be a
mechanical connector among different parts in assembled structures, which can be treated as a pole or a beam with
infinite rigidity [15]. Here in the modal analysis of the BIW,the welding connections are modeled as rigid cells.
The particular description of rigid cell is shown in Tables 1and 2.

2.2. Mesh generation

The process of establishing a welding connection for BIW is described here, with an example of the car roof
model connected with its crossbeam shown in Fig. 1.
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Table 3
The BIW model size

Total element numbers Weld points numbers Freedom degrees of BIW

171697 4781 881421

Fig. 2. Created connector.

Fig. 3. The sketch map of realizing connector.

The process of using connector to establish welding is to create connectors. The connector welding management
mode in HyperMesh is used to create and manage welding, whichhas six sub-interfaces. The connector used here
is an entity but not a cell in finite element method. It can establish a joint relationship among different connected
body. Among them, the connected body can be a part, a surface,a cell or a node. There are three main steps as
stated as follows.

Step 1: Create connector
In this step, the connector’s location, connect when, connect what, layers and connect rule are defined, shown in

Fig. 2.
Step 2: Realize connector
The process of realizing connector is shown in Fig. 3.
Because the connection cell is a rigid cell, its material property is not needed. With a projection tolerance of 10,

the obtained connectors and new connect cells are shown in Fig. 4.
Step 3: Check the quality of the connector
The state of a connector can be classified as unconsummated connector, succeed realized connector and failed

connector. They can also be displayed in green, yellow and red colors in Hypermesh. The successfully finished
connections of the car roof and its crossbeam are shown in Fig. 5.

Step 4: Final meshing of BIW
After the welding points are all setup, the whole model of theBIW based on FEM is achieved, shown in Fig. 6

and Table 3.
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Fig. 4. Connector realized.

Fig. 5. Successful connection of car roof and crossbeam.

Fig. 6. Finite element model of BIW.

2.3. Calculated modes of BIW

With the above finite element model of the BIW, the modal analyses of it are carried out based on Nastran where
Block Lanczos method is adopted. The calculated natural frequencies and vibration shapes are obtained, listed in
Table 4. Some typical vibration shapes are shown in Fig. 7.

The material properties and the boundary conditions of the BIW will change the modes effectively, especially
the welding connections. Take the roof panel as an example toillustrate the influence, in which the roof panel is
modeled with single or double side constraints, as shown in Fig. 8.

For the first case of the model with single side constraints, the calculated modes from 1st to 4th order are listed
in Table 5. The calculated modes from 1st to 4th order are listed in Table 6 for the roof panel modeled with double
side constraints.

It can be seen that, from Tables 5 and 6, both the natural frequencies and vibration shapes of the panel are obviously
changed with different boundary conditions. In addition, the vibration shapes of them do not change obviously with
material property values.
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Table 4
Modal description of BIW with finite element model

Mode orders Natural frequency (Hz) Vibration shapes

1 28.13 Twist around the x-axis, large deformation in the front part (shown in
Fig. 7 (a))

2 32.29 Twist around the x-axis, large deformation in the back part (shown in
Fig. 7 (b))

3 41.21 Bending vibration around the x-axis (shown in Fig. 7 (c))
4 45.31 Bending vibration around the x-axis (shown in Fig. 7 (d))
5 53.56 Bending vibration around the x-axis, local vibration in back window

ledge (shown in Fig. 7 (e))
6 56.77 Vibration in the back part, more obvious in back window ledge (shown

in Fig. 7 (f))
7 59.24 Twist around the x-axis, large vibration in the frontand back part (shown

in Fig. 7 (g))

Fig. 7. The 1st – 7th order vibration shapes.

3. Testing for modal analysis of BIW

3.1. Experimental setup for modal testing

In the experimental setup, the BIW is suspended by some soft strings so that it can be regarded to be in a free-rigid
state.

An exciter, together with the signal generator and a power amplifier, is used for the input excitation. Force sensors
and acceleration sensors are used as transducers for measuring the input forces and responses of the structure. An
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Table 5
The structural different properties with single side constraint

Orders Natural frequency under Natural frequency under changed The comparison of
original structure (Hz) structural property (Hz) vibration shapes

Order1 6.961 6.551 same
Order2 10.99 10.34 same
Order3 48.88 46.98 same
Order4 49.28 46.38 same

Table 6
The calculated modes of a panel with two kinds of boundary conditions

Orders Natural frequency of single Natural frequency of double Comparison of
side constraint (Hz) side constraints (Hz) vibration shapes

Order1 6.961 109.7 different
Order2 10.99 120.6 different
Order3 48.88 130.7 different
Order4 49.28 156.1 different

Table 7
The modal testing results of BIW

Orders Natural frequency (Hz) Vibration shapes

1 27.50 Twist around the x-axis, large deformation in the front part (shown in
Fig. 11 (a))

2 31.12 Twist around the x-axis, large deformation in the back part (shown in
Fig. 11 (b))

3 39.24 Bending vibration around the x-axis, (shown in Fig. 11 (c))
4 44.33 Bending vibration around the x-axis, (shown in Fig. 11 (d))
5 51.56 Bending vibration around the x-axis, local vibration in back window

ledge
6 55.14 Vibration in the back part more obvious in back windowledge
7 58.21 Twist around the x-axis large vibration in the front and back part

Fig. 8. The two different boundary conditions of a panel withsingle and double side constraints.

intelligent data acquisition system coming from LMS SCADASIII is used for recording the experimental process.
LMS Test.lab provides the modal analysis. The flowchart of the modal testing of the BIW is shown in Fig. 9.

In the process of modal testing, the exciting point should not locate at the vibration shape nodes, and it can transmit
the exciting force to the BIW easily. In addition, the rigidity near it should be great enough.

The responses of the BIW are measured at different structurepoints.
Before modal identification in LMS, the signals need to be filtered in order to reduce noises in both the force input

and the acceleration responses.

3.2. Algorithm of modal testing

The algorithm of modal testing is based on the signal transforms and parameter identifications of the transfer
function matrices in frequency domain, which the signals are measured experimentally. The modal parametersλr
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Fig. 9. The sketch map of mode testing system for BIW.

and{Ψ}r are estimated appropriately and the scale factor of vibration shapes are obtained in linear theory. The
frequency response function matrix of structure is shown asfollows.

[H(jω)] =

N
∑

r=1

(

Qr{Ψ}r{Ψ}T
r

(jω − λr)
+

Q∗

r
{Ψ}∗T

r

jω − λ∗r

)

(1)

Where[H(jω)] is the frequency response function matrix;λris the eigen-value of the rth -order mode;{Ψ}r is the
vibration shape function of the rth -order mode;Qr is the modal scale factor of the rth -order mode. The variables
of Eq. (1) whose upper right corner has a ‘*’ are the corresponding conjugate complex.

Because of the limitation of testing, it is impossible to measure the full frequency response through experiment
modal analysis. The numbers of mode will always be less than the numbers of response points, while the numbers
of response points will always be less than the numbers of thedegrees of freedom.

3.3. Testing data processing and modes of BIW

The testing data collecting and processing are handled synchronously. After a set of signals are obtained, the
coherent function values of them are firstly checked and onlythose bigger than 0.8 are kept for calculating transfer
functions next. An obtained frequency response function isshown in Fig. 10 (a), and its coherent function is shown
in Fig. 10 (b). As shown in Fig. 10 (b), because the coherent function is almost equal to 1, this means that the input
and output signals have a good linear relation.

For the BIW, the testing results of the natural frequencies and corresponding vibration shapes are shown in Table 7.
Some vibration shapes are also shown in Fig. 11(a)–(d). The signal coherences and the obtained vibration shapes
show that the modal results are reasonable.

4. Comparison of calculating and testing modes

Comparing the results obtained from FE calculated modes andthe testing results of the BIW, it is shown that
the natural frequencies and vibration shapes correspond toeach other, just as shown in Table 8. But the calculated
frequencies are a little bit greater than those of the tested. The reason for this difference concerns the structure
damping assumption. For the natural frequency of a structure with damping, it is defined as follows.
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Fig. 10. Frequency response function and coherent functionobtained in modal testing.

Fig. 11. The 1st-4th order vibration shapes.

ωd = ωn

√

1 − ζ2 (2)

Whereωd is the natural frequency of the damping system;ωn is the natural frequency of the corresponding un-damped
system;ζ is the damping ratio and it is always a small parameter.

From the above Eq. (2), considering the calculated natural frequencies in Msc.Nastran under damping assumption,
these results are acceptable.

For the obtained vibration shapes, take the 1st vibration shape of twist along x-direction as an example shown in
Fig. 12, they are all similar one by one.
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Table 8
The natural frequency’s comparison between theory modes and
test modes

Mode orders Theoretical natural Tested natural frequency
frequency (Hz) (Hz)

1 28.13 27.50
2 32.29 31.12
3 41.21 39.24
4 45.31 44.33
5 53.56 51.56
6 56.77 55.14
7 59.24 58.21

Fig. 12. Comparison 1st order vibration shapes calculated with that tested.

Because the known limit of testing modal theory, the obtained testing modes are not as complete as the calculated
modes based on FEM. The calculated modes can be used to determine the exciting and response picking locations
for testing certainly. After all of the modes are verified by each other, they are important references in the designing
of new automobile.

5. Conclusions

In this paper, the modal analysis of a BIW is achieved both with finite element method and experimental test.
The finite element model is established with considering thespecial characteristics of welding points because the
boundary conditions will change the modes sensitively.

Comparing with the calculated modes based on FEM to those of the tested of the BIW, it is shown that the natural
frequencies and vibration shapes correspond to each other.These results will provide the basis for improving and
optimizing the design of a car body.
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