Simplified and fast modeling of automotive body frame
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Abstract

At conceptual design stage, beam element is extensively used to create the frame structure of
automotive body, which can not only archive the accurate stiffness but also reduce much design
period. However, so far there is no perfect method to apply the beam element to create the
automotive frame composed of the plate element. This paper presents a solution to this problem
in order to help engineers to fast carry out the vehicle body problem at conceptual design stage.
Firstly, formulations of geometric properties of complex section are reviewed. Secondly, the
method of establishing the cross beam with reference to the midpoint deflection and mass of the
plate is presented to simplify the plate with a higher precision. Thirdly, regarding the joint
elements of vehicle body, the spatial semi-rigid beam element and its stiffness matrix are
expressed. Lastly, a numerical example of car frame proves that the proposed method can
analyze the stiffness of the body more fast and accurately.

Keywords: Conceptual design, automotive frame, cross beam, plate element, semi-rigid beam
element

Introduction

The design of automobile body can be divided into conceptual design stage and detailed design
stage. Conceptual design is requisite during the whole design process and can reduce the design
period and manufacturing risk for detailed design [1][2][3]. Especially, many automobile
manufacturers make great efforts to shorten production cycles and to broaden the spectra of
vehicles, so the demand for conceptual design will continue to increase [4][5].

Since the body-in-white (BIW) structure occupies about one third of the total weight of a
passenger vehicle, many researches have been concentrating on this area. Some methods have
been put forward to promote the development of conceptual design, in which it is well solved
by using a simplified frame consisting of thin-walled beams (TWBs) [6][7]. Cross-sectional
shapes are determined to describe the simplified frame. Therefore, sufficient CAD geometry
data of TWBs is necessary to design automotive body [8][9][10]. Also, much effort has been
devoted to establish simplified model, for example, the first order analysis (FOA) was
originally proposed for graphic interfaces using Microsoft Excel to achieve the product oriented
analysis, and open, single-cell and double-cell sections were applied to the frame [11][12].
Nishigaki and Kikuchi [13] focused on the crashworthiness of FOA, and predicted the collapse
behavior of the beam members. Moreover, crashworthiness design and optimization for TWB
with complex cross-sectional shapes under axial impact load was conducted by using genetic
algorithm [14]. Then, BIW frame with semi-rigid joints was created to improve the accuracy of
stiffness evaluation [15]. Besides, component sensitivity analysis was proposed to modify and
optimize the BIW frame with rectangular tubes [16][17][18]. Recently, the torsional moment of
inertia of the three-cell section was formulated [19]. However, above studies did not clearly
present the mathematical expressions of moments of inertia, product of inertia, and torsional



moment of inertia of the cross section.

Meanwhile, the joint structures are important parts of the BIW frame [20][21]. Mostly, the
simplified joint was regarded as spring elements, whose properties were usually from the
reduced joint model of plate finite element (FE) or experimental test of trial-manufactured joint
[22][23]. Actually, detailed FE joint or trial-manufactured joint is unavailable at the conceptual
design stage [24]. Therefore, the properties of spring elements should be approximately
calculated by TWB, which is a only feasible method at that stage. Among them, properties of
the entire structure were evaluated by the FE analyses of a model made of beam elements
frames and torsional spring elements joints, created from the selected joints and joined frames
[25]. Also, plate structures, such as ceiling, floor and firewall, are all importantly load-bearing
structures, but the DoFs between plate element and beam element is inconsistent, so plate
structures are usually omitted in the BIW frame [26][27][28].

Therefore, This paper focuses on the formulations of the torsional moment of inertia of open,
single-cell, double-cell and three-cell sections, simplification of plates. Additionally,
performance evaluation of the refined BIW frame is conducted and compared with the
benchmarking BIW structure.

Formulations of properties of complex section
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Figure 1. A typical cross section

A typical cross section is shown in Figure 1. Engineers design the cross-sectional shape in the
yoz coordinates. Point C is the centroid of cross section. Each sheet can be viewed as a folded
line consisting of rectangle segments. So the cross-sectional area can be written as
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where n is the number of sheets; m is the number of segment of the i-th sheet; I, and A; are
the length and area of the j-th segment of i-th sheet, respectively; t. is the thickness of the i-th
sheet. The cross-sectional centroid can be expressed as
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where (ycij,zcij) indicates the coordinate of the center of the j-th segment of i-th sheet, as

shown in Figure 1. Besides, moments of inertia |, |
to the centroid can be, respectively, derived as

and product of inertia 1, with respect
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where ¢, is the angle between the positive z axis and the j-th segment of i-th sheet. From |,

and |
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the principal moment of inertia are obtained by
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The angle ¢ of principle direction of inertia with respect to the reference z' axis is
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The y'cz' coordinate axis is called principle coordinate axis of inertia. The procedure for
calculating the torsional moment of inertia depends on the types of the cross-sectional shape, as
shown in Figure 1. The torsional moment of inertia of an open section is calculated as
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where o denotes the number of sheets for open section. The torsional moment of inertia of
single-cell section J;, double-cell section J, and three-cell section J; can, respectively, be
expressed as
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whereq,, g, and g, are solved by equation (13)
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where F,, F, and F, are the enclosed area of Cell I, Cell II, and Cell III; L,, L, L,
and L, are the length of Upper Sheet, Lower Sheet, Middle Sheet and Reforcement; L," is
the length of Upper Sheet' which is the part of Upper Sheet as shown in Figure 2 (c); L, ' isthe
length of the shared part of Cell II and Cell III as shown in Figure 2 (d); t,, t,, t, and t  are
the thickness of Upper Sheet, Lower Sheet, Middle Sheet and Reforcement, respectively.

When a more complex section consists of open and close sections, the torsional moment of
inertia can be expressed as

J=J°+J° k=12and3 (14)

where k represents the number of close cells on the section.

In summary, the formulations of moments of inertia 1, and 1, are the same for the four types

of cross sections. However, the formulations of the torsional moment of inertia J for the four
types of cross sections are different, as shown in Figure 2
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Figure 2. Four types of cross section



Simplification of plate structure

The plates such as the ceiling, floor and firewall not only contributes to the mass of vehicle, but
also the stiffness. Moreover, the DoFs between plate element and beam element are inconsistent,
therefore, the cross beams are introduced to simplify the plate structure as shown in Figure 3
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Figure 3 Equivalence from plate to cross beams
The mass of the rectangular thin plate and cross beams are, respectively, calculated as
m = pabt (15)
M = pLBT (16)

where p, a, b and t are the density, length, breadth and thickness of plate, respectively; L is the

sum of the length of the two diagonal beams; B and T are the breadth and thickness of each
beam among cross beams, respectively. The central deflection of the rectangular plate and cross
beams can be, respectively, obtained by

w = SFab/D (17)
W == FL®*/256 EBT*® (18)
where coefficient g =0.0056 when the boundary of the plate is fixed, and stiffness of the plate

D = Et*/12(1-1*).

The respective equality of mass and deflection between plate and cross beams is necessary to
the respective equivalence of them. Therefore, let equations (15) and (17) be equal to equations
(16) and (18), respectively. Then, the width and thickness of cross beams can be calculated as
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Modeling and evaluation of BIW frame

T (20)

The proposed methods are used to simplify the Toyota Yaris BIW, which contains 232
components, 495000 plate elements and 1510000 DoFs, as shown in Figure 4. The simplified
frame, as shown in Figure 5 contains 470 semi-rigid beam elements, 50 sections, and 5600
DOFs.



Figure 4 A detailed FE model of Yaris BIW
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Figure 5 Simplified BIW frame
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At the torsional loadstep, the DoFs of the rear suspension are all constrained. Moment of couple
is exerted to the front suspension, whose size of force is 1980 N. At the bending loadstep,
xyz-translational DoFs of the front suspension and the z-translational DoFs of the rear
suspension are constrained. At the fixed places of the seats, five forces which each of them is
1670 N are exerted to replace the weight of passengers, respectively.

Detailed BIW, solved by Optistruct software, is regarded as a benchmarking example. Two
simplified BIW frames are solved by CarFrame CAE software to compare with the Detailed
BIW. One BIW frame uses the rigid connection, the other uses the semi-rigid connection. All
the results are listed in Table 1. The modeling cost for the simplified BIW frame is about 2 days,
which is less than the 3 months of detailed BIW. Referring to the benchmarking detailed BIW,
these two types of BIW frame almost acquire the same mass and centroid coordinates. However,
the simplified frame with semi-rigid joints obtains the more accurate torsional stiffness,
bending stiffness and frequencies than the simplified frame with rigid joints. Especially, the
errors of those evaluation indexes of simplified frame with semi-rigid joints are all limited
within 10%, compared to the detailed model, which can be accepted at the conceptual design
stage.



Table 1 Comparison of torsional stiffness, bending stiffness and frequency

BIW
Evaluation index Detailed Simplified frame Error Simplified frame Error
with rigid joints (%) with semi-rigid joints (%)
Mass (Kg) 263.7 263.7 0.00% 263.7 0.00%
Centroid X  -2.223.9 -2224.0 0.00% -2224.0 0.00%
coordinates (mm) y 3.8 -4.5E-03 0.00% -4.5E-03 0.00%
z 619.6 619.7 0.01% 619.7 0.01%
Torszol\:‘ar'nsf'ogmess 7418 19876 167.94% 7583 2.22%
Bending stiffness
( Ng/m ) 17996 39567 119.87% 16442 8.64%
1st 28.6 50.6 76.92% 259 9.44%
Frequency (Hz) 2nd 35.5 65.6 84.79% 39.0 9.86%
3rd 52.0 69.8 34.23% 48.3 7.11%
Conclusion

The aim of this study is to propose a fast and simplified modeling method of BIW frame at the
conceptual design stage. TWBs with complex section and cross beams can be together used to
fast create BIW frame, which can be readily designed and modified for the development of new
automobile body. Numerical example proves that simplified BIW frame with semi-rigid joints
obtains the more accurate torsional stiffness, bending stiffness and frequencies than the
simplified frame with rigid joints. Especially, the errors of those evaluation indexes are all
limited within 10%, which can be accepted at the conceptual design stage.
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