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Abstract

The front longitudinal beam (FLB) is the most important energy-absorbing and crashing force—transmitting structure of a vehicle
under front-impact collision. For better weight reduction and crashworthiness of the FLB, a new structure, variable rolled blank—
variable cross-sectional shape FLB (VRB-VCS FLB), is proposed. It has both the continuous variation of thickness and variable
cross-sectional shape in space. As the thickness distribution and cross-sectional shape change continuously, the proposed
structure evolves into three distinct forms, i.e., the uniform-thickness FLLB, variable rolled blank FLB, and variable cross-
sectional shape FLB. However, literature on parametric modeling and crashworthiness design optimization of the VRB-VCS
FLB is very limited. This paper proposes a parametric modeling method of VRB-VCS FLB with manufacturing constraints.
Multiobjective crashworthiness design optimization is performed to explore the lightweightness and crashworthiness perfor-
mance of the VRB-VCS FLB. Firstly, thickness distribution and cross-sectional shape parameters are defined. Secondly, local
parametric subsystem front-impact model is established to balance accuracy and efficiency. Thirdly, a multiobjective optimiza-
tion model of VRB-VCS FLB is constructed. Finally, a fully automated design of experiment platform is established to improve
the data collection efficiency, and epsilon-support vector regression technique and non-dominated sorting genetic algorithm IT are
utilized to search the Pareto optimal frontier. The numerical results show that the lightweightness and crashworthiness of the
VRB-VCS FLB are significantly improved when compared with the uniform-thickness FLB.

Keywords Parametric modeling - Multiobjective crashworthiness optimization - Front longitudinal beam (FLB) - Variable rolled
blank (VRB) - Variable cross-sectional shape (VCS)

Nomenclature SEA Specific energy absorption
CTZ Constant-thickness zone TTZ Thickness transition zone
FLB Front longitudinal beam UT FLB Uniform-thickness FLB
FLB-inner FLB inner plate UT FLB-inner Uniform-thickness FLB inner plate
FLB-outer FLB outer plate VCS Variable cross-sectional shape
MOO Multiobjective optimization VCS FLB Variable cross-sectional shape FLB
NSGA-II Non-dominated sorting genetic VRB Variable rolled blank
algorithm IT VRB FLB Variable rolled blank FLB
OLHS Optimal Latin hypercube sampling VRB-VCS FLB Variable rolled blank—variable
PCF Peak crushing force cross-sectional shape FLB
VRB-VCS FLB-inner VRB-VCS FLB inner plate
e-SVR Epsilon-support vector regression
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' School of Automotive and Traffic Engineering, Jiangsu University, Owing to the increasing demands for high-energy absorption
Zhenjiang 212013, China and lightweighting, thin-walled structures are widely used in
> Nanjing Yueboo Power System Co., Ltd., Nanjing, China automotive industry. Among the thin-walled structures, front
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Fig. 1 Flexible rolling process of Roll gap =

variable rolled blanks Contrel, |1 Correction] Longitudinal
profile check

Flexible rolling process

longitudinal beam (FLB) is the significant deformable part
and energy absorption structure under vehicle front-impact
collision. The design quality of FLB will directly determine
the vehicle safety to some extent. The conventional FLB is
mainly made of thin-walled structure with uniform thickness
(UT). Its structure is simple, and relevant research has ma-
tured. The inherent shortcoming is that such structure may
not exert their maximum capacities in crashworthiness and
lightweightness. To address this issue, cross-sectional shape
optimization for uniform-thickness FLB (UT FLB) provides
an effective way to improve energy absorption capabilities.
Over the past few decades, the crashworthiness of thin-
walled structures with various geometric sections has been
investigated, such as polygonal (Alavi Nia and Parsapour
2014; Ali et al. 2015; Nia and Hamedani 2010;

Fig. 2 TIllustration of the proposed
VRB-VCS FLB structure
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Pirmohammad and Saravani 2018) and multicell (Hou et al.
2008; Tang et al. 2012; Zhang and Zhang 2013; Tran et al.
2015; Tran 2017; Usta et al. 2018) sections. Later, researchers
have designed the variable cross-sectional shape FLB (VCS
FLB) (Chahardoli and Nia 2017; Hao et al. 2017; Qiu et al.
2018) and carried out necessary studies on it. Elmarakbi et al.
(2013) and Beik et al. (2016) studied the influence of different
cross-sectional geometries on the crashing energy absorption
of S-shaped FLBs. Liu et al. (2014) adopted maximized spe-
cific energy absorption (SEA) as the objective function and
suggested improvements for the crashing energy absorption of
S-shaped FLBs by optimizing the cross-sectional geometry.
Duddeck et al. (2016) took mass minimization as the objective
function and used hybrid cellular automata to optimize the
cross-sectional configuration of the VCS thin-walled
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Fig. 3 Crash space management for FLB (Duan et al. 2016)

structure. Wu et al. (2017) performed multiobjective design
optimization on the crashworthiness of varying Fourier sec-
tion tubes to maximize the SEA and minimize the peak
crushing force (PCF). Wang and Qiu (2018) performed the
lightweightness and crashworthiness design optimization of
a VCS-tapered beam to minimize the mass and PCF. Cai
and Wang (2017a) constructed implicit parametric models of
VCS FLBs and performed multiobjective crashworthiness
optimization on the structure to maximize the SEA and
minimize PCF. Hunkeler et al. (2013) established implicit
parametric models of the structure and optimized its cross-
sectional geometry. Aiming to minimize the mass and
maximize energy absorption, Montoya et al. (2015) and
Rais-Rohani et al. (2006) carried out multiobjective optimiza-
tion on VCS FLB structures. However, these crashworthiness
optimizations of the past yield only the best cross-sectional
shapes for VCS FLBs under specific thickness and they are
unable to alter the thickness distribution among the different
functional regions of the structure in response to the collision
load or to maximize the material utilization.

As the technique for variable rolled blanks (VRBs) ma-
tures, computerized real-time control and adjustment of
roller distance during flexible rolling produces VRB plates
with continuously changing thickness as preset along the
direction of rolling, as shown in Fig. 1. Liu (2011) studied
the flexible rolling process of VRBs in-depth and proposed
differential equations for force balance during variable-

Fig. 4 Comparison of the
conventional UT FLB and the
proposed VRB-VCS FLB. a UT
FLB. b VRB-VCS FLB
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Fig. 5 Implicit parameterization for the cross-sectional shape of VCS
FLB

thickness rolling and mass conservation equations, which
lay the theoretical foundation for studying the mechanics
and kinematics of VRB flexible rolling. On this basis, the
manufacturing of VRB FLB structure could be realized
(Kopp et al. 2005; Meyer et al. 2008; Kim et al. 2014).
Some researchers (e.g., Lu et al. (2017), Rajabichfard et al.
(2016), Zhang and Zhang (2016), and Mohammadiha and
Ghariblu (2017)) investigated the energy absorption of VRB
thin-walled structures during crashing deformation by means
of experiments and numerical simulations. The results show
far superior crashing energy absorption of the structure than its
uniform-thickness counterpart. Despite its excellent crashwor-
thiness and lightweighting potential, the optimal thickness
distribution in the VRB FLB structure is difficult to obtain.
For the time being, engineers mostly optimize the structure by
observing its deformation and internal energy distribution and
through trial and error. However, the traditional trial-and-error
method has many shortcomings, such as the inability to obtain
the optimal thickness distribution for the structure, low design
efficiency, and long design cycle. As an alternative to
overcome these problems, numerical optimization is a good

bead-02

FLB-outer

cylindrical notch  FLB-inner

(b)

@ Springer



1792

L. Duan et al.

""""" ——oa.>a

allowable

% _ w2 W,
T noverlap_ 0 allowable

H i <H allowable

Fig. 6 Illustration of stamping constraints for the cross section of a VCS
FLB

solution for the efficient design of automobile VRB FLBs.
Sun et al. (2014) proposed a functionally graded thickness
(FGT) tube and identified the thickness gradient for achieving
the best crashworthiness characteristics through
multiobjective optimization study. In this regards, Li et al.
(2015), Fang et al. (2015), Zhang et al. (2015), Xu et al.

Fig. 7 FE model of the VRB-
VCS FLB structure

(2018), and Ying et al. (2017) investigated the influence of
the thickness gradient on the crashworthiness of the FGT tube
and carried out multiobjective crashworthiness optimization
on this structure. In fact, the automobile VRB FLBs typically
consist of constant-thickness zone (CTZ) and thickness tran-
sition zone (TTZ). However, the aforementioned studies did
not consider the effects of the thickness of CTZ and the length
and number of TTZ on the crashworthiness of VRB FLBs. For
this reason, Duan et al. (2017a; Duan et al. 2016) constructed a
parametric model on the thickness distribution of VRB FLB
structure with the thickness of the CTZ and length and posi-
tion of the TTZ as design parameters, and they performed
lightweighting and crashworthiness optimization. However,
as the crashworthiness optimization of VRB FLBs gives only
the optimal thickness distribution for certain cross sections, it
is difficult to improve vehicle lightweightness and crashwor-
thiness further by only optimizing the thickness distribution of
the beam material.

The above results show the apparent weakness of the
existing structural optimization on VCS FLBs or VRB FLBs
for vehicle lightweighting and crashworthiness improvement.
In this research, a new type of VRB-VCS FLB structure is
proposed. It possesses both the continuous variation of thick-
ness and variable cross-sectional shape in design space, as
shown in Fig. 2. As the thickness distribution and cross-
sectional shape change continuously, the proposed structure
evolves into three distinct forms: the UT FLB, VCS FLB, and
VRB FLB. Thus, the VRB-VCS FLB results from the im-
provement and development in these three structures and
combines their advantages to achieve greater generality and
more-promising engineering application prospects. To this
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Fig. 10 Illustration of the initial
subsystem model. a ISO view. b
Bottom view

end, VRB-VCS FLB offers greater design space and freedom
in the early design phase of vehicles and enhances the
lightweightness and collision resistance of the car.

To make use of VRB-VCS FLB in automotive industry, it
is essential to investigate its crashworthiness and
lightweighting potential. To the author’s best knowledge,
however, investigation on the VRB-VCS FLB structure is
very limited, and achieving crashworthiness and
lightweightness in VRB-VCS FLB at the same time could
be difficult. Therefore, multiobjective design optimization on
the structure is required. Moreover, studies on parametric
modeling of VRB-VCS FLB are very limited. The purpose
of this paper is not only to establish a full parametric model of
VRB-VCS FLB but also to provide an efficient multiobjective
crashworthiness optimization design strategy for the VRB-
VCS FLB. For this reason, the work is organized as follows:
Section 2 presents the basic principles of crashworthiness de-
sign of FLB under front-impact collision; Section 3 proposes
the parametric modeling method of the VRB-VCS FLB struc-
ture. Section 4 gives the detailed multiobjective crashworthi-
ness optimization process of VRB-VCS FLB, followed by the
results and discussions. Conclusions and further works are
given in Section 5 to close the paper.

2 Crashworthiness design of FLB
under front-impact collision

The FLB crash space management method proposed in the
literature (Duan et al. 2016) states that the FLB of a front
engine passenger car can be divided into four functional re-
gions (Fig. 3) under frontal collision conditions. Regions A

Fig. 11 Final design of the equivalent stents
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and B are mainly used to generate relatively stable axial crash
deformations and are the main energy absorption regions.
Region C relates to engine layout. Because an engine cannot
absorb energy during a frontal collision, it is considered a rigid
body; thus, region C only acts as a crashing force transmitter.
Region D mainly includes the FLB between the back end of
the engine and the firewall. The FLB in this region generally
absorbs crashing energy via bending deformation during the
front-impact process. If the structure in this region is designed
to be relatively weak, it will cause the A pillar to move too far
backward, thus causing a large intrusion into the firewall and
injuring the occupant. The main function of region D is to
absorb residual energy and resist excessive bending deforma-
tion at the base of the FLB. Therefore, designing a reasonable
bending stiffness for region D of the FLB is the key to
balancing the two main functions.

3 Parametric modeling of the proposed
VRB-VCS FLB structure

A new VRB-VCS FLB structure is proposed based on the
conventional UT FLB for more-efficient lightweighting and
crashworthiness design. Four improvements are made in this
structure relative to the conventional UT FLB: (1) removing
the reinforcement plate from the structure to reduce the FLB
weight, (2) optimizing the thickness distribution in the FLB
inner plate to maximize material utilization, (3) optimizing the
FLB cross-sectional geometry to improve the energy absorp-
tion and the average crashing force, and (4) optimizing the

M, =314.85kg

M, = 266.28 kg

Fig. 12 The deployment locations of counterweights
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position and space of the induction structure on FLB for better
deformation mode and energy absorption. To optimize the
cross-sectional geometry of FLBs, cylindrical notches are
used for VRB-VCS FLBs to replace the triggers of the UT
FLB, as shown in Fig. 4.

3.1 Parametric modeling of VRB FLB

According to the FLB crash space management method de-
scribed in Section 2, the VRB FLB is divided into four differ-
ent functional zones along the direction of rolling in this study.
For the VRB FLB structure, the segment with uniform thick-
ness is called constant-thickness zone, and the segment with
continuous varying thickness is called as thickness transition
zone. Therefore, the aforementioned VRB FLB contains four
CTZs and three TTZs, respectively. The VRB FLB thickness
distribution parametric model for considering the thickness of
the CTZ and the length and position of the TTZ is given in

Eq. (1).

1
X1, 0<x < Xg_ixs
1
X+ = x57xg 1 1
2
X1+ (ro=x1),  xg=5XsSx<xg + o xs
X5 2 2
1 1
e SR ERLRE A
o X+ —Xe~X9 1 1
glx) = X2 + " (x3—x2), X9~ 5 X SXSXg + 5 X6
1 1
X3, X9 + EXG <x< x10—§x7
X+ —x77X10 1 1
X3+ 24 (x4—x3) X10— =X7Sx<x10 + =X7
X7 ' 2 T 2
1
X4, X10+§X7 < x<L

Fig. 13 Coupling of the
parametric model of VRB-VCS
FLB and the remaining mesh of
BIW

where x; is the thickness of the first CTZ; x, is the thickness of
the second CTZ; x5 is the thickness of the third CTZ; x4 is the
thickness of the fourth CTZ; xs, x4, and x5 are the length of the
first, second, and third TTZ, respectively; xg, xo, and x; are
the position of the first, second, and third TTZ, respectively; x
is the distance away from the front end of the VRB FLB
structure; and L is the total length of the structure.

The flexible rolling process of VRB is subjected to several
manufacturing constraints, e.g., the maximal thickness reduc-
tion and the maximal slope which have to be taken into ac-
count in the design optimization. Specifically, the following
geometric constraints should be considered to ensure the
rollability: (1) the transition slopes of the TTZs must vary
within 1:100; (2) the ratio between the maximum and mini-
mum thicknesses of the CTZs must vary within 2:1; (3) the
sum of xs, x¢, and x7 should be less than L; and (4) the inter-
section between any two neighboring TTZs must not be oc-
curred, and the TTZs should be distributed within the VRB
FLB structure. The mathematical formulation corresponding
to the geometric constraints can thus be formulated as

Tmin X1, X2, X3, X4 Stmax
max(xl,xz,x3,x4)s2 X mln(xl,xg,x3,x4)
X5 +x6 +x7<L

1
5% <xg SL*XG*xfExs (2)

1 1
Xg + 5 (x5 4 x6) <xo<L—x7— §x6

1 1
X9 + 5 (x6 +x7)§x10§]4_5x7

where #,,;, and f,,, are the minimum and maximum wall
thicknesses, respectively.

3.2 Parametric modeling of VCS FLB

In this study, a fully parameterized model of VCS FLB is
constructed using SFE-CONCEPT (Hilmann et al. 2007;

| Parametric VRB-VCS FLB | E

I Non-parametric BIW (or External FE mesh)

Ik

Connection file ‘

l Locally parameterized BIW |
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Zimmer 2010; Duan et al. 2017b) which integrates implic-
it parametrization technique and remeshing algorithm.
Because of the implicit definition of the parameters by
mapping technology and remeshing algorithm, a flexible
and powerful structural geometrical-based cross-sectional
shape optimization can be realized. The advantages of the
fully parameterized model of VCS FLB are as follows: (1)
the high flexibility of the fully parameterized model en-
ables the appropriate and efficient definition of variable
cross-sectional shape parameters (Duan et al. 2017b); (2)
the adjacent parts, joints, (multi-)flanges, and/or the con-
nections (tied, spotwelds, glue, etc.) follow the geometri-
cal changes during an automated optimization procedure
for complex structures via the mapping techniques
(Zimmer 2010; Wang and Cai 2017); and (3) high-
quality finite element (FE) meshes for larger geometrical
changes can be assured via a powerful auto remeshing
algorithm, and the simulation accuracy of FE models
can thus be assured during the optimization (Cai and
Wang 2017b).

The key in the construction of a fully parameterized model
for the VCS FLB is the implicit parametrization of the cross-
sectional geometry, which is realized here by varying the lo-
cations of the control points in the design space of the cross
section. Figure 5 shows the implicit parametrization process
for the cross-sectional shape of VCS FLBs, in which the z-
coordinates of movable points 6-9 are adjusted in the design
space of the cross section to parameterize the width of the
reinforcement bar, and the y-coordinates of movable points 7
and 8 are varied to parameterize the height. In the same way,

Include-file-1.k

Fig. 14 Assembly process for the
local parametric subsystem front-
impact model

the y-coordinates of movable points 4-11 are adjusted in the
design space of the cross section to parameterize the width of
the reinforcement bar, and the z-coordinates of the movable
points 11 and 12 are adjusted to parameterize the height of the
cross section. The corresponding mathematical model of the
parametric cross-sectional geometry can be given by

initial ne initial
{y "} B N SN Yo e
Z Zl(_mmal) ot Zl(upper) 7Zl(.mma1)

where the subscript i denotes the control point number of
cross-sectional shape; the superscripts “initial” and “up-
per” refer to the initial position and upper bound of con-
trol points, respectively; n. is the number of cross-
sectional shape parameters; SC; is the scale factor of the
Jjth cross-sectional shape parameter; and y; and z; are the
coordinate values in the local coordinate system of the ith
control point, respectively.

The corresponding control equation for cross-sectional
shape parameter can be expressed as

(3)

x; = s (x(}lpper)_xﬁinitial)) @
j=1

J J

where x; is the parameter of the jth cross-sectional shape,
(initial) (upper
J J
Oij.
The cross-sectional shape of a VCS FLB cannot be altered
arbitrarily. It must satisfy stamping constraints, such as the

is the initial value of x;, and x ) is the upper bound
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Fig. 15 Comparison of the
deformation patterns between the
full-scale vehicle model and the
local parametric subsystem front-
impact model. a r=0ms. b r=
30ms. ¢ =60 ms. d =120 ms

prohibition of negative angles or intersections, as shown in
Fig. 6. Based on these constraints, a mathematical model of
stamping constraints for a VCS FLB is constructed.

Q2 Qallowable
Wi 2 Wallowable ( 5)
H i <H allowable

Noverlap = 0

where «; is the draft angle; W; is the width of FLB bead; H; is
the height of FLB bead; auajiowable a0d Wapowanle are the spec-
ified lower bound of the draft angle and the width of FLB
bead, respectively; Haowanle 1 the specified upper bound of
the height of FLB bead; and 71,yeriqp is the number of intersec-
tion points.

(a) t=0ms

(d) t=120ms

3.3 Parametric modeling of VRB-VCS FLB

The steel grade of the VRB-VCS FLB is HSLA340, whose
Young’s modulus, Poisson’s ratio, and density are 210 GPa,
0.3, and 7.83 x 10° kg/m3, respectively. From the flexible
rolling process of VRB (see Fig. 1), there are different material
properties for individual part with different thicknesses.
Therefore, the variable thicknesses and non-uniform material
properties in different local zones have to be considered in the
FE model of the VRB-VCS FLB structure. However, it is
difficult for existing commercial software to establish variable
thicknesses and material properties simultaneously. To con-
struct a parametric model for a VRB-VCS FLB structure, we
compiled a VRB FLB thickness distribution parametric model
as well as an efficient mapping algorithm for the material

@ Springer
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Fig. 16 Comparison of the
deformation patterns of FLB. a
Left FLB of full-scale vehicle. b
Left FLB of subsystem model. ¢
Right FLB of full-scale vehicle. d
Right FLB of subsystem model

parameters and element node thicknesses of the VCS FLB
implicit parametric model. The general procedure of the pro-
posed method is described by the following steps:

Step 1:  Write a corresponding MATLAB program according
to the VRB FLB thickness distribution parametric
model in Section 3.1.

Use MATLAB call SFE-CONCEPT software to con-
vert the VCS FLB implicit parametric model into a
corresponding FE model.

Read information on nodes and elements from the
FE model of VCS FLB using MATLAB code.

Sort the FE grid nodes of the VCS FLB by their
coordinate values along the rolling direction and as-
sign the thickness information of the VRB FLB
parametric model along the rolling direction to all
nodes on the shell elements of the VCS FLB FE
model. The shell elements with variable thickness
is modeled by using the keyword
*ELMENT _SHELL THICKNESS in LS-DYNA
(Halquist 2007), as shown in Fig. 8, where nj~ny
represent nodal point 1~nodal point 4, respectively,

Step 2:

Step 3:

Step 4:

Contour Plot Unit:
Displacement(Z) nit: mm

Tracking System id = 1
1.338E+02

E1 183E+02
1.029E+02
—B8748E+01

[7 2056401
——5 6626401
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2577E401
1.034E+01

-5.089E+00

Fig. 17 Comparison of the dash
panel intrusion contours. a Full-
scale vehicle. b Subsystem model

Max = 1.338E402
Node 620158
Min = -5 089E+00
Node 613766

(@)
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and thick 1~thick 4 represent the shell thickness at
node 1~node 4, respectively.

To model the variable material properties of the
VRB-VCS FLB structure, the elements with nearly
the same thickness are defined as one component.
Each component is assigned with its own mechani-
cal properties which are obtained from the effective
stress vs. effective plastic strain field established by
Duan et al. (Duan et al. 2016). Since the high-
strength steel grade HSLA340 is strain rate sensi-
tive, the strain rate effect must be taken into account
in the analysis. The effect is accounted through the
Cowper-Symonds model (Halquist 2007; Alves
2000) given as

Step 5:

L
I3 P
1 =
()
where ¢ is the strain rate, oy is the yield strength, o, is the
scaled yield strength, and C and P are the strain rate parame-

ters, respectively. In this paper, the parameter C=0.04 and
P =5 are used.

(6)

0y = 0y

Contour Plot

Displacement(X)

Tracking System id =1
1.358E+02

[ 1.198E+02
1.038E+02
—8.780E+01
[ 7.180E+01
5.581E+01
3.981E+01
2.382E+01
7.823E+00
-8.172E+00

Unit: mm

Max = 1.358E+02
Min = -8.172E+00

(b)
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Fig. 18 Comparison of the crash pulses on the left sill at B pillar. a
Acceleration vs. time curve. b Acceleration vs. displacement curve

Step 6: Export the new established FE model of the VRB-
VCS FLB structure with variable thicknesses and
material properties.

The VRB-VCS FLB parametric model can be obtained by
executing these steps. The FE model of the VRB-VCS FLB
structure is shown in Fig. 7.

4 Multiobjective crashworthiness
optimization of VRB-VCS FLB

Achieving crashworthiness and lightweightness in FLBs
at the same time is very difficult. It seems that combina-
tions of variable wall thickness and variable cross-
sectional shape optimization may be a promising way.

However, the design complexity is increased due to the
following three factors: fully parameterized model of
VRB-VCS FLB (automated creation of high-quality FE
meshes for larger geometrical changes), high computa-
tional cost (a large number of FE simulations and function
evaluations), and low efficiency of data processing. In
order to improve computational efficiency, an efficient
design strategy is proposed in this paper to reduce com-
plexity and to conduct the multiobjective crashworthiness
optimization. The proposed method consists of three ma-
jor parts. Firstly, a fully parameterized model of VRB-
VCS FLB is established, which is prerequisite for variable
wall thickness and variable cross-sectional shape optimi-
zation. Secondly, a local parametric subsystem front-
impact model is constructed to improve the updating effi-
ciency of FE model for design points, as well as to reduce
their computation time. Finally, a fully automated design
of experiment (DOE) platform is established to improve
the efficiency of data collection, and epsilon-support vec-
tor regression technique and non-dominated sorting genet-
ic algorithm II were utilized to search the Pareto optimal
frontier. An overview of the proposed design strategy is
shown in Fig. 8. And, the following sections describe the
method in details.

4.1 Constructing a local parametric subsystem
front-impact model

To improve computational efficiency, this study used a veri-
fied full-scale vehicle front-impact model as a foundation and
established a local parametric subsystem front-impact model
that balances accuracy and efficiency. This section mainly
discusses three topics: subsystem model extraction, construc-
tion of the local parametric subsystem front-impact model,
and model verification.

4.1.1 Subsystem model extraction

Energy absorption analysis To reasonably extract the criti-
cal crashing energy—absorbing components, an energy ab-
sorption analysis must be performed on the full-scale ve-
hicle front-impact simulation results. Figure 9 shows the
several important crashing energy absorption components.
In order of their importance to energy absorption, the FLB
is first, followed by the front bumper beam, subframe, and
center longitudinal beam. These key energy—absorbing
components should be preserved in the subsystem model
to ensure the accuracy of the subsystem front-impact
model.

Component selection This paper discusses a front engine

and rear-wheel drive vehicle. During a collision, the en-
gine, transmission, and drive shaft will suffer heavy
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Table 1 Error analysis of the
local parametric subsystem front-

impact model

Indicators Full-scale vehicle model Subsystem model ~ Error (%)
Peak acceleration (g) 56.01 57.39 2.46
Occurrence time of peak acceleration (ms) 36.09 36.64 1.52
Dash panel intrusion (mm) 133.81 135.82 1.50
Maximum dynamic intrusion of vehicle (mm)  482.29 488.61 1.31

longitudinal crashing forces. These crashing forces are
transmitted through the paths of the FLB in the following
order: shotgun, subframe toward the engine, transmission,
steering system, under body structure, drive shaft, exhaust
system, tank, and rear tires. To reflect the subsystem mod-
el movement states during the collision, the front and rear
tires and the front and rear suspension systems should be
considered key components and should be retained.
Therefore, the subsystem model is composed of key en-
ergy absorption components and important mechanical
transmission structures (Fig. 10).

Establishment of equivalent stents Equivalent stents are
added to the subsystem and are mainly used to simulate the
subsystem model movement state and dynamic response of
the car body. When establishing the equivalent stents, the car
body deformation and crashing force transmission path should
both be considered. The structure and installation positions of
the equivalent stents are continuously adjusted based on engi-
neering experience and impact simulation results to make the
crashing force transmission and deformation mode of subsys-
tem almost identical to the full-scale vehicle collision model.
Figure 11 shows the final design of the equivalent stents.

Model counterweight The vehicle curb weight affects the
initial kinetic energy of the impact model; thus, an addi-
tional counterweight must to be added to the subsystem
model to achieve the same initial kinetic energy as in the
full-scale vehicle impact model. The center of mass loca-
tion will affect the motion state of the impact model.
Therefore, the consistency between the center of mass
location and the curb weight (both 1350 kg) of the sub-
system model and the full-scale vehicle model should be
reasonably ensured when counterweighting. Figure 12
shows the weights and deployment locations of the coun-
terweights in the subsystem model.

4.1.2 Constructing the local parametric subsystem
front-impact model

This section establishes the local parametric subsystem front-
impact model. This model is composed of a full parametric
VRB-VCS FLB assembly model and a non-parametric FE
model. The greatest advantage of this model is that changing
the VRB-VCS FLB structure thickness distribution and cross-
sectional shape does not affect the non-parametric FE model;
that is, the non-parametric FE model remains fixed during the
optimization process. The detailed procedure to establishing
the local parametric subsystem front-impact model is given in
following steps:

Step 1: Divide the FE mesh of body-in-white (BIW)
established in Section 4.1.1 into two parts: the first
part contains the mesh of VRB-VCS FLB, while the
second part contains the remaining mesh of BIW.

Establish a parametric model of VRB-VCS FLB by

using the method proposed in Section 3 and replace

the original VRB-VCS FLB with the parametric
model of VRB-VCS FLB.

Embed the parametric model of VRB-VCS FLB into

the non-parametric FE model of BIW: special con-

nection scripts are used here to connect the paramet-
ric model of VRB-VCS FLB for the remaining FE
model of BIW (i.e., non-parametric FE model of

BIW). The interface between the parametric model

of VRB-VCS FLB and the remaining FE model of

BIW is located at the sections where the VRB-VCS

FLB model is cut out from the BIW. The schematic

of aforementioned coupling is shown in Fig. 13.

Assemble the parametric model of VRB-VCS FLB

and the non-parametric FE models: for components,

e.g., non-parametric BIW, engine, suspension and

tires, that were not changed during optimization are

Step 2:

Step 3:

Step 4:

Table 2 Differences between the

full-scale vehicle model and the Full-scale vehicle model Subsystem model Rate of change (%)
subsystem model
Number of elements 972,074 664,694 —-31.62
Number of nodes 1,004,414 678,922 —3241
Number of spotwelds 6063 3623 —40.24
Computation time (h) 12.2 6.5 —46.72
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Fig. 19 Tllustration of design L=905 mm
variables. a Thickness
distribution variables. b Topology
variables. ¢ Cross-sectional shape
variables

(b)

Section E-E = 16| X5

X7
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Table 3 Description of design

variables (unit: mm) Variable name Symbol  Lower bound Upper bound  Baseline design
Thickness of CTZ 1 X1 1.0 24 1.6
Thickness of CTZ 2 X3 1.0 24 1.6
Thickness of CTZ 3 X3 1.0 24 1.6
Thickness of CTZ 4 X4 1.0 24 1.6
Length of TTZ 1 X5 100 x (x; — x7) 140.0 40.0
Length of TTZ2 Xe 100 % (x3 — x2) 140.0 40.0
Length of TTZ 3 X7 100 % (x4 — x3) 140.0 40.0
Position of TTZ 1 Xg 150.0 260.0 230.0
Position of TTZ 2 Xo 330.0 410.0 370.0
Position of TTZ 3 X10 570.0 690.0 650.0
Position of the first cylindrical notch X171 50 100.0 85.0
Distance between the cylindrical notches — xi, 50 120.0 90.0
Length of bead 02 X13 0 160.0 0.0
Width of cross section X14 60.0 95.0 81.0
Height of cross section X15 100.0 140.0 115.0
Width of bead 01 X16 25.0 60.0 40.0
Height of bead 01 X17 —14.0 14.0 0.0

meshed as separate FE model files. The interface at-
tachments between the BIW and those components
are defined and linked through rigid patches. Using
the include-file structure of LS DYNA, all the finite
element analysis (FEA) contents including load case,
non-parametric BIW, trim component model, hood,
and tires are kept in include-files. Those include-
files and the file containing the parametric model of
VRB-VCS FLB can be automatically assembled with
no additional user intervention. The assembly process
of establishing the local parametric subsystem front-
impact model is shown in Fig. 14.

4.1.3 Model verification

In accordance with specifications in The Protection of The
Occupants in The Event of a Frontal Collision for Motor
Vehicle (GB 11551-2003), this study used an initial speed
of 50 km/h and undertook a full-width front-impact sim-
ulation using the full-scale vehicle and local parametric
subsystem models. The following will verify the simula-
tion accuracy and efficiency of the local parametric sub-
system front-impact model from the aspects of deforma-
tion mode, firewall intrusion, and acceleration curve. A
comparison of the global deformation history of the full-
scale vehicle and local parametric subsystem front-impact
models is shown in Fig. 15.

Figure 15 shows that during the impact process, the front
end structures of both the full-scale vehicle and local
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parametric subsystem front-impact models suffer severe de-
formation; both the hood and the fender produce similar bend-
ing deformations. The front end structure crashing degrees
and the rising degrees of the rear under bodies of the two
models are consistent, and the passenger cabin is basically
undeformed. These results indicate that the global deforma-
tions on the full-scale vehicle and the local parametric subsys-
tem front-impact models are quite consistent.

Figure 16 shows the left and right FLB deformation modes
of the full-scale vehicle and local parametric subsystem front-
impact models. The left and right FLB deformation modes of
the two models are quite similar; both have crashing and then
bending in the front half region of the beam, and similar bend-
ing deformations occur at the kickdown location.

Figure 17 compares the firewall intrusions from the full-
scale vehicle and local parametric subsystem front-impact
models. The firewall deformation modes of the two models
are quite similar. The error between the firewall intrusions of
the local parametric subsystem front-impact model relative to
that of the full-scale vehicle impact model is controllable with-
in 3%. Thus, the local parametric subsystem front-impact
model accurately reflects the intrusion variation of the full-
scale vehicle impact model.

Figure 18 compares the acceleration curves from the full-
scale vehicle and local parametric subsystem front-impact
models. The acceleration curves of the full-scale vehicle and
local parametric subsystem front-impact models are in good
agreement; the peak values and occurrence time are consistent
between the two models.

Table 1 lists the FE results of the full-scale vehicle impact
model and the local parametric subsystem front-impact model.
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Table 4 Geometric characteristics of the VRB-VCS FLB with different variable values

Baseline design Lower bound Upper bound
X =85 mm xy; =50 mm xy;= 100 mm

x12:92mm xu=50111m X12= 120 mm
X3 =0 mm x;3=0mm X3 = 160 mm
X4 =81 mm X;3=70 mm X34 =92 mm

X5 =100 mm

x5 =118 mm

x16=0mm

x;; =43 mm

xX6=-14 mm

x17=27mm

X5 = 140 mm

X =+14 mm

X7 =59 mm

It is revealed by comparison with the full-scale vehicle impact
model that the accuracy of the local parametric subsystem
front impact model is controllable within 3%.

Table 2 lists the differences between the full-scale vehicle
impact model and the local parametric subsystem front-impact
model. When compared with the full-scale vehicle model, the
local parametric subsystem front-impact model reduces the

element number by 31.62%, the node number by 32.41%,
and the spotweld number by 40.24%. In addition, the calcu-
lation time for the local parametric subsystem front-impact
model is 46.72% shorter than that of the full-scale vehicle
impact model.

In summary, to guarantee simulation accuracy, the local
parametric subsystem front-impact model can reduce the
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calculation time by 46.72% when compared with that of the
full-scale vehicle impact model, which greatly improves the
crash simulation analysis efficiency. Therefore, the local para-
metric subsystem front-impact model can replace the full-
scale vehicle impact model in subsequent optimizations.

4.2 Design responses and variables

Crash pulse is one of the most significant factors to de-
scribe vehicle crash behavior, which can be simplified as
a two-step crash pulse for the vehicle with front engine.
Therefore, the two-step crash pulse is adopted in this
study to quantify the actual crash pulse curve with few
parameters such as the first-step acceleration (G;) and the
second-step acceleration (G,). Generally, the larger the
value of G, and the smaller the value of G,, the better
the occupant protection response (Duan et al. 2016).
Besides, the weight of VRB-VCS FLB, the peak acceler-
ation of crash pulse, the energy absorption of VRB-VCS
FLB, and the dash panel intrusion are also chosen as the
crashworthiness indicators, and they are represented by
M(x), A(x), E(x), and S(x), respectively.

Table 5 Accuracy

assessment for the - R RAAE RMAE

SVR models
M(x) 0.9990 0.0301 3.1152
A(x) 0.9742 0.2030 1.1877
Gi(x) 0.9931 0.0952 1.0746
Gy(x) 0.9846 0.1574 1.1133
E(x) 0.9827 0.1571 1.2080
S(x) 0.9616 0.2120 1.2354
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In this paper, the selection of design variables is based
on design requirements, engineering judgment, and the
number of design parameters (optimization time).
Specifically, 17 design variables including 10 thickness
distribution variables, 3 topology variables, and 4 cross-
sectional shape variables are defined in the parametric
model of VRB-VCS FLB, as shown in Fig. 19. The 17
variables can be grouped into three sets: x; to x;o are
thickness distribution variables, x;; to x;3 are topology
variables, and x4 to x;7 are cross-sectional shape vari-
ables. The details of the design variables are listed in
Table 3. To illustrate visually, the geometric characteristic
changes of the VRB-VCS FLB structures are compared in
Table 4 under selection of the baseline and extreme values
for the design variables.

In Fig. 19, section E-E represents the cross section of CTZ
1 and TTZ 1.

54 T T T T
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521 A Optimum A
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| .
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Fig. 21 Pareto optimal frontier for the MOO problem
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Table 6 Comparison of the design parameters between baseline and
optimal designs

Symbol Baseline design ~ Optimum A Optimum B Optimum C
X 1.600 1.859 1.860 1.968
X2 1.600 2.236 2.167 2.397
X3 1.600 1.647 1.635 2.026
X4 1.600 1.715 1.463 2.248
X5 40.000 56.695 62.045 58.022
X6 40.000 64.470 68.618 64.499
X7 40.000 46.327 40.657 45.645
Xg 230.000 242.753 240.084 241.37
Xo 370.000 407.052 404.338 409.465
X10 650.000 658.173 658.301 659.984
X1 85.000 87.319 88.029 85.485
X12 90.000 91.251 91.250 91.251
X13 0.000 147.898 150.047 141.796
X14 81.000 71.464 62.575 73.690
X1s 115.000 118.374 119.926 119.763
X16 40.000 41.725 42.632 42.787
X17 0.000 —8.207 —5.651 —8.746

4.3 Optimization problem setup

It should be noted that peak acceleration of crash pulse
A(x) is one of the most significant factors to indicate the
safety of occupants. A large peak acceleration may cause
severe injury or even death. For this reason, the peak
acceleration of crash pulse should be minimized. The
weight of the VRB-VCS FLB M(x) is also an important
indicator of the cost of energy absorber. It is employed as
the other objective functions and should be minimized.
The performances of Gi(x), G,(x), E(x), and S(x) are

2.5 T T T T T T T T

g
o

Thickness (mm)

—_
W

—=— Baseline design
—e— Optimum A
—&— Optimum B
—v— Optimum C
1 '0 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
X-coordinate of FLB-inner (mm)

Fig. 22 Comparison of the thickness distributions of the optimized VRB-
VCS FLB-inners and the UT FLB-inner counterpart

selected as the constraint functions. Considering real re-
quirements, the multiobjective optimization (MOO) model
for the lightweightness and crashworthiness design of
VRB-VCS FLB can be formulated as

min  {M(x),A()
s.t. Gi(x)=15
Gs(x)<43
E(x)>62,000
S(x)<130
15X1.X2,X3,X452.4
max (xy,x2,x3,x4) <2 X min(xy,x2,X3,X4)
X5 + X6 + x7<905

1
— X5 <xg <905—xg—x7— =
2‘(5_1)63_ X6 X7 2)C5 l
X3 +§ (xs +x6)SX9§905—X7—5X6

Xg + ! (x6 +x7)leoS905*lx7
SOSX“SIOO,SOSX12§120,0SX13§160
60<x14<95,100<x,5<140,25<x,6<60,-14<x,7<14

X = (x]:XZ-,x37x4;x5-,x6~,x77x81x9-,x10;x117x]2-,xl};xl47x]5-,x16axl7>r

(7)

4.4 Constructing a fully automated design
of experiment platform

In order to obtain the underlying relationship between the
design variables and the sophisticated responses, sample
points are needed to explore the design space by using DOE.
Among the many experimental design methods, the optimal
Latin hypercube sampling (OLHS) (JS P 1994; Shields and
Zhang 2016) is considered to perform DOE due to its high
efficiency. The OLHS algorithm combines the advantages of
LHS and optimal design, so that the sample points are more
uniformly distributed in the whole design space. Therefore,
the OLHS method is adopted to sampling samples in this
paper.

The DOE procedure for VRB-VCS FLB mainly includes
sampling of samples, updating simulation model, numerical
simulation analysis, and postprocessing. As the number of
sample points increases, the computational burden for
updating the subsystem front-impact model and
postprocessing is very huge, which caused the DOE procedure
for VRB-VCS FLB to become very time consuming. To ad-
dress the aforementioned problem, establishing a fully auto-
mated DOE platform is very important for improving the ef-
ficiency of data collection. We used MATLAB to integrate the
stages of sampling for samples, simulation model update, nu-
merical simulation analysis, and postprocessing. A fully auto-
mated DOE platform is constructed to greatly improve exper-
imental design efficiency. The details of the procedure are
shown in Fig. 20 and given in the following steps:

Step 1: OLHS is adopted for sampling the design variables.
In this study, 1000 sample points are generated ac-
cording to the geometrical constraints of the
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Fig. 23 Comparison of the cross- .
sectional shape changes of the Unit: mm Unit: mm
optimized VRB-VCS FLB
structures and the UT FLB —
counterpart. a Baseline design. b Y
Optimum A. ¢ Optimum B. d
Optimum C
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Fig. 24 Comparison of the
structural characteristics of the
optimized VRB-VCS FLBs and
the UT FLB counterpart. a
Baseline design. b Optimum A. ¢
Optimum B. d Optimum C
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Table 7 Comparison of the optimal solutions between FEA and

approximate values

Description Symbol FEA e-SVR Error (%)

Optimum A M(x) 12.410 (kg) 12.365 (kg) —0.363
A(x) 48.570 (g) 47879 (g) —1.422
Gi(x) 18.180 (g) 18.791 (g) 3.361
Gy(x) 40.240 (g) 41.434 (g) 2.967
E(x) 65,348.900 (J) 66,579.100 (J) 1.882
S(x) 128.400 (mm) 129.977 (mm)  1.228

Optimum B M(x) 11.814 (kg) 11.734 (kg) —0.677
A(x) 54.612 (g) 52974 (g) —2.999
Gi(x) 16.820 (g) 17.218 (g) 2.366
Gy(x) 42310 (g) 42.928 (g) 1.461
E(x) 62,267.500 (J) 63,251.900 (J) 1.581
S(x) 127.500 (mm) 129.697 (mm)  1.723

Optimum C  M(x) 13.911 (kg) 13.789 (kg) —0.977
A(x) 43.189 (g) 42151 (g) —2.403
Gi(x) 21.140 (g) 21.790 (g) 3.075
Ga(x) 39.090 (g) 38.144 (g) 2.420
E(x) 71,748.521 (J) 72,830.213 (J) 1.508
S(x) 127.400 (mm) 129.043 (mm)  1.290

optimization formulation (Eq. (7)) for the VRB-VCS
FLB structure.

Step2: The commercial software programs SFE-CONCEPT
and LS DYNA are integrated by MATLAB code.
The design geometry of the VRB-VCS FLB is up-
dated and meshed in SFE-CONCEPT. The FE model
of the VRB-VCS FLB is exported in LS DYNA
format and automatically assembled with several
non-parametric FE models such as BIW, trim com-
ponent model, hood, and tires. The local parametric
subsystem front-impact model with the parameters
of the current sample point is then updated in this
step.

Step 3: The objectives and constraint values of the current
sample point are solved explicitly using the

Table 8 Performance improvements before and after optimization

commercial software LS DYNA. Once the FEA
is completed, the results will be automatically read
by MATLAB.

Step 4: In the DOE loop, variations of the shape and thick-
ness parameters are recorded in SFE-CONCEPT.
The OLHS with MATLAB code is utilized to control
the SFE-CONCEPT to output an updated subsystem
front-impact model with another set of parameters.
This cycle restarts until the maximum number of
sample points is reached.

4.5 Construction of surrogate model

The surrogate model-based methods have been widely
adopted to improve computational efficiency for large-
scale engineering problems (Xiao et al. 2014, 2018a, b).
As an effective alternative, epsilon support vector regres-
sion (e-SVR), which is a promising metamodeling tech-
nique for function approximation of vehicle crash prob-
lems (Duan et al. 2017a; Duan et al. 2016; Clarke et al.
2005; Song et al. 2013), is utilized to construct
metamodels of the sophisticated output responses (i.e.,
M(x), Ax), Gi(x), Ga(x), E(x), S(x)).
The decision function of e-SVR can be written as

! * _
76 = ¥ (- Jeton ) + B ®)
i=1
where / is the number of training samples, x; is the ith training
sample, and @; and @, are Lagrange multipliers, and the pa-
rameter b can be formulated as

_ Lo
b=y 3 (o k(o) +2 {0 < w7 < €} 9

i=1

where y; is the target output of the ith training sample, C> 0 is
the penalty factor of error term, € >0 is the insensitive loss
function which controls the number of support vectors, and

Description M(x) A(x) Gi(x) Go(x) E(x) S(x)

Baseline design 14.150 57.390 14.670 43.870 61,358.750 135.820
Optimum A 12.410 48.570 18.180 40.240 65,348.900 128.400
Improvement (%) -12.297 —15.368 23.926 -8.274 6.503 —5.463
Optimum B 11.814 54.612 16.820 42.310 62,267.500 127.500
Improvement (%) -16.509 —4.841 14.656 —3.556 1.481 —6.126
Optimum C 13.911 43.189 21.140 39.090 71,748.521 127.400
Improvement (%) —1.689 —24.745 44.104 —10.488 16.933 -6.200
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k(x;, x;) is the kernel function. The Gaussian kernel function is
used herein, which can be expressed as

2
k(xi,x;) = exp (‘7”2(2” >

In this study, 980 samples selected from the obtained 1000
samples randomly are used to construct e-SVR models, and
the remaining 20 samples are used to validate the prediction
accuracy of the constructed surrogate models. The accuracy of
the constructed e-SVR models is assessed by using R-square
(R?), relative average absolute error (RAAE), and relative
maximum absolute error (RMAE) (Duan et al. 2017a, c; Li
et al. 2018). The error results are listed in Table 5. It can be
concluded from Table 5 that the constructed e-SVR models
are reasonably accurate, and they can be used to substitute the
local parametric subsystem front-impact model.

(10)

4.6 Results and discussions

The non-dominated sorting genetic algorithm II (NSGA-II)
(Deb et al. 2002) is used to solve the MOO problem based
on the constructed e-SVR models. For the NSGA-II, the pop-
ulation size, crossover probability, and mutation probability
are selected as 20, 0.9, and 0.9, respectively. The crossover
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Displacement (mm)

(d)

distribution index and mutation distribution index is set as 20,
respectively. The optimization is conducted with the 100, 200,
300, and 400 generations, respectively. From which, it is
found that the 400 generations converge fairly and stably.
Therefore, the Pareto optimal frontier for the MOO problem
defined in Eq. (7) is obtained and shown in Fig. 21. We can
easily find that the minimization of both the peak acceleration
and the weight of the VRB-VCS FLB strongly conflicts with
each other.

In order to quantitatively compare the lightweightness and
crashworthiness performances for the VRB-VCS FLB and the
UT FLB, the best compromise solution (termed as “knee
point”), the optimal solutions of mass, and peak acceleration
are selected from the Pareto optimal frontier, as shown in
Fig. 21. Technique for order preference by similarity to ideal
solution (TOPSIS) (Chen and Tzeng 2004) is used to rank the
solutions in the Pareto optimal frontier and find the best com-
promise solution from the Pareto optimal set (i.e., the opti-
mum point A). The optimum point B, located at the top left
corner in Fig. 21, is the optimal solution of mass. The opti-
mum point C, located at the bottom right corner in Fig. 21, is
the optimal solution of peak acceleration.

The detailed design parameters of the optimal solutions are
listed in Table 6. The thickness distributions of the optimized
VRB-VCS FLB inner plate (FLB-inner) and the uniform-
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thickness FLB inner plate (UT FLB-inner) counterpart are
compared in Fig. 22.

Table 6 and Figs. 23 and 24 reveal that the cross-sectional
shape and structural characteristics of the optimal FLB are
significantly optimized and improved. Moreover, the thick-
ness distributions of the VRB-VCS FLB-inner are all x; <
Xy > X3.

The results and relative errors of the selected optimal solu-
tions are listed in Table 7. We can see that the optimal solu-
tions generated from the ¢-SVRs have sufficient accuracy
when compared to the results of FEA. That is to say, the
constructed e-SVRs can predict the actual performance
accurately.

In this study, the results of FE simulations under the selected
optimal solutions are chosen to indicate the performance im-
provements before and after optimization (see Table 8). The
comparison and analysis in Table 8 show the following: (1)
the reduction percentages in weight and peak acceleration by
optimal solution A relative to the initial state are 12.297% and

Fig. 26 Comparison of the
deformation patterns of FLB
before and after optimization. a
Left FLB of baseline design. b
Right FLB of baseline design. ¢
Left FLB of optimum A. d Right
FLB of optimum A. e Left FLB of
optimum B. f Right FLB of
optimum B. g Left FLB of
optimum C. h Right FLB of
optimum C

15.368%, respectively. At the same time, G; increases by
23.926%, and G, decreases by 8.274%, with the other perfor-
mance indices improved by various degrees. (2) The optimal
solution B achieves a maximum weight reduction of 16.509%
without exceeding the peak acceleration of the initial design.
G, increases by 14.656%, and G, decreases by 3.556%. The
energy absorption of the VRB-VCS FLB is improved, and
firewall intrusion is reduced. (3) The optimal solution C lowers
the peak acceleration by 24.745% without exceeding the initial
FLB mass, reducing it from the initial 57.390 g to 43.189 g. G,
increases by 44.104%, and G, decreases by 10.488%. The
energy absorption of the VRB-VCS FLB improves by
16.933%, and firewall intrusion decreases by 6.200%.

Figure 25 compares the crash pulses for the local paramet-
ric subsystem front-impact model before and after optimiza-
tion. Figure 25 indicates that the peak accelerations of optimal
solutions A, B, and C all decreased in various degrees from
those of the initial design state. In addition, the first step ac-
celeration G, increased, and the second step acceleration G,

(e (h)
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decreased to different degrees. The amounts of improvement
in the crash pulse from largest to smallest are optimal solution
A > optimal solution B > optimal solution C.

Figure 26 compares the deformation modes before and
after FLB optimization. The key parameters of thickness
distribution and cross-sectional shape of the optimized
VRB-VCS FLB obtain the optimal FLB deformation
modes corresponding to the different design targets.
Additionally, the FLB deformation modes of different op-
timal solutions have three similar characteristics: (a) the
progressive crash deformation mode occurs in functional
regions A and B to maximize its energy absorption capa-
bility, (b) functional region C reduces the crashing force in
this segment of the FLB and prevents the peak acceleration
from being too high, and (c) functional region D absorbs
the residual collision energy.

Figure 27 compares the contour of dash panel intrusions
before and after optimization. The maximum intrusion of dash
panel decreases a bit when using the optimized VRB-VCS
FLBs. From this, it is concluded that the multiobjective crash-
worthiness optimization of VRB-VCS FLB is more effective
in reducing contact injury on occupants caused by dash panel
intrusion.

The aforementioned analysis demonstrates that the
weight can be largely reduced and/or the crashworthiness
performances can be significantly enhanced by appropri-
ate redesigning the wall thicknesses and cross-sectional
shape of the VRB-VCS FLB structure, and that the note-
worthy lightweightness and crashworthiness performances
of the optimized VRB-VCS FLB structures are superior to
their UT FLB counterparts. It can be concluded that the
VRB-VCS FLB structures can not only keep a better bal-
ance between lightweightness and crashworthiness perfor-
mances but also provide some useful guidance for

@ Springer

Contour Plot

Unit: mm

Displacement(X)
Tracking System id 5
1275E+02
[1.1255»01
9.752E+01
—8.256E+01
= 6.759E+01
=-5262E+01
3.766E+01
2.269E+01
7.723E+00
-7244E+00

Max = 1.275E+02
Min = -7.244E+00

Contour Plot

Displacement(X)

Tracking System id 3
274E+02

Unit: mm

—8.046E+01
EGAEOE +01
4.915E+01
3.350E+01
1.785E+01
2.196E+00
-1.346E+01

Max = 1274E+02
Min = -1.346E+01

(d)

designing the other VRB-VCS automotive body struc-
tures. The results also provide a reference for application
of the VRB-VCS FLB structures in engineering.

5 Conclusions and further work

In this paper, parametric modeling and multiobjective crash-
worthiness optimization for the VRB-VCS FLB structure un-
der front-impact collision are investigated. Some interesting
findings and contributions are summarized as follows:

(1) AVRB-VCS FLB is proposed, and the construction of a
fully parameterized model of the VRB-VCS FLB is also
given. As the thickness distribution and cross-sectional
shape change continuously, the proposed structure
evolves into three distinct forms: the UT FLB, VCS
FLB, and VRB FLB. Thus, the VRB-VCS FLB results
from the improvement and development in these three
structures and combines their advantages to achieve
greater generality and more-promising engineering ap-
plication prospects.

(2) A local parametric subsystem front-impact model is
established to balance accuracy and efficiency.
Compared with the full-scale vehicle impact model, the
accuracy of the local parametric subsystem front-impact
model can be controlled within 3%, and the computation
efficiency increased by 46.72%.

(3) Multiobjective crashworthiness optimization with vari-
able wall thickness and variable cross-sectional shape
for design of VRB-VCS FLB structure has been con-
ducted successfully. Firstly, thickness distribution pa-
rameters and cross-sectional shape parameters are de-
fined. Secondly, local parametric subsystem front-
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impact model is established to improve the updating ef-
ficiency of FE model for design points, as well as to
reduce their computation time. Finally, a fully automated
design of experiment (DOE) platform is established to
improve the efficiency of data collection, and epsilon-
SVR technique and NSGA-II are utilized to search the
Pareto optimal frontier. The numerical results have
shown that the reduction percentages in weight and peak
acceleration by optimal solution A relative to the initial
state are 12.297% and 15.368%, respectively, the opti-
mal solution B achieves a maximum weight reduction of
16.509% without exceeding the peak acceleration of the
initial design, and the optimal solution C lowers the peak
acceleration by 24.745% without exceeding the initial
FLB mass.

(4) This paper discusses the lightweightness and crashwor-
thiness of a VRB-VCS FLB structure under a 100%
front-impact condition. The comprehensive VRB-VCS
FLB structure’s lightweight and crashworthy design un-
der multiple conditions of 100% frontal, 40% frontal,
and 25% frontal small offset collisions are not consid-
ered. Because the FLB experiences various collision
modes in actual traffic accidents, a multiobjective and
multicase-based design optimization for VRB-VCS
FLB structures will be important for future studies.
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